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a b s t r a c t

Novel functionalized triphenylantimony(V) catecholates – Ph3Sb[4-O(CH2CH2)2N-3,6-DBCat] (1),
Ph3Sb[4-PhN(CH2CH2)2N-3,6-DBCat] (2), Ph3Sb[4-Ph2CHN(CH2CH2)2N-3,6-DBCat] (3), Ph3Sb[4,5-Pipe-
raz-3,6-DBCat] (4) and binuclear bis-catecholate Ph3Sb[3,6-DBCat-4-N(CH2CH2)2N-4-3,6-DBCat]SbPh3

(5) were synthesized by the oxidative addition reaction of corresponding o-quinones with triphenylan-
timony. The [4-O(CH2CH2)2N-3,6-DBCat]2�, [4-PhN(CH2CH2)2N-3,6-DBCat]2�, [4-Ph2CHN(CH2CH2)2N-
3,6-DBCat]2� and [4,5-Piperaz-3,6-DBCat]2� are 4-(morpholin-1-yl)-, 4-(4-phenyl-piperazin-1-yl)-,
4-(4-dephenylmethyl-piperazin-1-yl)-, and 4,5-(piperazin-1,4-diyl)-3,6-di-tert-butyl-catecholate dian-
ionic ligands, correspondingly. Complexes 1–5 were characterized in details by IR-, 1H and 13C NMR
spectroscopy and cyclic voltammometry. Molecular structure of 4�CH3OH was determined by X-ray
crystallography to be a distorted tetragonal–pyramidal. The NMR spectroscopic and electrochemical
investigations of complexes in the presence of air reveal the reactions of complexes with dioxygen
leading to the formation of spiroendoperoxides of 1,2,4,3-trioxastibolane type in a NMR yield of 25–
37%.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

At the present time the coordination chemistry of antimony is
the one of the fast developing branches of organoelemental chem-
istry. Organoantimony complexes attract attention of researchers
because of their activity in a number of reactions in organic syn-
thesis [1], the application in medicine and pharmacy, etc. [2]. On
the other hand, metal complexes with redox-active o-benzoquino-
nato type ligands reveal a diversity of interesting and sometimes
intriguing properties such as intramolecular electron transfer ‘‘me-
tal–ligand” induced by coordination sphere transformations [3],
phenomenon of redox-isomerism and photo/thermomechanical ef-
fect [4], ‘‘wandering” valence – the characteristic feature of mixed-
ligand o-semiquinone/catecholate non-transition metal complexes
[5], and more. These features are caused by the redox-active nature
of ligands based on o-benzoquinones. In complexes, o-semiquino-
late and catecholate forms are stable and able to turn one to an-
other by one-electron reduction and oxidation.

Recently, we have found one more unique property of anti-
mony complexes with redox-active ligands: o-amidophenolato
All rights reserved.
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triphenylantimony(V) complexes are the first non-transition ele-
ment compounds which can reversibly bind molecular oxygen
[6]. This unique property is rationalized by the easy one-electron
oxidation of o-amidophenolato dianion to o-iminobenzosemiqui-
nonato radical-anion in the antimony(V) coordination sphere by
molecular oxygen. This process was supposed to be a key stage
in mechanism of reversible O2 binding [6]. The search of other
compounds with this peculiar properties have resulted in the
synthesis of O2-active catecholate triphenylantimony(V) com-
plexes with electron-donor groups in Cat ligand [7]. Contrari-
wise, electron-withdrawing substituents of Cat ligand make the
complex derived to be air-stable [8].

In this paper we report on the synthesis and characterization of
new triphenylantimony(V) catecholates with weak electron-donor
nitrogen-containing substituents in 4- (4,5-) position of 3,6-di-tert-
butyl-catecholate.
2. Results and discussion

2.1. Syntheses and characterizations

Previously, different ways to Sb(V) catecholate complexes have
been reported [8,9]. There is a reaction of triphenylantimony dichlo-
ride and catechol in the presence of ammonia [9a], an oxidation of

http://dx.doi.org/10.1016/j.jorganchem.2010.01.029
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elemental antimony by the o-quinones [9b], the oxidation of R3Sb
(R = Ph, Me) with tert-butylhydroperoxide in the presence of cate-
chol and neutral donor ligands L [9c], and finally an oxidative addi-
tion reaction between antimony(III) compounds by o-quinones
[8,9d,9e]. In our case, the later way was chosen as the most suitable
method to prepare triphenylantimony(V) catecholates (Schemes 1
and 2). The corresponding neutral o-benzoquinones Q1–Q4 were
synthesized as reported in Ref. [10].

The slow addition of 2 equiv. of SbPh3 to the toluene solution of
bis-o-quinone with piperazine bridge allows to prepare binuclear
triphenylantimony(V) bis-catecholate 5.

In all cases after a number of steps (see Section 4), the slow
evaporation of the hexane solution of the complexes 1–4 afforded
microcrystalline pale-yellow or yellow material that was identified
by IR-, 1H, 13C and DEPT NMR spectroscopy and elemental analysis.
Molecular structure of 4 was determined by X-ray crystallography.
2.2. IR spectroscopy

The formation of catecholate complexes is evident from a num-
ber of typical bands of their IR spectra in the range of 700–
1600 cm�1 [11a,b]. The absence of stretching vibrations of double
C@O bonds at 1650–1750 cm�1 verifies the absence of initial unre-
duced o-quinones in complexes samples. The stretching vibrations
of catecholate single C–O bonds in 1–5 give rise to a number of
bands in the region 1170–1300 cm�1. IR spectra of complexes con-
tain a set of bands typical for functional substituents at Cat ligand
(the oxygen–carbon–oxygen asymm. and symm. vibrations of
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morpholine fragment in 1, v(O–C–O) 1095 and 920 cm�1; the car-
bon–nitrogen vibrations of morpholine and piperazine groups in
1–5 – a set of bands at 930–1150 and 770–850 cm�1) as well as
O2SbPh3 moiety (skeleton vibrations of SbPh3 are observed at
�690 and �730 cm�1 for all complexes, stretching vibrations Sb–
O are at 620–650 cm�1, while stretching vibrations Sb–CPh lie in
the region 440–470 cm�1) [11c].
2.3. Crystal structure of 4

The crystal structure catecholate 4 was determined by single-
crystal X-ray diffraction analysis. The X-ray quality crystals were
grown by the recrystallization of 4 from methanol as the methanol
solvate 4�CH3OH. Molecular structure complex 4�CH3OH is de-
picted in Fig. 1; the selected bond lengths and angles are listed
in Table 1; Table 2 shows the experimental and refinement details
of X-ray study.

The coordination environment of antimony atom has a dis-
torted octahedral geometry where the axial atoms are C(15) of
phenyl group and O(1S) of donor molecule (methanol). The angle
O(1S)–Sb(1)–C(15) of 173.60(4)� is the most right angle among
bond angles of central antimony atom. The catecholate ligand
and two phenyl groups lie in equatorial plane; the sum of angles
near antimony atom at O(1)O(2)C(21)C(27) plane is 354.01(4)�.
The deviation of Sb(1) from this plane toward the axial phenyl
group is 0.336(1) Å. The angles between equatorial groups and
axial Ph substituent are in the range of 96.53–101.40(4)�. The
five-membered metallocycle in 4�CH3OH is not planar like other
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Fig. 1. An ORTEP view of 4�CH3OH (H atoms are omitted for clarity).

Table 1
The selected bond lengths and angles in 4�CH3OH.

Distance (Å) Angle (�)

Sb–O(1) 2.0198(9) O(1)–Sb(1)–O(2) 78.58(3)
Sb–O(2) 2.0308(8) O(1)–Sb(1)–C(15) 96.53(4)
Sb–C(15) 2.1227(11) O(2)–Sb(1)–C(15) 96.99(4)
Sb–C(27) 2.1481(13) O(1)–Sb(1)–C(27) 158.61(4)
Sb–C(21) 2.1487(11) O(2)–Sb(1)–C(27) 87.70(4)
Sb–O(S) 2.5071(8) C(15)–Sb(1)–C(27) 101.40(5)
O(1)–C(1) 1.3658(13) O(1)–Sb(1)–C(21) 86.37(4)
O(2)–C(2) 1.3595(15) O(2)–Sb(1)–C(21) 157.64(4)
N(1)–C(4) 1.4601(14) C(15)–Sb(1)–C(21) 101.10(4)
N(2)–C(5) 1.4616(16) C(27)–Sb(1)–C(21) 101.36(5)
C(1)–C(6) 1.4005(18) O(1)–Sb(1)–O(1S) 78.17(3)
C(1)–C(2) 1.4238(16) O(2)–Sb(1)–O(1S) 78.53(3)
C(2)–C(3) 1.4039(15) C(15)–Sb(1)–O(1S) 173.60(4)
C(3)–C(4) 1.4084(18) C(27)–Sb(1)–O(1S) 83.10(4)
C(3)–C(7) 1.5508(15) C(21)–Sb(1)–O(1S) 82.29(4)
C(4)–C(5) 1.3945(16) C(1)–O(1)–Sb(1) 116.10(7)
C(5)–C(6) 1.4108(15) C(2)–O(2)–Sb(1) 115.77(7)

Table 2
Summary of crystal and refinement data for complex 4�CH3OH.

Empirical formula C37H45N2O3Sb
Formula weight 687.50
T (K) 100(2)
Wavelength (Å) 0.71073
Crystal system Triclinic
Space group P�1
Unit cell dimensions
a (Å) 10.0526(2)
b (Å) 11.8361(3)
c (Å) 14.5638(3)
a (�) 88.56
b (�) 82.17�
c (�) 68.61
Volume (Å3) 1597.91(6)
Z 2
Dcalc (Mg/m3) 1.429
Absorption coefficient (mm�1) 0.902
Crystal size (mm3) 0.31 � 0.28 � 0.21
Theta range for data collection 1.85–26.00
Reflections collected 9703
Independent reflections [Rint] 6252 [0.0103]
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.8331 and 0.7673
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 6252/3/568
Final R indices [I > 2r(I)] R1 = 0.0197, wR2 = 0.0491
R indices (all data) R1 = 0.0209, wR2 = 0.0497
Goodness-of-fit on F2 1.001
Largest diff. peak and hole (e Å�3) 0.811 and �0.281
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antimony(V) catecholates [7b,8a,9c], however, the bending angle
along O(1)� � �O(2) line is 0.9(3)� that is the lowest among similar
complexes. The Sb(1)–O(1) and Sb(1)–O(2) bonds differ slightly
(2.0198(9) and 2.0308(8) Å, respectively); Sb–CPh distances reveal
different trans-effect of O,O-chelating catecholate ligand and donor
methanol molecule: Sb(1)–C(21) and Sb(1)–C(27) trans-positioned
toward catecholate oxygens are of 0.025 Å longer than the Sb(1)–
C(15) distance (Table 1).

The geometrical characteristics of O,O0-chelating ligand (see Ta-
ble 1) are in the consistence with dianionic coordination type
(catecholate): for example, oxygen-to-carbon distances O(1)–C(1)
of 1.3658(13) Å and O(2)–C(2) of 1.3595(15) Å are usual for anti-
mony(V) catecholates (1.35–1.38 Å) [7–9]; and carbon-to-carbon
bonds of the hexa-membered carbon ring are 1.409 ± 0.014 Å
reflecting its aromatic character. The piperazine nitrogens N(1)
and N(2) lie in the catecholate plane. Noteworthy is that tert-butyls
are rotated around C–C bond with catecholate carbon cycle in a
such manner where two methyls of tBu are directed outside of cen-
tral atom and third methyl is to oxygen-oriented while in the case
of other most complexes of related O,O- and O,N-ligands this situ-
ation is inverted [7–9,12].

2.4. NMR spectroscopy

2.4.1. Air-free conditions
1H NMR spectra of mononuclear catecholates 1–3 have com-

mon features such as two singlets from two groups of tert-butyl
protons (at 1.41–1.42 and 1.56–1.61 ppm), one singlet due to
one isolated aromatic proton of Cat ligand (6.63–6.70 ppm); two
multiplets from SbPh3 moieties (in region of 7.40–7.83 ppm). At
the same time, NMR spectra reveal differences reflecting the N-
substituent presence in complexes: morpholine group in 1 gives
rise to multiplets at 2.64–2.70 and 2.93–3.06 ppm from (–
CH2)2N– fragment protons, and multiplet at 3.66–3.90 ppm from
four protons of (–CH2)2O fragment; two multiplets at 2.91–3.11
and 3.51–3.59 ppm are due to piperazine protons in 2 while the
sane protons in 3 have more complicated signal in NMR spectrum
appearing as three multiplets at 2.17–2.21, 2.69–2.85 and 2.90–
3.08 ppm.

The symmetric structure of bicyclic catecholate 4 is justified by
its 1H NMR spectrum (Fig. 2, top) showing singlet from 2 equiv.
tert-butyl groups (1.60 ppm), and two symmetrical multiplets at
2.54–2.75 and 2.86–3.07 ppm (with centers at d = 2.63 and
2.98 ppm, correspondingly) due to eight protons of –N(–CH2–
CH2–)2N– moiety. These protons form spin system AA0BB0.

According to 1H NMR data (Fig. 2, bottom), binuclear complex 5
also has a symmetrical structure where two (Cat)SbPh3 fragments
are equal. Bridge piperazine protons appear as two multiplets (at
2.73–2.76 and 3.03–3.07 ppm with centers at d = 2.75 and
d = 3.05 ppm) of the same form as those in NMR of 4. Both the iso-
lated aromatic protons of Cat ligands appear as singlet at 6.72 ppm,
while tert-butyls give rise to two intense singlets (1.44 and
1.66 ppm) each from 18 protons of two tBu groups. So, NMR spec-
troscopic data reveal that binuclear complex 5 has a symmetrical
geometry containing piperazine bridge being in a chair conforma-
tion only because a bath conformation of the latter should lead to
non-equivalence of (Cat)SbPh3 moieties in NMR.
2.4.2. Air exposure conditions
One of, may be, the most unexpected chemical properties of

triphenylantimony(V) catecholates and o-amidophenolates is the
molecular oxygen binding with a reversible character [6]. As men-
tioned above, the insertion of strong donor substituents (one, two
methoxy groups) in catecholate ligand of CatSbPh3 complex



Fig. 2. 1H NMR spectra of mononuclear catecholate 4 (top) and binuclear
catecholate 5 (bottom) in CDCl3, RT. * peak is due to solvent toluene CH3 group.
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increases its reactivity toward dioxygen [7] contrary to different
acceptor groups which inactivate the corresponding antimony
catecholate complex in the reaction with molecular oxygen [8].
In the present case, Cat ligand in 1–4, 5 contains weak donor group
(morpholine, substituted piperazine). What will be the behaviour
of these complexes in the presence of air?

The solutions of complexes 1–4 in CDCl3 were exposed to air
and 1H NMR monitoring gave the following results: in fact, all com-
plexes react with molecular oxygen (Scheme 3). However, as it was
expected, the conversion of this interaction is remarkably less than
that one in the case of catecholates with strong electron-donor
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methoxy groups [7]. The conversion to dioxygen-bound complexes
1a–4a is 25–37% (Scheme 3) compared with >90% for (4,5-dime-
thoxy-3,6-di-tert-butyl-catecholato)triphenylantimony(V) [7].

So, catecholates 1–4 are less inclined to form spiroendoperox-
ides on air than their methoxy-substituted analogues and the equi-
librium between 1–4 and 1a–4a is established sooner. The
performed electrochemical data confirm NMR results (see below).

Fig. 3 shows the changes in 1H NMR spectra of complexes 2 and
4 in the presence of air. The 1H NMR spectrum of 2 on air reveal the
appearance of signals from two pairs of tert-butyl groups (the first
pair gives singlets at d = 1.24 and 1.37 ppm and the second pair – at
d = 1.28 and 1.32 ppm) and unresolved multiplets from piperazine
fragment (they appear at 3.1–3.3 and 3.6–3.8 ppm) pertaining to
spiroendoperoxide 2a. The singlet from proton in fifth position of
Cat carbon ring shifts from 6.70 ppm (for 2) to 6.61 ppm (2a). Also,
in 1H NMR spectrum of 2 on air, the multiplets from phenyl groups
appear at 7.32–7.42, 7.50–7.60, 7.68–7.76 and 8.24–8.32 ppm. The
degassing of NMR tube leads to restoring of 1H NMR spectrum of
initial 2. The observance of two pairs of tert-butyl groups for 2a
can testify to the formation of two isomers for oxygen-containing
spiroendoperoxide 2a with the relative ratio 1.0:0.4, approxi-
mately (Scheme 4). In this case, isomer A with peroxo-fragment
para-positioned toward substituent in fourth position of Cat ligand
(Scheme 4, left) prevails over meta-isomer B (Scheme 4, right). For
related triphenylantimony(V) o-amidophenolates and catecholates
with strong donor methoxy groups, their spiroendoperoxides con-
tain para-isomers only [6,7].

Complexes 1 and 3 on air demonstrate the same behaviour. So,
we can propose that these complexes form isomers with different
position of peroxo-fragment and donor substituent unlike o-
amidophenolates [6] or catecholates with strong donor metoxy-
groups [7]. The proposed isomers for complex 4 are the enantio-
mers and should have identical NMR spectra that is observed in
practice (Fig. 3).

Noteworthy, according to Scheme 4 for bis-catecholate 5 we
should provide the formation of big number of isomers on air,
and the most expected are mono-spiroendoperoxides Ph3Sb[3,6-
DBCat]-piperazine-A and Ph3Sb[3,6-DBCat]-piperazine-B, and di-
spiroendoperoxides A-piperazine-A and A-piperazine-B. The 1H
NMR spectroscopy (Supplementary Fig. S1) supports this
supposition.

2.5. Electrochemistry

The electrochemical properties of transition metal catecholate
complexes are well known and extensively discussed [13], at the
same time any information about the redox-transformation of
dioxolene ligand in the antimony(III/V) catecholate derivatives is
practically absent. The redox properties of complexes 1–4 were ex-
plored by the cyclic voltammetry in CH2Cl2 solutions at a glassy
carbon and platinum working electrodes. The redox potentials of
the complexes do not depend practically on the electrode material.
The results of electrochemical investigations are summarized in
Table 3. Redox potentials are referenced vs. Fc+/Fc couple.

2.5.1. Air-free conditions
The target complexes reveal variable electrochemical behav-

iour. Usually, the catecholate ligand is characterized by two redox
transitions: catecholate – o-semiquinonate, o-semiquinonate – o-
quinone. The 3,6-di-tert-butyl-calecholate complex Ph3Sb(3,6-
DBCat) is listed in Table 3 to provide such recognized picture,
where the second stage is not fully reversible because of the weak
coordination ability of o-quinone to central antimony(V) atom
(Scheme 5).

The introduction of nitrogen atom in the fourth position of
aromatic ring complicates an interpretation of redox features of
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complexes 1–4 as the consequence of the two main reasons: (1)
the redox activity of both the morpholine (piperazine) substituents
and catecholate part and (2) the possibility of electronic interaction
between two redox fragments owing to spin and charge localiza-
tion in the semiquinone radical anion in fourth position of the ring.
Supplementary Figs. S2–S5 of Supporting Information present the
cyclic voltammograms of complexes. The first oxidation process
for complexes has one electron irreversible nature, whereas the
catechol – semiquinone oxidation is reversible process usually
[13]. The insertion of donor nitrogen component leads to the po-
tential drift (0.12–0.27 V) toward negative direction in comparison
with Ph3Sb(3,6-DBCat) complex, and the oxidation process is facil-
itated. The potential range of the first electrochemical stage is close
to those for the aliphatic amines [14], however the antimony(V)
catecholate complexes with donor substituents, for example
(Ph3Sb(4-MeO-3,6-DBCat), see Table 3), have the electrochemical
activity at the same region. It is necessary to discuss redox trans-
formations of each complex in detail. The influence of more elec-
tronegative oxygen atom is observed for complex 1 for the first
electrochemical step. The difference between redox potentials
(E1

p) of complexes 1 and 2 is 0.07 V. This value is in agreement
with the difference of the oxidation potential of morpholine, which
is 0.80 V [15] and the piperazine fragment 0.75 V [16]. In the range
of switching potentials ((�0.4)/(+0.6) V) on the CV back scan of
compounds 1, 2 the products of chemical stage (�0.23 V) occurring
after electrochemical oxidation are fixed. The morpholine and
piperazine cycles can undergo breaking C–N bond and conse-
quently the ring opening during oxidation as different aliphatic
amines [17].

The complex 3 (where diphenylmethyl substituent is in the
fourth position of piperazine cycle) has the three well distinctive
oxidation waves (Fig. 4). The products of the chemical stage on
the reverse scan are also fixed after several scans at different
potentials (�0.37 V; �1.09 V).

The partly disjunction of two redox centers is provided by the
spatial separation of catecholate (II on Scheme 6) and piperazine
part (I on Scheme 6), and availability of the broad electron system
at the fourth position of nitrogen in piperazine cycle. The oxidation
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Fig. 4. Cyclic voltammogram of complex 3 (3� � 10�3 M) (switching potential
0.30 V (1); 0.80 V (2); 1.20 V (3)) in CH2Cl2 solution (0.10 M Bu4NClO4), glassy
carbon working electrode at scan rates of 200 mV s�1. Potentials are referenced in
volts vs. Fc+/Fc.

Table 3
Redox potentials (in Volts) of complexes from cyclic voltammetry.

Compound E1
p (V) n E2

p (V) E3
1/2 (V) ipc/ipa n

Ph3Sb[4-O(CH2CH2)2N-3,6-DBCat] (1) 0.34 1.0 – 0.76 0.70 n < 1
Ph3Sb[4-PhN(CH2CH2)2N-3,6-DBCat] (2) 0.28 n < 1 0.40 0.73 0.30 1.0
Ph3Sb[4-Ph2CHN(CH2CH2)2N-3,6-DBCat] (3) 0.20 n < 1 0.36a 0.94 0.58 1.0
Ph3Sb[4,5-Piperaz-3,6-DBCat] (4) 0.32 1.0 – 0.73 0.67 1.0
Ph3Sb(4-MeO-3,6-DBCat) 0.34a 1.0 – 0.72b – n < 1
Ph3Sb(3,6-DBCat) 0.47a 1.0 – 0.98b – n < 1

Conditions: CH2Cl2 solution containing 0.10 M [N(n-Bu)4]ClO4 supporting electrolyte, glassy carbon working electrode; scan rate 200 mVs�1; ferrocene internal standard;
�3 mM [complex].
Peak potentials E1

p and E2
p are given for irreversible processes.

ipc/ipa – current ratios. n – number of electrons transferred during redox-process vs. ferrocene.
a E1/2, quasi-reversible process.
b Ep, irreversible process.
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of nitrogen atom leads to unstable radical cation which can ab-
stract proton from CHPh2, which is observed at Pt-electrode
(�0.43 V). This stage may lead to form diphenylmethyl radical or
cycle opening (Scheme 6). The second reduction wave (�1.09 V)
on the reverse scan is fixed in the range inherent to o-quinone’s
reduction. It means that the partial transfer charge (spin) occurs
between these two parts of molecule. The number of electron
transferring during the first oxidation is smaller than one – it con-
firms our suggestion. Two parallel reactions after the first oxida-
tion are possible (Scheme 6): (1) chemical reaction in piperazine
part (I), the electrochemical oxidation of nitrogen atom at aromatic
part II (0.36 V) and electron transfer from catecholate, the third
stage (0.94 V) transition to o-quinone and (2) intramolecular
one-electron transfer leading to o-semiquinone and its oxidation.

The similar second wave (0.40 V) is observed in the case of com-
plex 2, where the same fact is insufficiently expressed and, as the
consequence, the main trend is the intramolecular one-electron
transfer between nitrogen atom and catecholate fragment.

The redox potentials of complex Ph3Sb[4,5-Piperaz-3,6-DBCat]
(4) are close to those for compound 1, but the products of chemical
reactions after oxidation have the different nature. The 1,4-diazabi-
cyclo[2,2,2]octane is quasi-reversibly oxidized at 0.48 V under
experimental conditions, and it is known that the relatively stable
radical cation is formed during electrochemical oxidation process
[18]. The electrolysis (0.58 V, Pt-working electrode) of the solution
of Ph3Sb[4,5-Piperaz-3,6-DBCat] (4), during 2 h leads to the
appearance of new waves in cathode region (Supplementary
Fig. S5, curve 3). One of them is quasi-reversible reduction o-qui-
none obtained as the product of disproportionation reaction. This
fact confirms the possibility of intramolecular one-electron trans-
fer between nitrogen atom and pentamerous metallocycle via aro-
matic linker (Scheme 7).

The electrochemical irreversibility of the redox process in case
intramolecular electron transfer is also observed in ferrocene
derivatives with phenolate fragments [19].

The analysis of redox potentials (Table 3) points out that the
values of E3

1/2 for complexes 1,2,4 are close to the second oxidation
potential of Ph3Sb(4-MeO-3,6-DBCat) corresponding the transition
‘‘o-semiquinone – o-quinone”. If nitrogen donor group has effect on
the second oxidation process (0.36–0.40 V) but the third oxidation
stage, which is actually identical to the second transition for
Ph3Sb(3,6-DBCat), is nearly insensitive to the nature of substituent
in fourth position of Cat ligand. The value of the second oxidation
potential for 3 is accurately close to values of the first oxidation
potentials for 1 and 4. It means that in this case the same nitro-
gen-addressed oxidation occurs.

However, we cannot rule out completely the possibility of an-
other situation where first oxidation stage is the oxidation of
catecholate to o-semiquinone with the following charge redistri-
bution between SQ and nitrogen-containing group at fourth posi-
tion of chelating ligand. In this case, the low reversibility of
process points out to the subsequent reactions of nitrogen-cen-
tered cations leading to dealkylation, cycle opening, etc.



Fig. 5. Cyclic voltammogram of initial complex 3 (3 � 10�3 M) (1); after exposure of
oxygen (2); after heating solution (3) in CH2Cl2 solution (0.10 M Bu4NClO4),
platinum working electrode at scan rates of 200 mV s�1. Potentials are referenced in
volts vs. Fc+/Fc.
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2.5.2. Air exposure conditions
The exposition of complexes solutions to air leads to the change

in electrochemical behaviour.
Catecholato triphenylantimony(V) complexes which are able to

the reversible dioxygen binding (for example, Ph3Sb(4-MeO-3,6-
DBCat) [7]) demonstrate the stability of one-electron oxidized
semiquinonato forms; the peak oxidation potential is 0.34 V (vs.
Fc+/Fc couple) (see Table 3). The interaction of Ph3Sb(4-MeO-3,6-
DBCat) with dioxygen results in a decrease of the current magni-
tude of oxidation process Cat/SQ because, in fact, the dioxygen-
bound form (spiroendoperoxide) has no catecholate form of ligand.
The heating of dichloromethane solutions up to boiling point as
well as the inert gas (e.g. argon) passing through the solution re-
stores the initial picture of CV. These results confirm the reversible
character of dioxygen binding by 4-methoxy derivative Ph3Sb(4-
MeO-3,6-DBCat). We have examined complexes 1–4 in the same
manner.

Like 4-methoxy-catecholate complex Ph3Sb(4-MeO-3,6-DBCat),
the exposition of catecholates 1–4 solutions to air results in de-
crease of oxidation current magnitude. Fig. 5 shows CV of complex
3 in different conditions: without air and on air with the use of cy-
cle ‘‘oxidation-regeneration”. For complexes 2–4, the proportional
decrease of oxidation current magnitudes for both redox-processes
(the first and second oxidations) takes place pointing out the elec-
tronic interaction of two redox-active parts of molecules. Such
simultaneous decrease of first and second oxidation waves con-
firms the proposed scheme of electron density transfer between
two redox-centers (amine and catecholate) despite of their
remoteness. If there was no the interaction between these redox-
active centers, one would expect that the first oxidation peak
would be unchanged or just shifted slightly. (It means that the oxi-
dation of catecholate fragment would not influence the redox-
properties of piperazine cycle, but it is not the case). For catecho-
late 1, the peak current drops twice only for the second but not
the first oxidation wave which is practically not changed. It means
that the interaction of two redox-centers in complex 1 is less pro-
nounced than in complexes 2–4.

Under the dioxygen-binding, new oxidation peaks (1.10 V for
1a, 0.6 V for 2a, 0.73 V for 3a and 1.02 V for 4a) can be observed
which disappears with the solution heating. The heating leads to
restoring of initial catecholates 1–4 peaks and their approaching
of oxidation current magnitudes to the initial values.
So, in all cases the dioxygen binding takes place, electrochemi-
cal studies confirm NMR spectroscopic data and show that dioxy-
gen binding is partially reversible, the heating of complexes’
solutions after exposition to air restore starting complexes. It is
obvious from electrochemical data, that the electronic interaction
between the amine-containing group in fourth position of catecho-
lato center and Cat fragment affect the electrochemical behaviour
of complexes as well as their dioxygen-binding activity.

3. Conclusions

We have synthesized and characterized in details a series of
triphenylantimony(V) catecholates containing weak donor mor-
pholine and piperazine groups in fourth (or 4,5-) position of 3,6-
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di-tert-butyl-catecholate ligand. Like catecholates with strong do-
nor substituents, new complexes also react with molecular oxygen
to form spiroendoperoxides that was confirmed by 1H NMR spec-
troscopy and cyclic voltammometry. However, the insertion of
weak donor groups to Cat ligand in Ph3SbCat (instead of strong
methoxy groups as in [7]) leads to the less efficient oxygen binding,
the conversion of catecholates to spiroendoperoxides is 25–37%
contrary to �85% for triphenylantimony(V) catecholates with
strong donor groups. Also, the 1H NMR spectroscopic studies allow
to propose the formation of geometrical isomers of spiroendoper-
oxides with different relative positions of N-donor group and per-
oxo-fragment – the more preferred para- and the less preferred
meta-isomers. The cyclic voltammometry studies on complexes
corroborate results of NMR spectroscopic investigation: a dioxygen
binding is partially reversible. Cyclic voltammometry shows that
complexes undergo a series of one-electron oxidations. The elec-
tronic interaction between the amine-containing group in fourth
position of catecholato center and Cat fragment affect the electro-
chemical behaviour of complexes as well as their dioxygen-binding
activity.
4. Experimental

4.1. General considerations

Solvents were purified by standard methods [20]. Syntheses
of complexes 1–5 were carried out in vacuum. 1H NMR spectra
were recorded on Bruker AVANCE DPX-200 spectrometer, using
the CDCl3 solvent and the internal standard tetramethylsilane.
IR spectra were recorded on Specord M-80. X-ray structure anal-
ysis was carried out on ‘‘Smart Apex” diffractometer (Bruker
AXS).

Electrochemical studies were carried out using IPC-Pro
potentiostate in three-electrode mode. The stationary glassy car-
bon (d = 2 mm) disk was used as working electrode, the auxil-
iary electrode was a platinum-flag electrode. The reference
electrode was a Ag/AgCl/KCl (sat.) with watertight diaphragm
and ferrocene was added as internal standard (EFc+/Fc = 0.42 V
vs. Ag/AgCl). All measurements were carried out under argon.
The samples were dissolved in the pre-deaerated solvent. The
rate scan was 200 mV s�1. The supporting electrolyte 0.1 M
Bu4NClO4 (99%, ‘‘Acros”) was undergone twice recrystallization
from aqueous EtOH and then it was dried in vacuum (48 h) un-
der 50 �C.

4.2. Preparation of complexes

Triphenylantimony (0.35 g, 1 mmol) was dissolved in dry tolu-
ene (20 ml) and a sample of corresponding o-benzoquinone Q1–
Q4 (1 mmol) dissolved in 20 ml of toluene was added dropwise
to the triphenylantimony solution over a period of 10 min. After
the addition was complete, the reaction mixture became yellow
or yellow–orange. Removal of solvent under vacuum yielded a so-
lid material. Recrystallization of this crude material from appropri-
ate solvent (see below) yielded microcrystalline product. In all
cases yield was more 90%.

4.2.1. (3,6-Di-tert-butyl-4-morpholine-4-yl-catecholato)triphenyl-
antimony(V) (1)

The pure sample of complex 1 was isolated by the recrystalliza-
tion from pentane as the pale yellow powder. Yield is 91%. m.p.
149 �C, at t > 180 �C decomposes.

Anal. Calc. for C36H42NO3Sb: C, 65.66; H, 6.43; Sb, 18.49. Found:
C, 66.02; H, 6.39; Sb, 18.20%. IR (nujol, cm�1): 1492 w, 1478 w,
1435 m, 1390 m, 1355 w, 1290 w, 1257 m, 1095 s, 1065 m, 1036
w, 1024 w, 998 w, 979 m, 937 m, 921 w, 850 w, 826 w, 813 s,
781 w, 731 s, 694 s, 623 m, 581 w, 543 w, 519 w, 497 w, 456 m.
1H NMR (CDCl3), d, ppm: 1.41 and 1.60 (both s, both 9H, 2 tBu),
2.64 and 2.70 (m, both 1H, –CH2CH2– groups), 2.93-3.06 (t
(1:2:1) d, 2H, –CH2CH2– groups), 3.66–3.90 (m, 4H, –CH2CH2–
groups), 6.63 (s, 1H, C6H1), 7.39–7.52 (m, 9H, SbPh3), 7.70–7.82
(m, 6H, SbPh3). 13C NMR (CDCl3, d, ppm): 29.56 and 32.49 (CH3

of tBu), 34.46 and 36.53 (C of tBu), 54.86 (O(CH2–CH2)2N–), 67.37
(O(CH2–CH2)2N–), 111.65 (CH of Ar), 128.45 (Ar), 129.08 (SbPh3),
131.02 (SbPh3), 131.79 (Ar), 135.03 (SbPh3), 138.02 (SbPh3),
142.40 (C–N of Ar), 143.10 (C–O of Ar), 145.67 (C–O of Ar).
13C{1H} NMR (CDCl3, d, ppm): 29.56, 32.49, 54.86, 67.37, 111.65,
129.08, 131.02, 135.03.
4.2.2. (3,6-Di-tert-butyl-4-(4-phenylpiperazine-1-yl)-catecholato)tri-
phenylantimony(V) (2)

The pure 2 isolated from hexane is brightly yellow powder.
Yield is 93%. m.p. 171–172 �C (decomp.).

Anal. Calc. for C42H47N2O2Sb: C, 68.76; H, 6.46; Sb, 16.60.
Found: C, 68.49; H, 6.42; Sb, 16.82%. IR (nujol, cm�1): 1599 m,
1577 m, 1534 w, 1501 m, 1443 s, 1412 w, 1376 s, 1354 m, 1337
m, 1296 m, 1268 w, 1259 w, 1232 m, 1202 w, 1191 w, 1180 w,
1147 m, 1107 m, 1082 w, 1072 m, 1063 m, 1033 w, 1025 w,
1006 w, 997 w, 978 m, 941 m, 929 m, 906 m, 870 w, 858 w, 850
w, 840 w, 851 m, 781 m, 753 m, 728 s, 690 s, 664 m, 631 m, 617
m, 597 m, 568 w, 545 w, 520 m, 500 m, 466 m, 455 m, 444 s. 1H
NMR (CDCl3), d, ppm: 1.42 and 1.61 (both s, both 9H, 2 tBu),
2.91-3.11 and 3.51-3.59 (m, 8H, 2 –CH2CH2–), 6.70 (s, 1H, C6H1),
6.86 (t, 4J(H,H) = 7.3 Hz, 1 para-H, Ph), 6.98 (t, 4J(H,H) = 8.0 Hz, 2
ortho-H, Ph), 7.27 (t, 4J(H,H) = 7.5 Hz, 2 meta-H, Ph), 7.40–7.54 (m,
9H, SbPh3), 7.70-7.84 (m, 6H, SbPh3). 13C NMR (CDCl3, d, ppm):
29.61 and 32.60 (CH3 of tBu), 34.49 and 36.59 (C of tBu), 49.68
and 54.63 (–N(CH2-CH2)2N–), 111.44 (CH of Ar), 116.18 (o-CH of
Ph), 119.55 (p-CH of Ph), 128.42 (Ar), 129.04 (m-CH of Ph),
129.09 (SbPh3), 131.02 (SbPh3), 131.77 (Ar), 135.04 (SbPh3),
138.06 (SbPh3), 142.49 (C–N of Ar), 143.14 (C–O of Ar), 145.71
(C–O of Ar), 151.90 (i-C of Ph). 13C{1H} NMR (CDCl3, d, ppm):
29.61, 32.60, 49.68, 54.63, 111.44, 116.18, 119.55, 129.04, 129.09,
131.02, 135.04.
4.2.3. (3,6-Di-tert-butyl-4-(4-diphenylmethylpiperazine-1-yl)-catech-
olato)triphenylantimony(V) (3)

The bright-yellow powder was isolated from the mixture hex-
ane-toluene (1:1). Yield is 89%. decomp. >150 �C.

Anal. Calc. for C49H53N2O2Sb: C, 71.45; H, 6.49; Sb, 14.78.
Found: C, 71.78; H, 6.43; Sb, 15.01%. IR (nujol, cm�1): 1599 w,
1588 m, 1537 w, 1461 s, 1434 s, 1392 s, 1378 s, 1355 m, 1331
m, 1300 m, 1281 m, 1240 m, 1228 m, 1194 m, 1181 w, 1160
w, 1134 m, 1101 w, 1086 m, 1073 m, 1061 m, 1031 m, 1016
w, 1004 m, 981 m, 963 w, 933 m, 924 m, 866 w, 854 m, 838
w, 824 w, 813 m, 783 m, 745 s, 731 s, 710 s, 692 s, 665 w, 655
m, 625 m, 611 w, 597 w, 569 m, 542 w, 531 m, 514 s, 499 s,
466 s, 454 s, 443 s, 416 w. 1H NMR (CDCl3), d, ppm: 1.43 and
1.56 (both s, both 9H, 2 tBu), 2.17–2.21 and 2.69–2.98 (both m,
8H, 2 –CH2CH2–), 4.21 (s, 1H, CH), 6.70 (s, 1H, C6H1), 7.15–7.50
(m, 6H, 2Ph), 7.39–7.50 (m, 9H, SbPh3 and 4H, 2Ph), 7.73-7.77
(m, 6H, SbPh3). 13C NMR (CDCl3, d, ppm): 29.67 and 32.54 (CH3

of tBu), 34.48 and 36.51 (C of tBu), 52.74 and 54.79 (–N(CH2-
CH2)2N–), 77.09 (Ph2CH–), 111.61 (CH of Ar), 126.79 (p-CH of
Ph), 127.96 and 128.44 (o- and m-CH of Ph), 128.45 (Ar),
129.06 (SbPh3), 130.98 (SbPh3), 131.62 (Ar), 135.04 (SbPh3),
138.09 (SbPh3), 142.80 (C-N of Ar), 142.94 (C–O of Ar), 143.28
(i-C of Ph), 145.62 (C–O of Ar). 13C{1H} NMR (CDCl3, d, ppm):
29.67, 32.54, 52.74, 54.79, 77.09, 111.61, 126.79, 127.96, 128.44,
129.06, 130.98, 135.04.
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4.2.4. (3,6-Di-tert-butyl-4,5-(N,N’-diethylenediamine)-catecholato)tri
phenylantimony(V) (4)

Complex 4 was isolated from pentane as described for 1. Yield is
94%. m.p. 210–212�C (decomp.).

Anal. Calc. for C36H41N2O2Sb: C, 65.96; H, 6.30; Sb, 18.58.
Found: C, 66.02; H, 6.39; Sb, 18.20%. IR (nujol, cm�1): 1568 s,
1532 s, 1478 s, 1433 s, 1347 s, 1333 s, 1302 m, 1295 m, 1273 m,
1260 s, 1235 s, 1225 s, 1190 m, 1158 w, 1070 s, 1053 s, 1042 s,
1022 m, 995 s, 988 s, 936 s, 922 m, 900 w, 870 m, 854 s, 825 m,
774 s, 731 s, 693 s, 660 m, 631 m, 616 w, 597 w, 563 m, 531 m,
522 m, 471 m, 446 s. 1H NMR (CDCl3), d, ppm: 1.60 (s, 18H, 2
tBu), 2.54–2.75 (m, 4H, –CH2CH2–), 2.86–3.07 (m, 4H, –CH2CH2–),
7.36–7.61 (m, 9H, SbPh3), 7.67–7.81 (m, 6H, SbPh3). 13C NMR
(CDCl3, d, ppm): 32.33 (CH3 of tBu), 35.46 (C of tBu), 50.12
(–N(CH2–CH2)2N–), 126.44 (Ar), 129.01 (SbPh3), 130.93 (SbPh3),
135.09 (SbPh3), 138.09 (SbPh3), 141.20 (C–N of Ar), 143.62 (C-O
of Ar). 13C{1H} NMR (CDCl3, d, ppm): 32.33, 50.12, 129.01, 130.93,
135.09. The prolonged crystallization of yellow product from
methanol gave X-ray quality crystals of 4 as the methanol solvate
(4�CH3OH).
4.2.5. 4,40-(Piperazine-1,4-diyl)-bis(3,6-di-tert-butyl-catecholato)tri-
phenylantimony(V) (5)

This complex was prepared by the same method as for 1–4 from
Ph3Sb (0.138 g, 0.39 mmol) and 4,40-(piperazine-1,4-diyl)bis(3,6-
di-tert-butyl-o-benzoquinone) (0.102 g, 0.195 mmol). Pure sample
of 5 was recrystallized from a hexane–toluene mixture (1:1) as
bright-yellow microcrystalline powder.

Anal. Calc. for C68H76N2O4Sb2: C, 66.46; H, 6.23; Sb, 19.82.
Found: C, 66.28; H, 6.09; Sb, 20.00. IR (nujol, cm�1): 1603 w,
1588 w, 1578 w, 1535 w, 1494 w, 1477 s, 1434 s, 1390 s, 1321
m, 1288 m, 1244 s, 1191 m, 1158 w, 1131 m, 1097 s, 1076 m,
1061 m, 1027 m, 1001 s, 998 s, 985 s, 935 s, 849 m, 814 m, 787
m, 730 s, 693 s, 665 m, 625 m, 576 w, 531 w, 503 m, 469 s, 457
s, 449 s, 428 m, 419 m, 407 s. 1H NMR (CDCl3), d, ppm: 1.44 and
1.66 (both s, both 18H, 4 tBu), 2.73–2.76 and 3.03–3.07 (both m,
8H, 2 –CH2CH2–), 6.72 (s, 2H, 2C6H1), 7.44–7.47 (m, 18H, 2 SbPh3),
7.75–7.79 (m, 12H, 2 SbPh3). 13C NMR (CDCl3, d, ppm): 29.63 and
32.69 (CH3 of tBu), 34.74 and 36.61 (C of tBu), 55.05 (–N(CH2–
CH2)2N–), 111.63 (CH of Ar), 128.49 (Ar), 129.05 (SbPh3), 130.96
(SbPh3), 131.56 (Ar), 135.09 (SbPh3), 138.20 (SbPh3), 142.81 (C–N
of Ar), 143.51 (C–O of Ar), 145.59 (C–O of Ar). 13C{1H} NMR (CDCl3,
d, ppm): 29.63, 32.69, 55.05, 111.63, 129.05, 130.96, 135.09.
4.3. X-ray diffraction studies

Suitable crystals for X-ray diffraction were prepared by pro-
longed crystallization of 4 from methanol solution as methanol sol-
vate 4�CH3OH.

Intensity data were collected on a Smart Apex diffractometer
with graphite monochromated Mo Ka radiation (k = 0.71073 Å) in
the u–x scan mode (x = 0.3�, 10 s on each frame). Absorption cor-
rections were made by SADABS program [21]. The structures were
solved by direct methods and refined on F2 by full matrix least
squares using SHELXTL [22]. All non-hydrogen atoms were refined
anisotropically. The hydrogen atoms were found from Fourier syn-
theses of electron density and refined isotropically. Crystallo-
graphic data and structure refinement details are given in Table
2. The CCDC-733150 (4�CH3OH) contains the supplementary crys-
tallographic data for this paper. These data can be obtained free
of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from
the Cambridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB21EZ, UK; fax: (+44) 1223-336-033; or deposit@ccdc.
cam.ac.uk).
Supplementary material

Supplementary material includes the Supplementary Figs. S1-
S5 – 1H NMR of 5 on air and cyclic voltammograms of complexes
1-4. Crystallographic data have been deposited with the Cambridge
Crystallographic Data Centre, CCDC No. 249948 for 4�CH3OH. Cop-
ies of this data may be obtained free of charge from The Director,
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax: +44-1223-
336033; email: deposit@ccdc.cam.ac.uk).
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