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ABSTRACT: [(Por)M(R)(OOR�)]�Y� (Por: TPP [tet-
raphenylporphyrin], OEP [octaethylporphyrin]; M: Sb,
As, P; R: Me, Et, Ph; R�: H, C(�O)m-ClC6H4, t-Bu)
were prepared from [(Por)M(R)(X)]�Y� (X: OTf, Br).
The reactivities of the peroxide porphyrins toward nu-
cleophiles such as triphenylphosphine increased in the
order of -OOt-Bu, m-CPBA, and -OOH derivatives.
Phosphorus (P-OOH) and arsenic hydroperoxide (As-
OOH) were much more reactive than the correspond-
ing antimony hydroperoxide (Sb-OOH). The higher
reactivity of phosphorus and arsenic peroxides can be
explained by the stability of the M�O (M�P, As)
bonding system in the intermediates of the oxidation
reactions. An X-ray structural analysis of [(TPP)Sb-
(Me)(OOt-Bu)]�PF6

� is presented. � 2001 John Wiley
& Sons, Inc. Heteroatom Chem 12:431–443, 2001
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INTRODUCTION

Transition metal porphyrins having oxygen–oxygen
bonds have attracted great attention, especially in re-
lation to oxidation reactions by cytochrome P450 [1–
29]. In the catalytic oxidation cycle of cytochrome
P450, one of the essential steps is protonation of an
Fe(III) dianion complex to give an Fe-OOH complex
and cleavage of the O–O bond to give a reactive iron–
oxo species [6]. However, investigation of these M-
OOH porphyrins have been limited, due to instabil-
ity of the species, although unstable iron porphyrins
bearing an OOH group have been investigated at
very low temperatures [24,25].

As for main group element porphyrins, some
porphyrins having M-OOR (R � alkyl) bonds have
been reported to be relatively stable [30,31]. For ex-
ample, germanium porphyrins with OOEt bonds
have been prepared by an oxygen insertion reaction
to the germanium alkyl or by substitution with alkyl
hydroperoxide [32]. However, to our knowledge,
there have been no reports on main group porphy-
rins bearing an OOH group, which should be of in-
terest because the properties of these compounds
could provide an understanding of the iron inter-
mediates in the catalytic cycle of P450. Here, we re-
port synthesis of group 15 element porphyrins
containing an OOH group by reactions of [(Por)
M(R)(X)]�Y� [Por: TPP [tetraphenylporphyrin],
OEP [octaethylporphyrin]; M: Sb, As, P; R: Me, Et,
Ph; X: Br, OTf] with hydrogen peroxide, as shown in
Scheme 1 {[(TPP)Sb(Me)(OOR�)]�X� (2-X) is shown
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SCHEME 2

SCHEME 1

as an example}. In addition, the reactivity of group
15 element porphyrin peroxides bearing an OOH
group toward nucleophiles such as triphenylphos-
phine have been investigated in light of the differ-
ence of porphyrin skeletons, central elements, and
axial substituents.

RESULTS AND DISCUSSION

Preparation of [(TPP)Sb(Me)(OOt-Bu)]�PF6
�

(4-PF6)

[(TPP)Sb(Me)(OH)]�OH� (1-OH) [33] was con-
verted to a moisture sensitive [(TPP)Sb(Me)
(Br)]�Br� (3-Br) [34] with oxalyl bromide. 3-Br was
treated in situ with anhydrous t-butyl hydroperoxide
in nonane [35] to give [(TPP)Sb(Me)(OOt-Bu)]�PF6

�

(4-PF6) in 88% yield after counteranion exchange
(Scheme 2).

4-PF6 was relatively stable toward atmospheric
moisture, but it was gradually decomposed during
neutral alumina column chromatography. 4-PF6 was
identified by elemental analysis and X-ray crystal-
lographic analysis (vide infra). The 1H NMR spec-
trum of 4-PF6 showed a characteristic t-butyl signal
at a very high field (d � 1.79) due to the large ring
current effect of the porphyrin nucleus [36]. The re-
actions of 4-OH with some nucleophiles, such as tri-
phenylphosphine, p-bromothioanisole, and styrene,
were examined at room temperature. The oxidation

of triphenylphosphine with 4-OH gave triphenyl-
phosphine oxide, 1-OH, and (Me)2C�CH2 quantita-
tively, which were characterized by their 1H NMR
spectra. p-Bromothioanisole and styrene did not re-
act with 4-OH.

X-Ray Structure of [(TPP)Sb(Me)(OOt-
Bu)]�PF6

� (4-PF6)

Crystals of [(TPP)Sb(Me)(OOt-Bu)]�PF6
� (4-PF6)

suitable for X-ray analysis were obtained by recrys-
tallization from dichloromethane/hexane (1:1). The
unit cell of 4-PF6 contains three independent mole-
cules with slightly different orientations. The se-
lected bond lengths and angles for three molecules
are presented in Table 1, and Figure 1 shows the
ORTEP drawing of one of these molecules.

The geometry about antimony is a distorted oc-
tahedron, and the average Sb–N bond length is cal-
culated to be 2.09(3) Å, which is almost identical
with that of [(TPP)Sb(Me)(OC(O)m-ClC6H4)]�PF6

�

(5-PF6) (2.09(1) Å) [34] and [(TPP)Sb(Me)(F)]�PF6
�

(7-PF6) (2.086(4) Å) [33]. The average Sb–O bond
length (1.98(2) Å) in 4-PF6 is slightly shorter than the
reported Sb–O bond length in Ph4Sb(OOt-Bu) (2.111
Å) [37] and Ph3Sb(OOt-Bu)2 (2.057 Å and 2.065 Å)
[38], probably due to the cationic nature of the an-
timony atom in 4-PF6. It is interesting to note that
the antimony atom lies ca. 0.13 Å (1st molecule: 0.16
Å, 2nd molecule: 0.11 Å, 3rd molecule: 0.12 Å) out-
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TABLE 1 Selected Bond Lengths and Angles for [(TPP)Sb(Me)(OOt-Bu)]�PF6
� (4-PF6)

1st Molecule Bond Lengths (Å)

Sb(1)–C(101) 2.18(3) Sb(1)–O(101) 2.00(2)
Sb(1)–N(101) 2.09(3) Sb(1)–N(102) 2.08(2)
Sb(1)–N(103) 2.13(3) Sb(1)–N(104) 2.11(3)
O(101)–O(102) 1.48(3) O(102)–C(146) 1.44(4)

Bond Angles (�)

C(101)–Sb(1)–O(101) 176.3(10) C(101)–Sb(1)–N(101) 95(1)
C(101)–Sb(1)–N(102) 93(1) C(101)–Sb(1)–N(103) 93(1)
C(101)–Sb(1)–N(104) 95(1) O(101)–Sb(1)–N(101) 84.5(9)
O(101)–Sb(1)–N(102) 82.9(8) O(101)–Sb(1)–N(103) 87.2(9)
O(101)–Sb(1)–N(104) 88.5(9) Sb(1)–O(101)–O(102) 110(1)
O(101)–O(102)–C(146) 106(2)

2nd Molecule Bond Lengths (Å)

Sb(2)–C(201) 2.15(3) Sb(2)–O(201) 1.95(2)
Sb(2)–N(201) 2.08(2) Sb(2)–N(202) 2.08(2)
Sb(2)–N(203) 2.11(2) Sb(2)–N(204) 2.07(2)
O(201)–O(202) 1.48(3) O(202)–C(246) 1.42(6)

Bond Angles (�)

C(201)–Sb(2)–O(201) 177.2(10) C(201)–Sb(2)–N(201) 93.6(10)
C(201)–Sb(2)–N(202) 92(1) C(201)–Sb(2)–N(203) 92.7(10)
C(201)–Sb(2)–N(204) 92(1) O(201)–Sb(2)–N(201) 88.3(9)
O(201)–Sb(2)–N(202) 84.9(10) O(201)–Sb(2)–N(203) 85.4(9)
O(201)–Sb(2)–N(204) 89.2(10) Sb(2)–O(201)–O(202) 119(2)
O(201)–O(202)–C(246) 106(3)

3rd Molecule Bond Lengths (Å)

Sb(3)–C(301) 2.12(3) Sb(3)–O(301) 1.99(3)
Sb(3)–N(301) 2.09(3) Sb(3)–N(302) 2.12(3)
Sb(3)–N(303) 2.10(2) Sb(3)–N(304) 2.05(3)
O(301)–O(302) 1.39(4) O(302)–C(346) 1.52(6)

Bond Angles (�)

C(301)–Sb(3)–O(301) 173(1) C(301)–Sb(3)–N(301) 95(1)
C(301)–Sb(3)–N(302) 90(1) C(301)–Sb(3)–N(303) 90(1)
C(301)–Sb(3)–N(304) 95(1) O(301)–Sb(3)–N(301) 88(1)
O(301)–Sb(3)–N(302) 84(1) O(301)–Sb(3)–N(303) 85(1)
O(301)–Sb(3)–N(304) 89(1) Sb(3)–O(301)–O(302) 114(2)
O(301)–O(302)–C(346) 95(3)

of-plane of the four nitrogens toward the carbon
atom in 4-PF6, and the distance is less than that of
5-PF6 (0.182 Å) and 7-PF6 (0.201 Å). Since an -OOt-
Bu group can be considered as a less electronegative
group than -OC(O)Ar and -F groups, the smaller de-
viation from the plane in 4-PF6 is consistent with the
conclusion that the deviation becomes larger as the
difference of electronegativity between two axial
groups becomes larger [39].

Preparation of [(TPP)Sb(Me)(OOC(O)m-
ClC6H4)]�ClO4

� (6-ClO4)

In order to obtain the m-chloroperbenzoic acid
(m-CPBA) adduct, [(TPP)Sb (Me)(OOC(O)m-

ClC6H4)]�X� (6-X), the reaction of 3-X (X � Br, ClO4

and PF6) with m-CPBA in acetonitrile was carried
out. However, formation of 6-X was found to be
largely dependent on the kind of counteranion. By
use of the bromide as a counteranion, the reaction
of 3-Br with m-CPBA gave [(TPP)Sb(Me)(OC(O)m-
ClC6H4)]�Br� (5-Br) as a major product, and 5-PF6

was characterized by the 1H NMR spectrum and the
X-ray crystallographic analysis (Scheme 3) [34].

On the other hand, the reaction of 3-PF6 with m-
CPBA yielded [(TPP)Sb(Me)(F)]�PF6

� (7-PF6) as a
major product.

The desired product 6-X (X�Br, PF6) was char-
acterized as a minor product based on the 1H NMR
spectra in both cases. However, 6-X was gradually
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FIGURE 1 Crystal structure (30% thermal ellipsoids) of
[(TPP)Sb(Me)(OOt-Bu)]�PF6

� (4-PF6) (one of the three in-
dependent molecules is shown). Hydrogen atoms are omitted
for clarity.

decomposed by chromatographic treatment to give
a mixture of 6-X and 1-X.

The reaction of 3-ClO4 with m-CPBA gave 6-ClO4

almost exclusively. After removal of an excess of m-
CPBA by cooled neutral alumina column chroma-
tography using acetonitrile (ca. 0�C) as an eluent,
6-ClO4 was obtained in 97% yield.

6-ClO4 gradually decomposed at room tempera-
ture to give 1-ClO4 in air but was relatively stable
under Ar. The benzene protons of 6-ClO4 appeared
at lower fields than the corresponding protons of 5-
Br, [6-ClO4: d 5.68 (2-H, s), 5.88 (6-H, d), 6.93 (5-H,
t), 7.28 (4-H, d)] and [5-Br: 4.00, 4.60, 6.23, 6.65],
probably because the benzene protons in 6-ClO4 are
further away from the porphyrin plane by one oxy-
gen atom, and the ring current effect of the porphy-
rin core becomes less effective in 6-ClO4.

The reaction of 6-ClO4 with triphenylphosphine
gave the triphenylphosphine oxide quantitatively,
but p-bromothioanisole and styrene did not react
with 6-ClO4. After the reaction with triphenylphos-
phine, 6-ClO4 was converted to 1-ClO4 and m-chlo-
robenzoic acid.

Preparation of [(TPP)Sb(Me)(OOH)]�ClO4
� (8-

ClO4)

Next we tried to prepare the target hydroperoxy de-
rivative. However, the reaction of 3-ClO4 with 35%
aqueous hydrogen peroxide at room temperature for
6 hours gave only 1-ClO4. After several trials the re-
action of 3-ClO4 with relatively anhydrous hydrogen
peroxide in acetonitrile at room temperature for 1

day afforded the desired [(TPP)Sb(Me)(OOH)]�

ClO4
� (8-ClO4) in 92% purity based on its 1H NMR

spectrum (Scheme 4). Relatively anhydrous hydro-
gen peroxide was obtained by removal of water from
35% aqueous H2O2 using a vacuum pump at room
temperature for several hours.

8-ClO4 was unstable to atmospheric moisture
and gradually decomposed to 1-ClO4 at room tem-
perature. 8-ClO4 was less stable than 6-ClO4 and 4-
PF6. However, the molecular ion peak of 8-ClO4

could be observed by fast atom bombardment (FAB)
mass spectrometry (matrix; nitrobenzyl alcohol).

Then, we found the activation of the axial hy-
droxy group in 1-ClO4 by conversion to the triflate
was quite effective to form 8-ClO4 without contam-
ination. The reaction of 1-ClO4 with trifluorometh-
anesulfonic anhydride (Tf2O) at room temperature
for 0.5 hour gave [(TPP)Sb(Me)(OTf)]�ClO4

� (9-
ClO4), which was treated with relatively anhydrous
hydrogen peroxide at room temperature for 1 day in
situ to give 8-ClO4 quantitatively.

The 1H NMR spectrum of 8-ClO4 was superim-
posable on that of 8-ClO4, which was prepared from
3-ClO4. The FAB mass spectrum also showed the mo-
lecular ion peak. 8-ClO4 reacted with triphenylphos-
phine and p-bromothioanisole at room temperature
within 0.5 hour to give the corresponding oxides,
but, even after several days at room temperature, the
reaction of 8-ClO4 with olefins such as styrene and
stilbene did not take place, and 8-ClO4 remained in-
tact under Ar.

Evidence of the Presence of an OOH Bond by
Chemical Transformation

In order to characterize the OOH bond of 8-ClO4 by
transformation to other more stable peroxides,
8-ClO4 was converted to [(TPP)Sb(Me)(OOC-
(O)m-ClC6H4)]�ClO4

� (6-ClO4) and [(TPP)Sb(Me)
(OOSiMe3)]�ClO4

� (10-ClO4). The reaction of 8-ClO4

with m-chlorobenzoyl bromide [38] in the presence
of 2,4,6-tri-t-butylpyridine as an acid scavenger at
room temperature for 1 day gave 6-ClO4 in 76%
yield, based on the 1H NMR spectrum. 6-ClO4, which
was formed by this transformation, was identical
with 6-ClO4, which was prepared by the reaction of
3-ClO4 with m-CPBA.

In addition, treatment of 8-ClO4 with trimethyl-
silyl bromide in the presence of 2,4,6-tri-t-butylpyr-
idine at room temperature for 1 hour yielded 10-
ClO4 in 91% yield, based on the 1H NMR spectrum
(Scheme 5). 10-ClO4 was identified by their high-res-
olution mass spectrometry (HRMS) (FAB[�])
spectra.

The characteristic trimethylsilyl proton signal in
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10-ClO4 (d �4.97) appeared at lower field in com-
parison with that of [(TPP)Sb(Me)(OSiMe3)]�ClO4

�

(11-ClO4) (d �5.11) since these protons in 10-ClO4

are further away from the porphyrin ring. 11-ClO4

as the reference compound was prepared by reaction
of 1-OH with trimethylsilyl bromide in excellent
yield. 10-ClO4 gradually decomposed to 11-ClO4 at
room temperature. It can be concluded that the for-
mation of 8-ClO4 bearing an OOH group was fully
established by the previous transformations.

Reactivity of Antimony Porphyrin Peroxides

A comparison of reactivity among antimony tetra-
phenylporphyrin peroxides is summarized in Table
2. The reactions of 4-OH, 6-ClO4, and 8-ClO4 with
nucleophiles, such as triphenylphosphine, p-brom-
othioanisole, and styrene, were carried out at room
temperature for several days and monitored by 1H
NMR spectroscopy. The oxidizing ability of these
peroxides increased in the order of -OOt-Bu, m-
CPBA, and -OOH derivatives. Only 8-ClO4 reacted
with p-bromothioanisole to give the corresponding
sulfoxide.

TABLE 2 Reactivity of Antimony Tetraphenylporphyrin Per-
oxides towards Nucleophiles

Preparation of [(OEP)Sb(R)(OOH)]�ClO4
� (16-

ClO4, 17-ClO4)

In order to investigate electronic effects of the por-
phyrin skeleton, antimony octaethylporphyrin per-
oxides were prepared. The reaction of [(OEP)Sb-
(Me)(OH)]�ClO4

� (12-ClO4) with Tf2O at room
temperature for 1 hour gave [(OEP)Sb(Me)(OTf)]�

ClO4
� (14-ClO4), which was reacted in situ with rela-

tively anhydrous hydrogen peroxide at room tem-
perature for 1 hour to give [(OEP)Sb(Me)(OOH)]�

ClO4
� (16-ClO4) quantitatively. 16-ClO4 was stable to

moisture but gradually decomposed during chro-
matographic treatment. [(OEP)Sb(Et)(OOH)]�

ClO4
� (17-ClO4) was also prepared from [(OEP)Sb-

(Et)(OH)]�ClO4
� (13-ClO4) by similar procedures

(Scheme 6). 17-ClO4 was also stable to moisture. 16-
ClO4 and 17-ClO4 were characterized by their HRMS
(FAB[�]) spectra.

We tried to prepare the corresponding OOt-Bu
and m-CPBA adducts from [(OEP)Sb(R)(OTf)]�

ClO4
� (R�Me, 14-ClO4; R�Et, 15-ClO4) under simi-

lar conditions, but the corresponding peroxides
[(OEP)Sb(R)(OOt-Bu)]�ClO4

� (18-ClO4) and [(OEP)
Sb(R)(OOC(O)m-ClC6H4)]�ClO4

� (19-ClO4) were not
obtained.

Preparation of [(OEP)P(R)(OOH)]�OTf� (26-
OTf, 27-OTf, 28-OTf)

The reaction of [(OEP)P(Me)(OH)]�X� (20-X) [38]
(X � Cl, ClO4, and PF6) with Tf2O at room tempera-
ture for 1 hour gave [(OEP)P(Me)(OTf)]�X� (23-X),
respectively. The reaction of 23-X with relatively an-
hydrous hydrogen peroxide at room temperature for
1 day gave the desired [(OEP)P(Me)(OOH)]�OTf�

(26-OTf) only in the case of the chloride (20-Cl). The
use of other counteranions resulted in decomposi-
tion to insoluble products in acetonitrile. [(OEP)P-
(Et)(OH)]�Cl� (21-Cl) and [(OEP)P(Ph)(OH)]�Cl�

(22-Cl) gave [(OEP)P(Et)(OOH)]�OTf� (27-OTf) and
[(OEP)P(Ph)(OOH)]�OTf� (28-OTf), respectively, by
similar procedures. In both cases, the desired hydro-
peroxides (27-OTf and 28-OTf) were obtained only
when chloride was used as a counteranion (Scheme
7).

The attempted transformations of 26-OTf, 27-
OTf, and 28-OTf with m-chlorobenzoyl bromide or
trimethylsilyl bromide to the corresponding m-
CPBA and TMS derivatives were unsuccessful. Un-
der the similar conditions used for antimony tetra-
phenylporphyrin peroxides, only 20-Cl, 21-Cl, and
22-Cl were recovered instead of the expected TMS
and m-CPBA derivatives.

Moreover, the reaction of 23-Cl with anhydrous
t-butyl hydroperoxide and m-CPBA at room tem-
perature for 5 days did not occur, probably because
23-Cl was too bulky for t-BuOOH and m-CPBA re-
agents. Neither 23-Cl nor 24-Cl was able to afford
the corresponding peroxides.

Preparation of [(OEP)As(Me)(OOH)]�OTf� (33-
OTf)

Arsenic porphyrin peroxide [(OEP)As(Me)(OOH)]�

OTf� (33-OTf) was prepared from [(OEP)As(Me)
(OH)]�Cl� (31-Cl) [39,40] by the similar method for
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SCHEME 8

SCHEME 6

SCHEME 7

phosphorus porphyrin peroxides (Scheme 8). Only
chloride 31-Cl was effective for the formation of 33-
OTf. 33-OTf could be prepared quantitatively, but it
was less stable than the corresponding antimony
porphyrin hydroperoxides (16-ClO4 and 17-ClO4).
The reactions of 33-OTf with m-chlorobenzoyl bro-
mide and trimethylsilyl bromide under similar con-
ditions gave only 31-OTf.

The reactions of 26-OTf, 27-OTf, 28-OTf, and
33-OTf with nucleophiles, such as triphenylphos-

phine and p-bromothioanisole, proceeded smoothly
at room temperature during 0.5 hour, but the reac-
tion with styrene did not take place even after a
week.

Reactivity of Phosphorus, Arsenic, and
Antimony Porphyrin Peroxides

With nine kinds of group 15 element porphyrin per-
oxides bearing an OOR group in hand, the reactivity
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SCHEME 10

SCHEME 9

of these peroxides was examined in the light of the
difference among central elements, electronic effects
from porphyrin skeletons, and axial alkyl groups.

In order to compare the reactivities of [(TPP)
Sb(Me)(OOt-Bu)]�OH� (4-OH) [(TPP)Sb(Me)
(OOC(O)m-ClC6H4)]�ClO4

� (6-ClO4), and [(TPP)Sb-
(Me)(OOH)]�ClO4

� (8-ClO4), triphenylphosphine
(less than 1 equivalent) was added portionwise to a
mixture of an equimolar amount of 4-OH and 8-ClO4

at room temperature in deuteriochloroform, and the
reaction was monitored by 1H NMR spectroscopy.
The experiment clearly indicated that 8-ClO4 reacted
with triphenylphosphine to give 1-ClO4 and O�
PPh3, whereas 4-OH remained intact during 0.5
hour. A similar experiment was carried out with an
equimolar mixture of 6-ClO4 and 8-ClO4, and it was
found that 8-ClO4 was much more reactive than 6-
ClO4 (Schemes 9 and 10).

The experiment between antimony porphyrin
hydroperoxide (16-ClO4) and the corresponding
phosphorus porphyrin hydroperoxide (26-OTf) un-
der similar conditions clearly indicated that 26-OTf
was much more reactive to triphenylphosphine than
16-ClO4. 26-OTf was converted to 20-OTf but 16-
ClO4 still remained intact. The reaction between 16-
ClO4 and the corresponding arsenic porphyrin hy-

droperoxide (33-OTf) gave similar results, showing
that 33-OTf was much more reactive than 16-ClO4

(Scheme 11).
Recently, we reported that (OEP)MR(�O)

(M�P, As, R�Me, Et, Ph) were found to be almost
planar and very stable in the case of the phosphorus
[40] and arsenic porphyrins [41,42], but the corre-
sponding antimony compound could not be isolated
[33,34]. Therefore, we concluded that the higher
reactivity of phosphorus and arsenic hydroperoxides
could be due to the stability of the M�O bonding
system itself and also due to the stability that might
be gained by the change of the shape of the mole-
cules from ruffled [(OEP)P(R)(OH)]� to planar
(OEP)PR(�O), as shown in Scheme 12. That is, in
the reaction of 26-OTf with triphenylphosphine, the
stable, neutral species (OEP)P(Me)(�O) should be
the intermediate of the reaction (step A in Scheme
12). In contrast, the reaction of 16-ClO4 with tri-
phenylphosphine (step B in Scheme 12) gave planar
12-ClO4 through relatively less stabilized 35. This
was exemplified by the weaker acidity of 12-ClO4

compared with the corresponding phosphorus and
arsenic porphyrin hydroxides (20-OTf and 31-OTf)
[40,41,42].

Let us consider electronic effect of axial groups
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of the phosphorus porphyrin peroxides. Similar ex-
periments were carried out between 26-OTf and 28-
OTf and between 27-OTf and 28-OTf for compari-
son. The reaction of 28-OTf with triphenylphosphine
proceeded almost at the same rate as that with 26-
OTf (ratio ca. 1:1). The reaction between 28-OTf and
27-OTf with triphenylphosphine gave similar re-
sults. That is, the reactivity of 26-OTf, 27-OTf, and
28-OTf to triphenylphosphine is almost the same.
The results indicated that the stability of the neutral
species (OEP)P(R)(�O) was not noticeably different
in these compounds (Scheme 13).

On the other hand, the reactivities of the anti-
mony porphyrin hydroperoxides 16-ClO4 and 17-
ClO4 were largely dependent on the electronic effect
of the axial alkyl group. 16-ClO4 reacted with tri-

phenylphosphine at room temperature for 1 hour in
CDCl3, whereas 17-ClO4 was inert to the same re-
agent at room temperature for even 5 days in CDCl3.
These results indicate that the electron-donating ef-
fect of the axial alkyl groups influences the stability
of the starting hydroperoxides. That is, the degree of
stabilization by the ethyl group is greater for the hy-
droperoxide than that for the intermediate.

In order to examine the electronic effects of por-
phyrin skeletons, a competition experiment between
8-ClO4 with electron-poor tetraphenylporphyrin
skeleton and 16-ClO4 with electron-rich octaethyl-
porphyrin skeleton was performed. The reaction of
8-ClO4 with triphenylphosphine under similar con-
ditions was faster than that of 16-ClO4. After the re-
action with triphenylphosphine, the ratio of 8-ClO4
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SCHEME 13

to 16-ClO4 was about 1:3, indicating that electron-
poor tetraphenylporphyrin was more reactive to-
ward nucleophiles (Scheme 14). The electron-donat-
ing effect of the octaethylporphyrin core may be
effective to stabilize the starting hydroperoxide in
the antimony(V) porphyrins.

In conclusion, the reactivity of the peroxides de-
scribed in this article can be explained primarily on
the basis of the stability of the M�O bonding sys-
tem. The electron-donating properties of porphyrin
skeletons and axial groups play important roles in
the reactivities of antimony porphyrins in which the
Sb�O bonding system is not stable.

EXPERIMENTAL

All solvents were dried and distilled prior to use. All
reactions were carried out under Ar, and subsequent
isolation and purification procedures were carried
out in air. Melting points were measured with a Yan-
agimoto micromelting point apparatus and were un-
corrected. 1H NMR (400MHz) spectra were recorded
on a JEOL EX-400 spectrometer. Chemical shifts are
reported (d scale) from internal tetramethylsilane.
Elemental analyses were performed by a Perkin El-
mer 2400 CHN elemental analyzer. Column chro-
matography was carried out on Merck alumina neu-
tral 1077. The HRMS spectra were measured by a
JEOL SX 102A spectrometer.

Preparation of [(TPP)Sb(Me)(OOt-Bu)]�PF6
�

(4-PF6)

To a solution of [(TPP)Sb(Me)(OH)]�OH� [33] (153
mg, 0.20 mmol) in dry dichloromethane (3 mL) was
added oxalyl bromide (0.3 mL, 2.12 mmol) at room
temperature. The mixture was stirred at room tem-
perature for 1 hour under Ar. After removal of the
solvent in vacuo, the residue was dissolved in dry
acetonitrile (3.5 mL) under Ar. To the solution was
added t-BuOOH in nonane (0.25 mL, 2.49 mmol) at
0�C. The mixture was stirred at room temperature
for 3.5 days under Ar. After removal of the solvent in
vacuo, extraction with dichloromethane (10 mL �
2) and removal of the solvent yielded a purple solid
[(TPP)Sb(Me)(OOt-Bu)]�OH� (147 mg, 88%). Coun-
teranion exchange of the resulting hydroxide with
potassium hexafluorophosphate in dichlorome-
thane/acetonitrile (1:1) gave [(TPP)Sb(Me)(OOt-
Bu)]�PF6

� (4-PF6) quantitatively. 4-PF6: m.p. 180–
188�C (dec); 1H NMR (CDCl3) �5.20 (s, 3 H), �1.79
(s, 9 H), 7.84–7.95 (m, 12 H), 8.16–8.45 (m, 8 H), 9.41
(s, 8 H); Anal. Calcd for C49H40F6N4O2PSb: C, 59.84;
H, 4.10; N, 5.70. Found: C, 59.88; H, 3.99; N, 5.71.

Preparation of [(TPP)Sb(Me)(OOC(O)m-
ClC6H4)]�ClO4

� (6-ClO4)

To a solution of [(TPP)Sb(Me)(OH)]�ClO4
� (76 mg,

0.088 mmol) in dry dichloromethane (2 mL) was
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added 0.13 mL (0.92 mmol) of oxalyl bromide at
room temperature under Ar. The mixture was stirred
for 1 hour at room temperature. After removal of the
solvent in vacuo, the residue was dissolved in dry
acetonitrile (7 mL). m-CPBA (65 mg, 0.38 mmol) in
acetonitrile (1 mL) was transferred to the solution at
0�C under Ar. The mixture was stirred for 24 hours
at room temperature. After removal of the solvent in
vacuo, the residue was chromatographed on neutral
alumina (acetonitrile, 0�C) to remove excess m-
CPBA. Evaporation of the solvent gave [(TPP)
Sb(Me)(OOC(O)m-ClC6H4)]�ClO4

� (6-ClO4, 78 mg,
97%). 6-ClO4: m.p. 162–164�C (dec). 1H NMR (CDCl3)
�4.81 (s, 3 H), 5.68 (s, 1 H), 5.88 (d, 1 H, J � 8 Hz),
6.93 (t, 1 H, J � 8 Hz), 7.28 (d, 1 H, J � 8 Hz), 7.79–
7.93 (m, 12 H), 8.04–8.50 (m, 8 H), 9.44 (s, 8 H);
HRMS [FAB(�)] calcd for C52H35N4O3ClSb�(121Sb,
35Cl), 919.1436; found, 919.1392; calcd for (121Sb,
37Cl) and (123Sb, 35Cl), 921.1406 and 921.1440, re-
spectively; found, 921.1433; calcd for (123Sb, 37Cl),
923.1410; found, 923.1445.

Preparation of [(TPP)Sb(Me)(OOH)]�ClO4
� (8-

ClO4) from [(TPP)Sb(Me)(Br)]�ClO4
� (3-ClO4)

To a solution of [(TPP)Sb(Me)(OH)]�ClO4
� (20 mg,

0.023 mmol) in dry dichloromethane (1 mL) was
added 0.04 mL (0.28 mmol) of oxalyl bromide at
room temperature under Ar. The mixture was stirred
for 1 hour at room temperature. After removal of the
solvent in vacuo, the residue was dissolved in dry
acetonitrile (0.75 mL). Relatively anhydrous H2O2

(10 equivalents), which was obtained by removal of
water from 35% aqueous H2O2 using a vacuum
pump at room temperature for several hours in dry
acetonitrile (0.5 mL), was added to the solution un-
der Ar. The mixture was stirred for 1 day at room
temperature. After the solvent was evaporated,
[(TPP)Sb(Me)(OOH)]�ClO4

� (quant. yield based on
1H NMR spectroscopy, but the compound was con-
taminated with Br2) was obtained.

Preparation of Pure
[(TPP)Sb(Me)(OOH)]�ClO4

� (8-ClO4) from
[(TPP)Sb(Me)(OTf)]�ClO4

� (9-ClO4)

To a solution of [(TPP)SbMe(OH)]�ClO4
� (20 mg,

0.023 mmol) in dry dichloromethane (0.75 mL) was
added a solution of 2,4,6-tri-t-butylpyridine (15 mg,
0.06 mmol) and trifluoromethanesulfonic anhydride
(Tf2O, 0.01 mL, 0.06 mmol) in dry dichloromethane
(1 mL) under Ar. The mixture was stirred for 1 hour
at room temperature. After removal of the solvent in
vacuo, the residue was dissolved in dry acetonitrile

(1 mL). Relatively anhydrous H2O2 (10 equivalents)
prepared as before in dry acetonitrile (0.5 mL) was
added to the solution. The mixture was stirred for 1
day at room temperature under Ar. After the solvent
was evaporated, [(TPP)Sb(Me)(OOH)]�ClO4

�

(quant. yield based on the 1H NMR) was obtained.
1H NMR (CDCl3) �5.24 (s, 3 H), 7.83–7.91 (m, 12 H),
8.28–8.38 (m, 8 H), 9.40 (s, 8 H).

Conversion of 8-ClO4 to
[(TPP)Sb(Me)(OOTMS)]�ClO4

� (10-ClO4)

To a solution of 8-ClO4 (10 mg, 0.011 mmol) in dry
dichloromethane (0.75 mL) was added 2,4,6-tri-t-bu-
tylpyridine (19 mg, 0.076 mmol) and trimethylsilyl
bromide (0.01 mL, 0.076 mmol) at room tempera-
ture under Ar. The mixture was stirred for 1 hour at
room temperature. After removal of the solvent in
vacuo, the residue was redissolved in dry deuter-
iochloroform (0.75 mL). Based on the 1H NMR spec-
trum, 8-ClO4 was converted to [(TPP)Sb(Me)
(OOTMS)]�ClO4

� in 91% yield and [(TPP)Sb(Me)
(OTMS)]�ClO4

� was obtained in 9% yield. 1H NMR
(CDCl3) �4.97 (s, 3 H), �2.11 (s, 9 H), 7.98–8.16 (m,
12 H), 8.36–8.47 (m, 8 H), 9.59 (s, 8 H). HRMS
(FAB(�)) calcd for C48H40N4O2SiSb�(121Sb),
853.1959; found, 853.1951.

Conversion of 8-ClO4 to [(TPP)Sb(Me)
(OOC(O)m-ClC6H4)]�ClO4

� (6-ClO4)

To a solution of 8-ClO4 (10 mg, 0.011 mmol) in dry
dichloromethane (0.75 mL) was added 2,4,6-tri-t-bu-
tylpyridine (18 mg, 0.076 mmol) and m-chloroben-
zoyl bromide (0.01 mL, 0.075 mmol) at room tem-
perature under Ar. The mixture was stirred for 1 day.
After removal of the solvent in vacuo, the residue
was redissolved in dry deuteriochloroform (0.75
mL). Based on the 1H NMR spectrum, 8-ClO4 was
converted to [(TPP)Sb(Me)(OOC(O)m-ClC6H4)]�

ClO4
� (6-ClO4) in 76% yield, and the rest was

[(TPP)Sb(Me)(OH)]�ClO4
�.

Preparation of [(OEP)M(R)(OOH)]�ClO4

To a solution of [(OEP)M(R)(OH)]�ClO4
� [34] (0.013

mmol) in dry dichloromethane (0.75 mL) was added
a solution of 2,4,6-tri-t-butylpyridine (15 mg, 0.06
mmol) and Tf2O (0.01 mL, 0.06 mmol) in dry di-
chloromethane (1 mL) under Ar. The mixture was
stirred for 1 hour. After removal of the solvent in
vacuo, the residue was dissolved in dry acetonitrile
(1 mL). Relatively anhydrous H2O2 (10 equivalents)
prepared as before in dry acetonitrile (0.5 mL) was
added to the solution under Ar. The mixture was
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stirred for 1 day under Ar. After the solvent was evap-
orated, [(OEP)M(R)(OOH)]�ClO4

� (almost quant.
based on the 1H NMR) was obtained. Some of the
products were chromatographed on neutral alumina
(acetonitrile 0�C) to remove excess 2,4,6-tri-t-butyl-
pyridine. Evaporation of the solvent gave pure prod-
uct almost quantitatively. Products were character-
ized by 1H NMR and HRMS.

[(OEP)Sb(Me)(OOH)]�ClO4
� (16-ClO4): 1H

NMR (CDCl3) �5.89 (s, 3 H), 2.09 (t, 24 H, J � 7
Hz), 4.33 (q, 16 H, J � 7 Hz), 10.81 (s, 4 H); HRMS
(FAB[�]) calcd for C37H48N4O2Sb� (121Sb), 701.2816;
found, 701.2817.

[(OEP)Sb(Et)(OOH)]�ClO4
� (17-ClO4, quant.).

1H NMR (CDCl3) �5.59 (q, 2 H, J � 7 Hz), �4.18 (t,
3 H, J � 7 Hz), 2.07 (t, 24 H, J � 7 Hz), 4.37 (q, 16
H, J � 7 Hz), 10.91 (s, 4 H); HRMS (FAB[�]) calcd
for C38H50N4O2Sb� (121Sb), 715.2972; found,
715.3014.

[(OEP)P(Me)(OOH)]�OTf� (26-OTf, 96%): 1H
NMR (CDCl3) �5.53 (s, 3 H), 1.88 (t, 24 H, J � 7
Hz), 3.98 (q, 16 H, J � 7 Hz), 9.59 (s, 4 H); HRMS
(FAB[�]) calcd for C37H48N4O2P�, 611.3515; found,
611.3560.

[(OEP)P(Et)(OOH)]�OTf� (27-OTf, 91%): 1H
NMR (CDCl3) �5.41 (dq, 2 H, J � 7 Hz, J � 7 Hz),
�4.30 (dt, 3 H, J � 7 Hz, J � 7 Hz), 1.90 (t, 24 H, J
� 7 Hz), 4.03 (q, 16 H, J � 7 Hz), 9.64 (s, 4 H);
HRMS (FAB[�]) calcd for C38H50N4O2P�, 625.3671;
found, 625.3658.

[(OEP)P(Ph)(OOH)]�OTf� (28-OTf, 85%): 1H
NMR (CDCl3) 0.52 (dd, 2 H, J � 7 Hz, J � 7 Hz),
1.80 (t, 24 H, J � 7 Hz), 3.91 (bq, 16 H, J � 7 Hz),
4.86 (bm, 2 H), 5.53 (dt, 1 H, J � 7 Hz, J � 4 Hz),
9.41 (bs, 4 H); HRMS (FAB[�]) calcd for
C42H50N4O2P�, 673.3671; found, 673.3690.

[(OEP)As(Me)(OOH)]�OTf� (33-OTf, quant): 1H
NMR (CDCl3) �5.52 (s, 3 H), 2.06 (t, 24 H, J � 7
Hz), 4.25 (q, 16 H, J � 7 Hz), 10.56 (s, 4 H); HRMS
(FAB[�]) calcd for C37H48N4O2As�, 655.2993; found,
655.2979.

Reactions of a Mixture of [(TPP)Sb(Me)(OOt-
Bu)]�OH� (4-OH) and
[(TPP)Sb(Me)(OOH)]�ClO4

� (8-ClO4) with
Triphenylphosphine

A mixture of 4-OH (9.4 mg, 0.011 mmol) and 8-ClO4

(10 mg, 0.011 mmol) was dissolved in dry deuter-
iochloroform (0.75 mL). After portionwise addition
of a small amount of triphenylphosphine (up to 1
equivalent) to the solution, the reaction mixture was
monitored by 1H NMR spectroscopy. Only 8-ClO4

was converted to [(TPP)Sb(Me)(OH)]�ClO4
�, where-

as 4-OH still remained intact.

[(TPP)Sb(Me)(OOC(O)m-ClC6H4)]�ClO4
�

(6-ClO4) and [(TPP)Sb(Me)(OOH)]�ClO4
�

(8-ClO4) with Triphenylphosphine

The same procedure as in previous paragraph. Only
8-ClO4 was converted to [(TPP)Sb(Me)(OH)]ClO4,
whereas 6-ClO4 still remained intact.

[(TPP)Sb(Me)(OOH)]�ClO4
� (8-ClO4) and

[(OEP)Sb(Me)(OOH)]�ClO4
� (16-ClO4) with

Triphenylphosphine

The same procedure as previously described. The re-
action of 8-ClO4 with triphenylphosphine was faster
than that of the corresponding 16-ClO4 (ratio of 1:3
based on the integral ratio of the 1H NMR spectrum).

[(OEP)Sb(Me)(OOH)]�ClO4
� (16-ClO4) and

[(OEP)P(Me)(OOH)]�OTf� (26-OTf) with
Triphenylphosphine

The same procedure as previously described. Only
26-OTf was converted to [(OEP)P(Me)(OH)]�OTf�,
whereas 16-ClO4 still remained intact.

[(OEP)Sb(Me)(OOH)]�ClO4
� (16-ClO4) and

[(OEP)As(Me)(OOH)]�OTf� (33-OTf) with
Triphenylphosphine

The same procedure as previously described. Only
33-OTf was converted to [(OEP)As(Me)(OH)]�OTf�,
whereas 16-ClO4 still remained intact.

[(OEP)P(Me)(OOH)]�OTf� (26-OTf) and
[(OEP)P(Ph)(OOH)]�OTf� (28-OTf) with
Triphenylphosphine

The same procedure as previously described. The re-
action of 26-OTf with triphenylphosphine was al-
most as fast as that of the corresponding 28-OTf (ra-
tio ca. 1:1 based on the integral ratio of the 1H NMR
spectrum).

[(OEP)P(Et)(OOH)]�OTf� (27-OTf) and
[(OEP)P(Ph)(OOH)]�OTf� (28-OTf) with
Triphenylphosphine

The same procedure as previously described. The re-
action of 27-OTf with triphenylphosphine was al-
most as fast as that of the corresponding 28-OTf (ra-
tio ca. 1:1 based on the integral ratio of the 1H NMR
spectrum).

X-Ray Structure Determination of
[(TPP)Sb(Me)(OOt-Bu)]�PF6

� (4-PF6)

A crystal of [(TPP)Sb(Me)(OOt-Bu)]�PF6
� suitable

for X-ray structure determination was mounted on



Synthesis and Properties of Group 15 Element Porphyrin Peroxides 443

a Mac Science MXC3 diffractometer and irradiated
with graphite-monochromated Mo K� radiation (k
� 0.71073 Å) for data collection. Lattice parameters
were determined by least-squares fitting of 31 reflec-
tions with 21� � 2h � 30�. Data were collected by use
of the 2h/x scan mode. The structures were solved
using the SIR-92 program in the teXsan (Rigaku)
package [43] and refined by full-matrix least-squares
treatment. No absorption correction was made. Re-
finement on F was carried out by full-matrix least-
squares treatment. Hydrogen atoms were included
in the refinement on calculated positions (C–H � 1.0
Å) riding on their carrier atoms with isotropic ther-
mal parameters. All computations were carried out
on an SGI O2 computer using the teXsan program
[43].

SUPPLEMENTARY MATERIAL AVAILABLE

A complete description of the X-ray crystallographic
structure determination on 4-PF6 have been depos-
ited at the Cambridge Crystallographic Data Centre.
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