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Introduction

The main-group metals, with few exceptions, are incapable
of changing their oxidation state in complexes, making such
common and important processes in transition-metal
chemistry as oxidative addition and reductive elimination
impossible. These reactions of transition-metal derivatives
permit their application in a large variety of organic mole-
cule transformations, including catalytic reactions. However
it is possible to simulate the specific reactivity of transition-
metal coordination and organometallic compounds by non-
transition-metal derivatives by including a redox-active
ligand in a main-group-metal complex. The best known such

ligands are o-quinones, o-iminoquinones, diimines, and their
derivatives. Redox-active ligands can accept one, two, or
more electrons reversibly without loss of coordination to the
metal. Thus a redox-active ligand bonded to a main-group-
metal ion is able to reduce or oxidize a substrate coordinat-
ed to the metal.
The chemistry of non-transition-metal complexes with

redox-active ligands has progressed in recent years. There
are some striking examples of emulation of transition-metal
complex reactivity by main-group-metal complexes. For in-
stance, diiminoacenaphthene (bian) derivatives of magnesi-
um are known to undergo addition reactions with alkyl hal-
ides, ketones, nitriles, or C�H acids.[1] Solvent-induced alkyl
radical elimination has been observed upon treatment of the
complex [Mg ACHTUNGTRENNUNG(bian) ACHTUNGTRENNUNG(iPr) ACHTUNGTRENNUNG(Et2O)] with THF.[1e] The opposite
reaction, radical fixation, is known for the complexes of
Group 14 elements with o-quinone or diazabutadiene li-
gands.[2] This property makes it possible to use tin(IV) cate-
cholate derivatives as the controlling agents in olefin poly-
merization.[3] Unique reversible binding of molecular
oxygen by catecholate and o-amidophenolate antimony
compounds has been observed.[4a–c] This interaction leads to
endoperoxo antimony derivatives (Scheme 1). The unprece-
dented example of a GaIII-radical-mediated reaction that in-
volves the activation of two C�H bonds in redox-active N-
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substituted 2-aminophenolate ligands was reported recen-
tly.[4d]

In the present study we investigated the reactions of o-
amidophenolate tin(IV) derivatives [Sn(ap)Ph2] and
[Sn(ap)Et2 ACHTUNGTRENNUNG(thf)] (ap=dianion of 4,6-di-tert-butyl-N-(2,6-di-
ACHTUNGTRENNUNGisopropylphenyl)-o-iminoquinone) with molecular oxygen
and elemental sulfur.

Results and Discussion

The oxidation of [4,6-di-tert-butyl-N-(2,6-diisopropylphen-
yl)-o-amidophenolato]diphenyltin(IV) (1) with molecular
oxygen in toluene solution at room temperature is accompa-
nied by a color change from light yellow to deep green. The
fine white precipitate forms in a few minutes. EPR analysis
of the reaction mixture shows the presence of paramagnetic
species. The anisotropic spectrum in a frozen toluene matrix
is typical of diradical derivatives (Figure 1a). At 150 K, it ex-
hibits a half-field signal (Dms=2) characteristic of a diradi-
cal. From the zero-field splitting parameters of the g=2
EPR signal (toluene, D=209 G, E=6 G, Figure 1), the un-
paired electron separation of 5.10 L can be estimated.
These parameters are comparable with those obtained for
dichlorobis[-4,6-di-tert-butyl-N-(2,6-diisopropylphenyl)-o-
iminosemiquinonato]tin(IV).[2f]

The insoluble white compound was identified as diphenyl-
tin(IV) oxide. Crystallization from hot hexane of the foamy
residue remaining after solvent removal afforded bis[4,6-di-
tert-butyl-N-(2,6-diisopropylphenyl)-o-iminosemiquinonato]-
diphenyltin(IV) (3) as dark green crystals in 74% yield
(Scheme 2). The structure of 3 was determined by X-ray dif-
fraction studies.

The reaction of 1 with elemental sulfur in toluene under
moderate heating was complete after 8 h at 60 8C. The re-
sulting green solution produces a well-resolved isotropic X-
band EPR spectrum (Figure 2). The hyperfine structure
arises from hyperfine coupling (HFC) of unpaired electron
with magnetic nuclei 1H (99.98%, I= 1=2, mN=2.7928), 14N
(99.63%, I=1, mN=0.4037), 117Sn (7.68%, I= 1=2, mN=1.000),
and 119Sn (8.58%, I= 1=2, mN=1.046).[5] The splitting parame-
ters are: AiACHTUNGTRENNUNG(2

1H)=2.2 G, Ai ACHTUNGTRENNUNG(2
14N)=3.6 G, Ai ACHTUNGTRENNUNG(

119Sn)=28.3 G,
Ai ACHTUNGTRENNUNG(

117Sn)=27.1 G (gi=2.0024). The observation of HFC
with two nitrogen and two hydrogen atoms indicates fast mi-
gration of an unpaired electron between two o-iminoqui-
none ligands bonded with the tin atom. One of these ligands
is a radical anion and the other is a dianion. This interligand
electron exchange is also confirmed by 14N and 1H HFC
constants which are nearly two times lower than for the
[SnCl ACHTUNGTRENNUNG(isq)Ph2] (isq= radical anion of the 4,6-di-tert-butyl-N-
(2,6-diisopropylphenyl)-o-iminobenzoquinone) complex.[6]

Scheme 1. Reversible binding of molecular oxygen by an o-amidopheno-
late antimony complex.

Figure 1. Experimental X-band EPR spectrum of 3 in a toluene matrix
a) at 150 K and b) its simulation.

Scheme 2. The reaction of complex 1 with oxygen.

Figure 2. Experimental X-band EPR spectrum of 4 in hexane a) at 290 K
and b) its simulation.
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The EPR spectrum stays unchanged in character over the
temperature interval 220–300 K. In the NIR spectrum, the
low-energy band at l=1800 nm can be assigned to a spin-
and dipole-allowed LLCT (ligand-to-ligand charge transi-
tion) between the MOs of o-iminoquinone ligands. Such
transitions are usual for mixed-valence transition-metal
complexes containing o-quinoid ligands in different redox
states,[7] but attempts to observe this transition for similar
non-transition-metal derivatives were unsuccessful.[7c] These
spectral features have led us to propose the formation of an
[Sn(ap) ACHTUNGTRENNUNG(isq)Ph] derivative 4 (Scheme 3).

The reactions of the ethyl-substituted o-amidophenolate
tin(IV) derivative 2 with oxygen and sulfur proceed under
conditions analogous to those for 1. The resulting solutions
exhibit EPR activity. The interaction with oxygen is accom-
panied by precipitation of diethyltin(IV) oxide as a fine
white deposit. In both cases (reactions with oxygen and with
sulfur) the reaction mixtures have identical well-resolved
EPR spectra (Figure 3) which are similar to that observed

for 4. The hyperfine structure arises from HFC of unpaired
electrons with magnetic nuclei 1H, 14N, 117Sn, and 119Sn. The
splitting parameters are: AiACHTUNGTRENNUNG(2

1H)=2.2 G, Ai ACHTUNGTRENNUNG(2
14N)=3.5 G,

Ai ACHTUNGTRENNUNG(
117Sn)=27.5 G, Ai ACHTUNGTRENNUNG(

119Sn)=28.8 (gi=2.0034). These spec-
tra should be attributable to [4,6-di-tert-butyl-N-(2,6-diiso-
propylphenyl)-o-amidophenolato)-[4,6-di-tert-butyl-N-(2,6-
diisopropylphenyl)-o-iminobenzosemiquinonato]ethyltin(IV)
(5). However, we were unable to isolate this minor product
from the reaction mixture. The main product of the oxida-
tion of 2 with oxygen and sulfur was the diamagnetic

tin(IV) derivative (6) (Scheme 4). After removal of volatiles
it was isolated by recrystallization of crude product from
hexane in about 50% yield. The structure of 6 was deter-
mined by X-ray analysis.

The IR spectrum of 6 contains a sharp band at 1615 cm�1,
belonging to a stretching vibration ñ ACHTUNGTRENNUNG(C=N) of the coordinat-
ed imino group (the IR spectrum of the starting o-iminoqui-
none has this n ACHTUNGTRENNUNG(C=N) band at 1635 cm�1[9]).
A mechanism of the oxidation of o-amidophenolate

tin(IV) derivatives with molecular oxygen has been worked
out. According to the known scheme for transition metals,[10]

the first step consists of the formation of the superoxo
adduct (8). In the case of the tin complexes, however, in
contrast to transition-metal derivatives, this step includes
the oxidation not of the metal center but of the redox-active
o-amidophenolate ligand, and leads to the diradical product.
The superoxo complex can react further with a second o-
amidophenolate metal derivative to give the m-peroxo spe-
cies 9. The latter can cleave itself to produce free o-imino-
quinone (ImQ) and oligomeric diorganotin(IV) oxide. In
the next step the o-iminoquinone oxidizes another molecule
of the o-amidophenolate derivative forming a bis-o-iminose-
miquinonatodiorganotin(IV) (Scheme 5).
In the case of phenyl-substituted tin derivatives the final

product is a stable complex 3. Meanwhile the presence of
ethyl substituents bonded to the tin atom makes this diradi-
cal species unstable and the further transformation of the
latter gives 5 and 6. Additional experiments have confirmed
the latter assertion. The solution of 2 in toluene was frozen
after exposure to air. The anisotropic EPR spectrum at this
stage shows signals typical of diradical derivatives. The zero-
splitting parameters (D=219 G, E=6 G) are very close to
those observed for 3, and indicate formation of bis[4,6-di-
tert-butyl-N-(2,6-diisopropylphenyl)-o-iminosemiquinonato]-
diethyltin(IV) (7). Moreover, the reaction of 2 with an equi-
molar quantity of 4,6-di-tert-butyl-N-(2,6-diisopropylphen-
yl)-o-iminobenzoquinone as well as the interaction of
2 equiv of o-iminosemiquinonatolithium with dichlorodi-

Scheme 3. The reaction of complex 1 with sulfur.

Figure 3. Experimental X-band EPR spectrum of 5 in hexane a) at 290 K
and b) its simulation.

Scheme 4. The reactions of complex 2 with oxygen and sulfur.
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ACHTUNGTRENNUNGethyltin(IV) leads to 7, which is evident by EPR spectrosco-
py. The diradical species synthesized undergoes intermolecu-
lar rearrangement to give diamagnetic 6 in 2 h (Scheme 6).

This rearrangement includes elimination of an ethyl radical
and subsequent recombination of a radical pair. The similar-
ity of products observed in reaction of 2 with sulfur to those
obtained in reaction with oxygen argues for these processes
having related mechanisms.
Our lack of success in the observation of the EPR spec-

trum of 5 in the reaction mixtures in Scheme 6 indicates that
the formation of this paramagnetic derivative (Scheme 7) is
probably caused by the additional bimolecular dealkylation
of unstable 7 with oxygen or sulfur.
In a similar manner, the monophenyl-substituted tin com-

pound 4 (Scheme 7) could be generated by dephenylation of
the intermediate diradical complex 3 with sulfur or some

phenyltin sulfide derivative to give bis(triphenyltin) sulfide
as a final product. The dealkylation of alkyltin and dearyla-
tion of aryltin compounds with sulfur and tin mercaptides is
known.[8] The phenyl substituent in 3 is not lost spontane-
ously upon heating its toluene solutions at 80 8C for several
hours.

Molecular structure of 3, 4, and 6 : Molecular structures of 3,
4, and 6 are shown in Figures 4–7. Selected bond lengths
and angles are given in Table 1 and the crystal data collec-
tion and structure refinement data in Table 2. Crystals of 3,
4 and 6 suitable for X-ray analysis were obtained from
hexane.

The central tin atom in 3 (Figure 4) has a distorted octa-
hedral environment composed of two O,N-coordinated o-
iminobenzosemiquinonato ligands and two phenyl groups.
The angle between the o-iminosemiquinoid ligands is 57.028.
The centroid-to-centroid distance between these radical
anions, 5.085 L, is in good agreement with the radical sepa-
ration calculated from EPR data (5.10 L).
The Sn(1)�O(1), Sn(1)�O(2), Sn(1)�N(1), and Sn(1)�

N(2) distances (2.1689(14), 2.1642(14), 2.2643(16), and
2.2676(17) L, respectively) are close to those obtained for a
known SnIV o-iminosemiquinonate complex.[6] The Sn(1)�C-

Scheme 5. The probable mechanism of the reaction of o-amidophenolate
tin derivatives with oxygen.

Scheme 6. The generation and transformation of bis(4,6-di-tert-butyl-N-
(2,6-diisopropylphenyl)-o-iminosemiquinonato)diethyltin(IV) (7).

Scheme 7. The dearylation and dealkylation of diradical complexes 3 and
7.

Figure 4. Molecular structure of 3 with 30% thermal probability ellip-
soids. H atoms and methyl groups of tBu and iPr substituents are omitted
for clarity.
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ACHTUNGTRENNUNG(53,59) bond lengths (2.1543(6) and 2.167(2) L, respectively)
of Sn�Ph fragments are in the typical range for related com-
pounds containing a six-coordinated tin atom and two che-
lated N,O-ligands.[11]

The C�O and C�N bond lengths of the o-iminoquinone
ligands in 3 (Table 1) are indicative of O,N-coordinated o-
iminobenzosemiquinonato radical anions (C�O 1.29–1.33 L,
C�N 1.33–1.45 L).[12] These bonds in 3 are significantly
shorter than expected for a coordinated o-amidophenolate
(C�O 1.35–1.36 L, C�N 1.38–1.39 L) or its N-protonated o-

aminophenolate form (C�O 1.35–1.36 L, C�N 1.42–
1.47 L).[12,13] In addition, nitrogen atoms are three-coordi-
nated and sp2-hybridized, and the sums of the angles about
the nitrogen atoms are 359.9(4)8 and 359.8(4)8. In both li-
gands the six ring C atoms in the o-iminobenzosemiquinona-
to part are not equidistant and show quinoid-type alterna-
tion, whereas the six C�C interatomic distances in the N-
phenyl part are the same (1.39�0.01 L) within experimental
error.

Table 1. Selected bond lengths [L] and angles [8] of complexes 3, 4, and
6.

3 4 6

Sn(1)�O(1) 2.1689(14) 2.025(2) 2.034(2)
Sn(1)�O(2) 2.1642(14) 2.126(2) 2.083(2)
Sn(1)�N(1) 2.2643(16) 2.021(3) 2.029(3)
Sn(1)�N(2) 2.2676(17) 2.135(3) 2.164(3)
Sn(1)�C(53) 2.1543(10) 2.130(4) 2.139(4)
Sn(1)�C(59) 2.167(2) – –
N(1)�C(2) 1.340(2) 1.400(5) 1.417(5)
N(1)�C(15) 1.442(2) 1.437(5) 1.428(5)
N(2)�C(28) 1.340(2) 1.342(5) 1.341(4)
N(2)�C(41) 1.449(2) 1.452(5) 1.438(4)
O(1)�C(1) 1.292(2) 1.361(4) 1.353(4)
O(2)�C(27) 1.303(2) 1.295(4) 1.335(4)
C(1)�C(2) 1.463(3) 1.424(5) 1.429(5)
C(1)�C(6) 1.432(3) 1.398(5) 1.399(5)
C(2)�C(3) 1.421(3) 1.382(5) 1.359(5)
C(3)�C(4) 1.367(3) 1.393(5) 1.393(5)
C(4)�C(5) 1.430(3) 1.383(6) 1.405(6)
C(5)�C(6) 1.376(3) 1.408(5) 1.416(6)
C(27)�C(28) 1.458(3) 1.463(5) 1.464(5)
C(27)�C(32) 1.428(3) 1.439(5) 1.378(5)
C(28)�C(29) 1.429(3) 1.418(5) 1.416(5)
C(29)�C(30) 1.368(3) 1.362(5) 1.351(5)
C(30)�C(31) 1.425(3) 1.425(6) 1.478(5)
C(31)�C(32) 1.376(3) 1.369(5) 1.454(5)

O(1)-Sn(1)-N(1) 73.66(5) 81.71(11) 81.48(11)
O(1)-Sn(1)-N(2) 84.76(5) 92.97(11) 90.80(10)
O(2)-Sn(1)-N(1) 84.94(5) 91.33(11) 90.27(11)
O(2)-Sn(1)-N(2) 73.40(5) 76.40(11) 76.84(10)
O(2)-Sn(1)-O(1) 77.86(5) 163.12(9) 157.67(10)
C(53)-Sn(1)-N(1) 94.07(6) 129.39(14) 122.03(15)
C(53)-Sn(1)-N(2) 103.19(6) 113.49(13) 113.25(14)
C(53)-Sn(1)-O(1) 163.78(6) 101.45(12) 101.52(13)
C(53)-Sn(1)-O(2) 90.74(6) 94.86(12) 100.45(13)
C(59)-Sn(1)-N(1) 100.11(6) – –
C(59)-Sn(1)-N(2) 96.90(6) – –
C(59)-Sn(1)-O(1) 89.51(6) – –
C(59)-Sn(1)-O(2) 164.58(6) – –
N(1)-Sn(1)-N(2) 152.24(6) 116.79(12) 124.64(12)
C(1)-O(1)-Sn(1) 117.55(11) 112.8(2) 112.6(2)
C(27)-O(2)-Sn(1) 116.27(11) 115.4(2) 116.2(2)
C(2)-N(1)-C(15) 119.41(15) 119.0(3) 119.3(3)
C(2)-N(1)-Sn(1) 114.18(12) 112.5(2) 112.2(2)
C(15)-N(1)-Sn(1) 126.40(12) 127.4(2) 128.4(2)
C(28)-N(2)-C(41) 118.74(15) 120.9(3) 121.0(3)
C(28)-N(2)-Sn(1) 113.03(12) 115.3(2) 113.6(2)
C(41)-N(2)-Sn(1) 128.00(11) 123.7(2) 125.3(2)
C(53)-Sn(1)-C(59) 103.32(7) – –
C(30)-C(31)-C(55) – – 108.4(3)
C(30)-C(31)-C(32) – – 119.4(3)
C(30)-C(31)-H(31) – – 108.6(3)
C(32)-C(31)-C(55) – – 102.6(3)

Figure 7. Molecular structure of 6 with 30% thermal probability ellip-
soids. H atoms and methyl groups of tBu and iPr substituents are omitted
for clarity.

Figure 5. Fragments of structures of two independent units in the crystal
of 4 with 40% thermal probability ellipsoids.

Figure 6. Molecular structure of 4 with 40% thermal probability ellip-
soids. H atoms and methyl groups of tBu and iPr substituents are omitted
for clarity.
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It is noteworthy that the phenyl groups are in the cis posi-
tion to each other, and the bond angle C(53)-Sn(1)-C(59) is
103.32(7)8. At the same time, o-iminosemiquinonato ligands
are situated so that the nitrogen atoms are in the trans posi-
tion and the N(1)-Sn(1)-N(2) angle is 165.24(6)8 (Figure 4).
It is remarkable that the cis position of the nitrogen atoms
could lead to a significant increase in steric repulsion be-
tween the 2,6-diisopropylphenyl ligands.
There are two crystallographically unique molecules in

the asymmetric unit of 4. The presence of two asymmetric
chelated rings in the five-coordinated tin(IV) complex as-
sumes chirality of the metal center and both isomers (A and
B) are present in the unit cell of 4 (Figure 5). The angles
and bond lengths of these two units are similar and there-
fore only the B molecule is discussed here.
The five-coordinated Sn atom in complex 4 has a distort-

ed trigonal bipyramidal environment (Figures 5 and 6). The
nitrogen atoms and phenyl group form the pyramid base
and the oxygen atoms occupy apical sites. It is noteworthy
that the phenyl group is shifted from N(1) to N(2) in a hy-
pothetical N(1)-C(53)-Sn(1)-N(2) plane (the sum of bond
angles N(1)-Sn(1)-C(53), N(2)-Sn(1)-C(53), and N(1)-Sn(1)-

N(2) is 359.7(4)8): the angles
N(1)-Sn(1)-C(53) and N(2)-
Sn(1)-C(53) are 129.39(14)8 and
113.49(13)8, respectively. The
heteroatom-to-tin-to-heteroa-
tom angles reveal the difference
usual for five-coordinated tran-
sition-metal complexes of the
ML2X type[12] (L=o-iminoben-
zoquinonato-based ligand):
N(1)-Sn(1)-N(2)=116.79(12)8<
O(1)-Sn(1)-O(2)=163.12(9)8,
whereas in the germanium com-
plex [Ge(ap)Cl ACHTUNGTRENNUNG(isq)] an in-
crease in the O-M-O angle
compared with N-M-N was ob-
served.[13] The angle between o-
iminoquinoid ligands is 59.138.
One of the o-iminoquinoid li-

gands in 4 is the o-amidopheno-
late dianion. The O(1)�C(1)
(1.361(4) L) and N(1)-N(2) dis-
tances (1.400(5) L) are close to
those in o-amidophenolato-
ACHTUNGTRENNUNGtin(IV) complexes.[6,14] The
C(1)�C(6) carbon ring has aro-
matic character with an average
C�C distance of 1.40�0.02 L.
The second ligand shows the

features of an o-iminosemiqui-
nonato ligand. The N(2)�C(28)
(1.342(5) L) and O(2)�C(27)
(1.295(4) L) bonds are signifi-
cantly longer than N(1)�C(2)
and O(1)�C(1) and they are

typical of o-iminosemiquinonato metal complexes.[12] More-
over, the six-membered C(27)�C(32)carbon ring is quite dis-
torted. The quinoid pattern is observed: two shorter bonds
are separated by longer bonds (Table 1).
The Sn(1)�O(1) and Sn(1)�N(1) covalent bonds (2.025(2)

and 2.021(3) L, respectively) are considerably shorter than
Sn(1)�O(2) and Sn(1)�N(2) (2.126(2) and 2.135(2) L, re-
spectively), which is indicative of the different nature of o-
iminoquinoid ligands. The longer Sn�N and Sn�O bonds are
characteristic of the radical anion form of the ligand. The
Sn(1)�C(53) distance (2.130(4) L) is slightly shorter than
analogous bonds in 3 due to the decrease in the metal coor-
dination number from six to five.
The tin atom in 6 has a trigonal bipyramidal environment

(Figure 7). The nitrogen atoms and phenyl group form the
pyramid base and oxygen atoms occupy apical sites. Similar-
ly to 4, the alkyl substituent on the tin atom is shifted from
N(1) to N(2) in a hypothetical N(1)-C(53)-Sn(1)-N(2) plane
(the sum of bond angles N(1)-Sn(1)-C(53), N(2)-Sn(1)-
C(53), and N(1)-Sn(1)-N(2) is 359.9(4)8): the angles N(1)-
Sn(1)-C(53) and N(2)-Sn(1)-C(53) are 122.03(15)8 and
113.25(14)8, respectively. The heteroatom-to-tin-to-heteroa-

Table 2. Summary of crystal and refinement data for complexes 3, 4 and 6.

3 4 6

formula C64H84N2O2Sn C58H79N2O2Sn C59H91N2O2Sn
Mr 1032.02 954.92 979.03
T [K] 150(2) 100(2) 130(2)
l [L] 0.71073 0.71073 0.71073
crystal system triclinic monoclinic monoclinic
space group P1̄ P21 P21/n
a [L] 12.782(5) 13.0375(4) 11.7267(7)
b [L] 13.947(5) 32.1455(10) 23.0975(14)
c [L] 16.552(5) 13.3604(4) 20.3931(13)
a [8] 86.759(5) 90 90
b [8] 85.687(5) 102.5110(10) 93.9410(10)
g [8] 79.261(5) 90 90
V [L3] 2888.1(18) 5466.3(3) 5510.6(6)
Z 2 4 4
1calcd [gcm

�3] 1.187 1.160 1.180
m [mm�1] 0.485 0.507 0.504
crystal size [mm] 0.42Q0.19Q0.16 0.25Q0.16Q0.05 0.32Q0.15Q0.14
q range [8] 2.97–28.76 2.08–26.00 2.07–23.75
reflns collected 29523 46999 38045
independent reflns 13017 [R ACHTUNGTRENNUNG(int)=0.0282] 21245 [R ACHTUNGTRENNUNG(int)=0.0636] 8346 [R ACHTUNGTRENNUNG(int)=0.0763]
completeness (to q) 99.8% (28.76) 99.8% (26.00) 99.4% (23.75)
absorption correction none semi-empirical

from equivalents
semi-empirical
from equivalents

max/min transmission – 0.9751/0.8837 0.9327/0.8552
refinement method full-matrix

least-squares on F2
full-matrix-block
least-squares on F2

full-matrix
least-squares on F2

data/restraints/
parameters

13017/0/642 21245/1/1135 8346/25/605

final R indices [I>2s(I)][a,b] R1=0.0310
wR2=0.0722

R1=0.0497
wR2=0.0845

R1=0.0606
wR2=0.1442

R indices (all data) R1=0.0423
wR2=0.0774

R1=0.0796
wR2=0.0913

R1=0.0972
wR2=0.1589

goodness-of-fit on F2 1.025 0.966 1.031

[a] R=� j jFo j� jFc j j /� jFo j . [b] wR=R ACHTUNGTRENNUNG(wF2)= {�[w(F2
o�F2

c)
2]/�[w(F2

o)
2]}1/2 ; w=1/[s2(F2

o)+ (aP)2+bP], P=

[2F2
c +max(Fo,0)]/3.
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tom angles show the same relationship: N(1)-Sn(1)-N(2)
(124.64(12)8) is less than O(1)-Sn(1)-O(2) (157.67(10)8).
The complex 6 demonstrates the presence of two different

chiral tin atoms in the unit cell, as in the case of 4, but the
attachment of the ethyl group to the carbon atom causes an-
other optically isomeric atom (C(31)) to appear in the mole-
cule. However, only one isomer per chiral carbon atom is
present in the unit cell of 6.
One of the chelated ligands in 6 is an o-amidophenolate

dianion. Its geometric characteristics are close to those ob-
served for such ligands bonded to nontransition[4,6,13, 14] or
transition[12] metal atoms. The second ligand in 6 is the first
example of iminocyclohexa-1,4-dienolate derivatives to be
reported. The C(27)�C(32) carbon ring contains a quaterna-
ry carbon atom, C(31). The angles around this carbon atom
indicate its tetrahedral geometry. The C(27)�C(32) and
C(29)�C(30) bonds (1.378(5) and 1.351(5) L) are shorter
than the usual bonds in aromatic rings and apparently have
double character, whereas the other bonds C(27)�C(28),
C(28)�C(29), C(30)�C(31), and C(31)�C(32) (1.464(5),
1.416(5), 1.478(5), and 1.454(5) L) are considerably longer.
This bond length distribution is close to those observed for
the rare structurally characterized osmium carbonyl complex
containing a p-bonded iminocyclohexa-1,4-diene ligand,[15a]

and the cyclohexadienyliminatonickel complex.[15b] The
C(28)�N(2) bond length (1.341(4) L) is significantly shorter
than C(2)�N(2) and close to C···N in the o-iminosemiquino-
late ligands of 3 and 4.
The Sn(1)�O(1) and Sn(1)�N(1) distances (2.034(2) and

2.029(3) L) in 6 are typical of o-amidophenolate tin(IV) de-
rivatives.[6,14]

The Sn(1)�N(2) bond (2.164(3) L) is longer than the sum
of the covalent radii of nitrogen and tin (2.12 L[16]) but
shorter than the sum of the van der Waals radii of these ele-
ments (3.8 L,[16]) which is indicative of the donor–acceptor
nature of the tin–imine nitrogen bond. The Sn(1)�C(53)
bond length (2.139(4) L) of Sn�Et fragments is close to the
distance observed for a five-coordinated ethyltin derivative
containing a tridentate ONO ligand.[17]

There are intramolecular H···p contacts (<3.05 L[18]) in 3,
4, and 6. They are caused by the sterically bulky ligands in
the coordination sphere of tin, which contains a p system of
double bonds. In 3, H(Me)···p interactions between one hy-
drogen atom of the CH3ACHTUNGTRENNUNG(iPr) groups in the o-iminosemiqui-
nonato ligands and the centers of the phenyl ligands (2.76,
2.90 L) are observed. In contrast to 3, 4 does not contain in-
tramolecular H···p contacts with the phenyl ligands, but
there are H···p interactions between the centers of the 2,6-
diisopropylphenyl ligands and the hydrogen atoms of the
tert-butyl groups of the isq and ap substituents (�2.90 L).
The most interesting situation is observed for complex 6,

in which the methyl group of the ethyl substituent on the
iminocyclohexa-1,4-dienolate ligand is turned towards the
six-membered C(27)�C(32) ring. The distances between the
two hydrogen atoms of the CH3 group and the centers of
the double C(27)�C(32) and C(29)�C(30) bonds are 2.77
and 2.67 L. Also, the CH3 groups of the ethyl ligands are

turned toward to each other (“Me–Me” conformation). To
elucidate the role of the nonbonding interactions in the co-
ordination sphere of tin in determining the conformation,
we evaluated the nonvalence energy of rotation of the Et
groups around the Sn(1)�C(53) and C(31)�C(55) bonds in
6. For our theoretical calculations of the energy of nonva-
lence interactions as a function of the torsion angle
(Figure 8) we used the MOLDRAW program[19–21] and the

geometry of 6 in the crystal state. The theoretical energy
minima in 6 are close to the experimentally observed torsion
angles (O(1)-Sn(1)-C(53)-C(54) 209.0(3)8, C(32)-C(31)-
C(55)-C(56) 296.7(6)8). The rotation of the Et group around
the C(31)�C(55) bond (Figure 8) leads to unequal energy
minima (1278, 74.7 kJmol�1; 2878, 1.3 kJmol�1). Despite the
clear difference between the torsion angles for minimum
energy (2878) and the value observed in the complex
(296.7(6)8), the energy values differ only slightly (1.3 and
1.5 kJmol�1, respectively). Two approximately equal energy
minima (Figure 8) are observed for the rotation of the
second Et group around the Sn(1)�C(53) bond (at 298,
�2.3 kJmol�1; at 2098, 2.2 kJmol�1). Therefore two different
orientations of the Et group at the Sn atom probably exist
in the molecule of complex 6.

Conclusion

Tin complexes have been shown to simulate some of the
properties of transition-metal derivatives, owing to the coor-
dination of the tin metal with the redox-active o-amidophe-
nolate ligand. The reaction of diorganotin(IV) o-amidophe-
nolate complexes with oxygen and sulfur leads to the oxida-

Figure 8. The energy barrier for rotation of the Et group a) about the
Sn(1)�C(53) bond and b) the C(31)�C(55) bond in complexes 6. The
filled points are experimentally observed torsion angles.
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tion of the o-amidophenolate to the o-iminosemiquinolate
ligand. Probable schemes for these reactions are proposed.
The interaction with molecular oxygen includes intermedi-
ate metal m-peroxo derivatives which undergo rearrange-
ment; formation of new o-iminoquinonate tin(IV) deriva-
tives were observed as a result.

Experimental Section

General aspects : Infrared spectra of complexes in the 4000–400 cm�1

range were recorded by using a Specord M-80 spectrophotometer in
Nujol. The NMR spectrum of 6 was recorded in C6D6 solution by using a
Bruker Avance III 400 MHz instrument with TMS as internal standard.
EPR spectra were recorded by using a Bruker EMX spectrometer (work-
ing frequency�9.75 GHz). The gi values were determined using 2,2-di-
phenyl-1-picrylhydrazyl (DPPH) as the reference (gi=2.0037). EPR spec-
tra of 3, 4, and 5 were simulated with the WinEPR SimFonia Software
(Bruker). The elemental analysis was performed on an Elemental Ana-
lyzer Euro EA 3000 instrument.

All reagents were spectroscopic grade. Solvents were purified by stan-
dard methods.[22] All manipulations on complexes were carried out under
conditions excluding air, oxygen, and moisture. Complexes 1 and 2,[6] di-
chlorodiethyltin(IV),[8] ImQ,[9] and o-iminosemiquinolate lithium deriva-
tive[13] were synthesized by known procedures.

Reaction of 1 with oxygen : The degassed solution of complex 1 (0.9 g,
1.38 mmol) in toluene (30 mL) in a 100 mL ampoule was filled with dry
oxygen (30.9 mL, 1.38 mmol) and the reaction mixture was stirred for
1 h. The reaction was accompanied by a color change from yellow to
deep green and precipitation of a white deposit. The mixture was de-
gassed and the subsequent procedures were performed under anaerobic
conditions. The precipitate (0.16 g, 0.56 mmol, 81%) was collected on a
glass filter and characterized as a diphenyltin(IV) oxide polymer.[8] The
filtrate was evaporated and the residue was recrystallized from hot
hexane (20 mL). Deep green crystals of complex 3 (0.53 g, 0.51 mmol,
74%) were obtained.

Bis(4,6-di-tert-butyl-N-(2,6-diisopropylphenyl)-o-iminobenzosemiquinona-
to)diphenyltin(IV) (3): Deep green crystals, soluble in most organic sol-
vents. IR (Nujol): ñ =3057 (m), 1586 (m), 1430 (vs), 1354 (s), 1329 (s),
1252 (s), 1197 (w), 1165 (m), 1113 (w), 1103 (w), 1070 (w), 1026 (w), 992
(w), 910 (w), 883 (s), 798 (s), 767 (w), 698 (m), 497 cm�1 (w); elemental
analysis calcd (%) for C64H84N2O2Sn (1032.56): C 74.48, H 8.20; N 2.71,
Sn 11.50; found: C 74.25, H 8.10, N 2.79, Sn 11.45.

Reaction of 1 with sulfur : The degassed solution of complex 1 (0.9 g,
1.38 mmol) in toluene (30 mL) in a 100 mL ampoule was added to a
sulfur (0.044 g, 1.38 mmol) suspension in the same solvent and the reac-
tion mixture was stirred at 60 8C for 8 h. The reaction was accompanied
by a color change from yellow to green. The resulting solution was
evaporated and dissolved in hot hexane (50 mL). The solution was con-
centrated and white needle-shaped crystals were precipitated. This depos-
it was decanted from the mother liquor, recrystallized from hot acetoni-
trile, and characterized by elemental analysis, melting point, IR and
1H NMR spectroscopy to be the already known bis(triphenyltin) sulfide[8]

(0.17 g, 0.23 mmol, 66%). The cooling of the residual solution to �18 8C
led to precipitation of green crystals of complex 4 (0.39 g, 0.41 mmol,
59%).

(4,6-Di-tert-butyl-N-(2,6-diisopropylphenyl)-o-amidophenolato)-(4,6-di-
tert-butyl-N-(2,6-diisopropylphenyl)-o-iminobenzosemiquinonato)phenyl-
tin(IV) (4): Green crystals, soluble in most organic solvents. IR: ñ1582
(m), 1567 (m), 1431 (vs), 1416 (s), 1361 (w), 1332 (m), 1283 (w), 1256
(w), 1238 (s), 1219 (w), 1200 (w), 1168 (w), 1103 (w), 1057 (w), 991 (s),
931 (w), 912 (w), 864 (w), 850 (w), 821 (w), 804 (m), 765 (w), 696 (w),
653 (w), 609 (w), 547 (w), 500 cm�1 (w); elemental analysis calcd (%) for
C58H79N2O2Sn (954.97): C 72.95, H 8.34, N 2.93, Sn 12.43; found: C 73.04,
H 8.49, N 2.75, Sn 12.27.

Reaction of 2 with oxygen : A 100 mL ampoule containing a degassed so-
lution of 2 (0.9 g, 1.37 mmol) in toluene (30 mL) was filled with dry
oxygen (30.7 mL, 1.37 mmol) and the reaction mixture was stirred for
1 h. The color changed from yellow to green-brown and a white precipi-
tate was deposited during the reaction. The reaction mixture was de-
gassed and the subsequent procedures were performed under anaerobic
conditions. The precipitate (0.11 g, 0.57 mmol, 83%) was collected on a
glass filter and characterized as diethyltin(IV) oxide polymer.[8] The fil-
trate was evaporated and the residue was recrystallized from hexane
(20 mL). Brown crystals of 6 (0.36 g, 0.35 mmol, 51%) were obtained.

(4,6-Di-tert-butyl-N-(2,6-diisopropylphenyl)-o-amidophenolato)(2,4-di-
tert-butyl-6-(2,6-diisopropylphenylimino)-3-ethylcyclohexa-1,4-dienola-
to)ethyltin(IV) hexane solvate (6): Brown crystals, soluble in most organic
solvents. 1H NMR (20 8C, C6D6): d =0.34 (t, JH,H=6.7 Hz, 3H; CH3 of
Et�Sn), 0.67 (s, 9H; CH3 of tBu), 1.08 (s, 9H; CH3 of tBu), 1.09 (d,
JH,H=6.7 Hz, 6H; CH3 of iPr), 1.22 (d, JH,H=6.7 Hz, 6H; CH3 of iPr),
1.28 (s, 9H; CH3 of tBu), 1.39 (s, 9H; CH3 of tBu), 1.44 (t, JH,H=6.7 Hz,
3H; CH3 of Et), 1.45 (d, JH,H=6.7 Hz, 6H; CH3 of iPr), 1.48 (d, JH,H=

6.7 Hz, 6H; CH3 of iPr), 1.67 (m, 2H; CH2 of Et�Sn), 1.72 (m, 2H; CH2

of Et), 2.99 (m, 2H; CH of iPr), 3.63 (m, 2H; CH of iPr), 3.63 (m, 1H;
CH of C(Et)H), 6.15 (s, 1H; CH�aromatic), 6.31 (d, JH,H=2.2 Hz, 1H;
CH-aromatic), 6.85 (d, JH,H=2.2 Hz, 1H; CH�-aromatic), 7.04–7.18 (m,
3H; CH�aromatic), 7.25–7.36 ppm (m, 3H; CH�aromatic); 13C NMR
(20 8C, C6D6): d=5.58, 9.76, 14.67 (J1(13C�119Sn)=857 Hz), 24.19, 24.46,
24.75, 25.03, 25.28, 25.37, 25.38, 25.82, 26.12, 28.21, 28.47, 28.68, 28.77,
28.89, 29.85, 30.25, 32.27, 34.61, 35.14, 36.22, 37.09, 43.83, 107.53, 110.36,
117.55, 123.81, 124.15, 124.48, 125.33, 126.00, 128.06, 132.33, 137.83,
138.04, 138.99, 141.20, 141.80, 142.10, 143.39, 147.80, 147.80, 148.34,
148.36, 167.24, 175.57 ppm; 119Sn NMR (20 8C, C6D6): d =�206.32 ppm
(assignment of NMR signals was defined more exactly using 2D ge-
COSY (ge=gradient-enhanced) and ge-HSQC NMR); IR: ñ=1615 (w),
1565 (s), 1511 (s), 1429 (s), 1416 (s), 1360 (m), 1331 (m), 1282 (m), 1257
(w), 1238 (s), 1220 (s), 1102 (w), 1056 (w), 990 (m), 927 (w), 905 (w), 886
(w), 872 (w), 850 (w), 822 (w), 800 (m), 766 (w), 677 (w), 626 (w), 609
(w), 585 (w), 546 (w), 500 (w), 424 cm�1 (w); elemental analysis calcd
(%) for C62H98O2N2Sn (1022.16): C 72.85, H 9.66, N 2.74, Sn 11.61;
found: C 72.95, H 9.50, N 2.85, Sn 11.75%.

Reaction of 2 with sulfur : The degassed solution of complex 2 (0.9 g,
1.37 mmol) in toluene (30 mL) in a 100 mL ampoule was added to a
sulfur (0.044 g, 1.37 mmol) suspension in the same solvent and the reac-
tion mixture was stirred at 60 8C for 8 h. The reaction was accompanied
by color change from yellow to light green. The resulting solution was
evaporated and recrystallized from hexane (20 mL). The crystals ob-
tained were characterized as complex 6 (0.34 g, 0.33 mmol, 49%).

Complexes 5 and 7 were investigated in solution by EPR spectroscopy
and were not isolated as solids.

X-ray crystallography of 3, 4, and 6 : Crystals of 3, 4, and 6 suitable for X-
ray structure determination were obtained from hexane solution. Intensi-
ty data for 3, 4, and 6 were collected on a Smart Apex diffractometer
with graphite monochromated MoKa radiation (l =0.71073 L) in the f--w
scan mode (w =0.38, 10 s on each frame). The intensity data were inte-
grated by the SAINT program.[23] SADABS[24] was used to perform area-
detector scaling and absorption corrections. The structures were solved
by direct methods and were refined on F2 using all reflections with the
SHELXTL package.[25] All non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms were placed in calculated positions and refined in
the “riding model” (Uiso(H)=1.5Ueq(C) in CH3 groups; Uiso(H)=

1.2Ueq(C) in other ligands). A molecule of hexane in 6 was positioned in
the inversion center. Selected bond distances and angles for 3, 4, and 6
are given in Table 1. CCDC-689153 (3), 689154 (4), and 689155 (6) con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge from www.ccdc.cam.ac.uk/conts/retrie-
ving.html or from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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