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Tin(IV) complexes containing an organic ligand, the dianion of the redox-active N, N'-bis- (3,5-di-tertbutyl-2-hydroxyphenyl) -1,2-phenylenediamine, have been synthesized. The crystal and molecular structure
was investigated by the method of X-ray analysis. It has been established that for the obtained compounds,
the main singlet and thermally populated triplet spin states are realized.
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1. Introduction
The study of compounds of metals with organic redox-active ligands has been one of the priorities areas in coordination and organometallic
chemiﬆry over the paﬆ few decades. The introduction of ligands of this type into the composition of
organometallic compounds allows, in some cases,
to signiﬁcantly aﬀect their reactivity [1]. N,N’-bis-
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(3,5-di-tert-butyl-2-hydroxyphenyl) -1,2-phenylenediamine (H4L4) [2] is a promising ligand for the
synthesis of ﬆable derivatives of metals, due to the
creation of larger spatial shielding in close proximity to the central metal atom. This ligand is able to
exiﬆ in ﬁve diﬀerent redox ﬆates, being bound to a
complex with a metal which signiﬁcantly increases
the variety of possible electronic ﬆructures, and al-
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so allows ﬁne-tuning the redox properties of compounds derived from it. The mono- (L1) and trianionic (L3) forms of the ligand are paramagnetic, and
the di- (L2), tetraanion (L4) and the neutral form
(L) are diamagnetic. But the dianionic form of the
ligand can exiﬆ in both the singlet and triplet ﬆates
(Scheme 1).
The main method for the synthesis of metal complexes based on this ligand is the direct interaction of N, N’-bis(2-hydroxy-3,5-di-tertbutylphenyl)-1,2-phenylenediamine with metal
salts under various conditions [2-7]. The ﬁrﬆ examples of such compounds were zinc and copper
derivatives [2]. The authors [3-6] developed approaches to the synthesis of compounds of metals
Ti, Zr, Hf and Mo, containing a ligand in tetraanionic (L4) [3,4], dianionic (L2) [3,4,6] and dianionic, twice protonated (H2L2)[5] forms. Intereﬆingly,
depending on the ratio of metal salt : ligand, different products are formed. For example, mononuclear and binuclear derivatives of titanium and
zirconium, which exhibit catalytic activity in the
polymerization of lactides, were obtained in [5]. At
the moment, two complexes are known that contain
two such tetradentate ligands. They are an octacoordinated complex of tin, the composition of L22Sn
[7] and the heptacoordinated complex of molybdenum, in which one ligand is in the dianionic (L2)
and the second in the dianionic monoprotonated
(HL2) forms [6].
In this work, organometallic compounds
Me2SnL2 (1) and Ph2SnL2 (2), containing tetraden-

tate redox-active N,N’-bis(2-hydroxy-3,5-di-tertbutylphenyl)-1,2-phenylenediamine in dianionic
form, were ﬁrﬆ synthesized and characterized.
2. Results and Discussion
Tin complexes 1 and 2 containing tetradentate
redox-active ligand in the dianionic ﬆate were obtained by the reaction of N,N’-bis-(3,5-di-tert-butyl-2-hydroxyphenyl)-1,2-phenylenediamine [2]
with diorganodihalogenides of tin in methanol
(Scheme 2). The synthesis was carried out in two
successive ﬆages. In the ﬁrﬆ of these, tin complexes
with the preservation of N – H bonds in the ligand
were obtained, from the exchange reaction in the
absence of oxygen. Next, the resulting derivatives
are oxidized with a dosed amount of air oxygen for
24 hours. Tin complexes 1 and 2 are isolated from
the reaction mixtures in the form of dark green
cryﬆalline products. The compounds obtained in
the cryﬆalline ﬆate are resiﬆant to the action of
oxygen and moiﬆure in the air. Figure 1 shows the
molecular ﬆructure of compound 1. The cryﬆals of
the complex, suitable for X-ray diﬀraction, were obtained by slow evaporation of the reaction mixture.
It should be noted that an excess of oxygen at
the second ﬆage of the reaction does not lead to
the obtaining of desired compounds. Thus, carrying out the second ﬆage of the reaction under conditions of free access of air oxygen is accompanied
by the appearance of an intense brown dyeing of
the reaction mixture, from which colorless cryﬆals

Figure 1. Views of molecular ﬆructure of complex 1. Hydrogen atoms are not shown. Thermal ellipsoids of 5% probability are given. Basic bond lengths (Å) are: Sn(1)-O(1) 2.279(2), Sn(1)-O(2) 2.298(2),
Sn(1)-N(1) 2.222(3), Sn(1)-N(2) 2.227(2), Sn(1)-C(36) 2.14(3), Sn(1)-C(35) 2.115(3), O(1)-C(1) 1.292(4),
O(2)-C(15) 1.289(3), N(1)-C(29) 1.351(4), N(1)-C(2) 1.369(3), N(2)-C(3) 1.341(4), N(2)-C(16) 1.375(3),
C(1)-C(6) 1.44(4), C(1)-C(2) 1.441(4), C(2)-C(3) 1.41(4), C(3)-C(4) 1.383(4), C(4)-C(5) 1.43(4), C(5)-C(6)
1.365(4), C(29)-C(34) 1.422(4), C(29)-C(3) 1.453(4), C(3)-C(31) 1.426(4), C(31)-C(32) 1.361(4), C(32)C(33) 1.411(4), C(33)-C(34) 1.36(4), C(15)-C(16) 1.442(4), C(15)-C(2) 1.442(4), C(16)-C(17) 1.415(4),
C(17)-C(18) 1.371(4), C(18)-C(19) 1.424(4), C(19)-C(2) 1.37(4). Selected Valence Angles (°): C(36)-Sn(1)C(35) 148.75(13), C(36)-Sn(1)-N(1) 14.28(12), C(35)-Sn(1)-N(1) 11.63(11), C(36)-Sn(1)-N(2) 14.12(11),
C(35)-Sn(1)-N(2) 1.27(11), N(1)-Sn(1A)-N(2) 72.(8), C(36)-Sn(1)-O(1) 86.55(11), C(35)-Sn(1)-O(1)
85.41(1), N(1)-Sn(1)-O(1) 71.42(8), N(2)-Sn(1)-O(1) 143.38(8), C(36)-Sn(1)-O(2) 85.57(11), C(35)-Sn(1)O(2) 84.12(11), N(1)-Sn(1)-O(2) 143.9(8), N(2)-Sn(1)-O(2) 71.1(8), O(1)-Sn(1)-O(2) 145.4(7).
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Scheme 2.

of 1,3,7,9-tetra-tert-butyl-6H-benzo [b]benzo[4,5]
imidazo[1,2-d][1,4]oxazecin-6-on (3) (is a product
of degradation of the original organic ligand) were
obtained (Scheme 2). The ﬆructure of compound 3
was eﬆablished by X-ray diﬀraction (Figure 2). The
diﬆribution of bond lengths and angles in molecule
3 uniquely corresponds to the proposed formula.
The cryﬆal cell of compound 1 contains three
cryﬆallographically independent molecules of the
complex. In general, the geometries of these molecules are close to each other, and in the future we
will consider one of them. The coordination sphere
of the tin atom in complex 1 is a diﬆorted octahedron formed by two methyl subﬆituents in the apical positions and a tetradentate chelating ligand
forming the equatorial plane. The ligand in compound 1 has a bath conformation, which signiﬁcantly diﬆinguishes it from its closeﬆ analogues —
the hexacoordinated compound Cl2TiL2 [4] and organometallic compounds of tin(IV) and lead(IV)
containing a similar almoﬆ planar dianion tetradentate ligand [8]. The dihedral angle between the
O(1)-С(1)-С(6)-N(1) and O(2)-С(15)-С(2)-N(2)
planes in compound 1 is 42.14º. An analysis of the
bond lengths in compound 1 shows that the tetradentate organic fragment is the biradical form of
the L2 ligand. Thus, the quinoid alternation of C–C
bonds in C(1)–C(6) and C(15)–C(2) rings, as well
as C(1)–O(1), C(2)–N(1), C(15)-O (2) and C(16)N(2) are in the range characteriﬆic of the known
o-iminosemiquinone derivatives of tin(IV) [9-11].
The processing of structural study data in the
framework of the model proposed in [12] allows
calculating the formal oxidation ﬆate of ON-chelating fragments, each of which is -.98 ± .11,
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Figure 2. Views of molecular ﬆructure of compound 3. Hydrogen atoms are not shown. Thermal ellipsoids of 3% probability are given. Basic
bond lengths (Å) are: (Å): O(1)-C(26) 1.3762(14),
O(1)-C(1) 1.413(16), O(2)-C(26) 1.1961(17), N(1)C(21) 1.3846(18), N(1)-C(15) 1.3881(15), N(1)C(2) 1.4299(14), N(2)-C(21) 1.3167(13), N(2)C(2) 1.3917(18), C(1)-C(6) 1.3882(16), C(1)-C(2)
1.3992(17), C(2)-C(3) 1.381(2), C(3)-C(4) 1.3825(16),
C(4)-C(5) 1.3857(18), C(5)-C(6) 1.4(2), C(15)C(16) 1.388(2), C(15)-C(2) 1.461(18), С(16)-C(17)
1.3843(16), C(17)-C(18) 1.42(2), C(18)-C(19)
1.374(2), C(19)-C(2) 1.3913(16), C(21)-C(22)
1.467(18), C(22)-C(23) 1.338(2), C(23)-C(24)
1.481(2), C(24)-C(25) 1.332(2).
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which also clearly indicates the radical-anion nature
of iminoquinone cycles.
The 1H NMR spectrum of compounds 1 and 2,
regiﬆered in CDCl3, contains narrow peaks from
the protons of the tert-butyl groups that make up
the ligand and from the protons belonging to the
hydrocarbon subﬆituents at the metal atom. At the
same time, a signiﬁcant broadening of the lines is
observed in the aromatic region of the spectrum.
This fact indicates a possible paramagnetic component in the samples under ﬆudy. It should be noted
that due to the presence of the paramagnetic component in the sample in the CDCl3 solution, it is
impossible to regiﬆer the 13C and 119Sn NMR spectra. Lowering the temperature from +5 to -5 ° C
leads to a narrowing of the lines in the aromatic region of the 1Н NMR spectrum (Fig. 3). This behavior, in combination with the X-ray diﬀraction analysis, indicates that biradical compounds 1 and 2 have
the main singlet spin ﬆate and the thermally populated triplet ﬆate, which is occupied with increasing temperature. This ﬆatement is also conﬁrmed
by the data of magnetochemical measurements.
At room temperature, the eﬀective magnetic moment values are 1 and .5 μB for cryﬆalline samples of complexes 1 and 2, respectively. Lowering
the temperature leads to a decrease in the values of
the eﬀective magnetic moment almoﬆ to zero at a
temperature of 4 K.
It should be noted that the broadening of lines
in the aromatic region of the spectrum is observed
not only for tin complexes 1 and 2. Alogical broadening in the proton NMR spectrum is described for
the zirconium complex containing the tetradentate
ligand in the dianionic ﬆate [3]. From the analysis of
the XRD data of the compound, it follows that the
ONNO-ligand is not planar, but has the shape of a
bath, like tin complexes, The value of the dihedral
angle between the phenol fragments of the ligand
in the heptacoordinated Zr(L2)Cl2•THF compound
is 29.4º. At the same time, in the titanium complex
Ti(L2)Cl2 [3], according to X-ray diﬀraction data,
the ligand is almoﬆ planar, and in the proton NMR
spectrum, no broadening of the lines in the aromatic region is observed. From the liﬆed facts, it can be
concluded that the ligand conformation in the coordination sphere of a metal determines the possibility of realizing a triplet ﬆate for it.
According to the X-ray diffraction study of
complex 1, the tin atom has a vacant space between
two hydrocarbon subﬆituents, suﬃcient to coordinate the additional ligand on the metal, which occurs in the solution of coordinating solvents. Such
coordination leads to an increase in the coordination number of the metal from six to seven and the
angle between the hydrocarbon subﬆituents, which
is vividly demonﬆrated by NMR spectroscopy data. The conﬆant of spin-spin interaction of protons
of a hydrocarbon group with magnetic tin isotopes

(1J(119Sn,1H)) linearly depends on the angle between
these subﬆituents at the metal atom — an increase
in the angle leads to an increase in the corresponding conﬆant [13]. When the CDCl3 solvent is replaced by a donor deuteropyridine, the spin-spin
interaction conﬆant (1J(119Sn,1H)) in complex 1 increases from 96.4 to 19.6 Hz. This indicates an increase in the Me-Sn-Me angle caused by the coordination of the pyridine molecule to the metal atom.
It should be noted that a change in the coordination environment of the tin atom during the coordination of the pyridine molecule on the metal in
complex 1 contributes to the ﬆabilization of the sin-

Figure 3. The aromatic region of the 1H NMR
spectrum of complex 1 at various temperatures in
CDCl3.
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3. Experiment
NMR spectra were obtained in d5-Py and CDCl3
using a Bruker Avance III NMR spectrometer
(4 MHz) with the internal ﬆandard Me4Si. The
electron absorption spectra were recorded on a UVVIS-NIR Spektrophotometer SHIMADZU UV36 spectrometer. IR spectra were recorded on an
FSM-121 Fourier transform infrared spectrometer
(suspensions in liquid paraﬃn; KBr cells).
We used commercial reagents : Me 2 SnCl 2 and Ph 2 SnCl 2 . N,N’-bis-(3,5-di-tert-butyl2-hydroxyphenyl)-1,2-phenylenediamine (LH 4)
was synthesized according to a known procedure
[2]. The solvents used in the work were puriﬁed and
dried as recommended [14].
Synthesis of complexes 1 and 2.
N,N’-bis-(3,5-di-tert-butyl2-hydroxyphenyl)-1,2-phenylenediamine (LH 4)
(.516 g, 1 mmol) and Me2SnCl2 (.22 g, 1 mmol)
(or tin dichlorodiphenyltin(IV) (.34 g, 1 mmol))
in 3 ml of acetonitrile in the presence of triethylamine (.3 ml). The reaction mixture was ﬆirred for
3 minutes after which 6 ml of atmospheric air was
ﬁlled into the ampoule, which led to the gradual appearance of intense green ﬆaining. The resulting solution was kept for 24 hours at room temperature,
which was accompanied by the precipitation of a
cryﬆalline green precipitate of compounds 1 (2).
The precipitate was collected on a Schott filter.

glet ﬆate of the dianionic tetradentate ligand in the
resulting compound. When complex 1 is dissolved
in deuteropyridine, the broadening of lines in the
aromatic region of the spectrum is absent even at
room temperature and a well resolved not only proton NMR spectrum, but also spectra on 13C and
119
Sn nuclei are recorded. Probably, coordination of
the pyridine molecule to tin results in the elongation of the metal ion from the chelate cycle of the
tetradentate ligand, which leads to a change in the
conformation of the latter. This, in turn, ﬆabilizes
the ground singlet spin ﬆate and makes the triplet
ﬆate unattainable. Coordination of donor solvent
molecules by complexes 1 and 2 is also accompanied by a solvatochromic change in their electronic absorption spectra. The spectrum for 1 or 2 in
the range of 3–15 nm contains three intense
bands due to electronic ILCT transitions. According to the data of electronic absorption spectroscopy of complex 1, the absorption bands are shifted to a shorter wavelength region of the spectrum
in donor solvents. The largeﬆ shift (> 1 nm) is
observed for transitions in the near-IR spectral region (Fig. 4). This observation also indicates a signiﬁcant change in the energy of the frontier orbitals
of the complex, which are predominantly ligand in
nature. Earlier, tin(IV) complexes based on another redox-active tetradentate ligand showed similar
behavior [8].
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Figure 4. The near IR region of the electronic absorption spectrum of complex 1 in various solvents
(С = 1×1-4 М. l = 1 cm): 1) Toluene; 2) Tetrahydrofuran; 3) Pyridine.
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Cryﬆals 1 suitable for XRD were obtained by slow
cryﬆallization of the complex from acetonitrile
It is obtained: .46 g (.69 mmol) of complex 1.
Speciﬁc yield is 7%.
It is found (%): C, 65.64; H, 7.84. Calculated (%):
C, 65.36; H, 7.62 for C36H5SnN2O2.
IR spectrum, ν (cm-1): 1518 s., 14 m., 1363 s.,
13 m., 1272 s., 1197 s.,1167 s., 1127 s., 1113 s.,
125 m., 911 s., 87 m., 749 s., 731 s., 634 m., 587
m., 568 m., 55 s.
Electronic absorption spectrum:
λ(ɛ, l·cm-1·mol-1): toluene 369 (151), 471 (27),
1122 (218); tetrahydrofuran 363(14439),
466(2754), 192(22262); pyridine 34 (15274),
46 (2943), 117 (26215).
1
H NMR (4 MHz, CDCl3, 223 К, δ/ppm, J/Hz):
.45 (с., 6 H, J( 119 Sn- 1 H) = 96.4, Sn-CH 3 ),
1.28 (с., 18 H, t-Bu), 1.38 (с., 18 H, t-Bu), 6.98 (sign.
br., 2 H, Harom), 7.18 (с., 2 H, Harom), 7.4 (с., 2 H,
Harom), 7.66 (sign. br., 2 H, Harom).
1
H NMR (4 MHz, d5-Py, 293 K, δ/ppm, J/Гц):
.58 (с., 6 H, J(119Sn-1H) = 19.6, Sn-CH3), 1.3, (с.,
18 H, t-Bu), 1.44 (с., 18 H, t-Bu), 6.9 (sign. br., 2
H, Harom), 7.51 (sign. br., 2 H, Harom), 7.6 (уш. сиг.,
4 H, Harom).
13
C NMR (1 MHz, d5-Py, 293 K, δ/ppm): 11.6
(Sn-CH3), 29.41, 31.11 (CH3(t-Bu)), 34.46, 35.35
(C(t-Bu)), 15.53, 115.87, 117.16, 118.93, 127.4,
129.16, 135.99, 139.6, 14.67, 145.54 (Саром), 165.91
(C=N).
119
Sn NMR (149 MHz, d5-Py, 293 K, δ/ppm):
-358.99.
Obtained: .6 g (.76 mmol) of complex 2. Speciﬁc yield is 76%.
It is found (%): C, 7.54; H, 7.7. Calculated (%):
C, 7.32; H, 6.93 for C46H54SnN2O2. IR spectrum, ν
(cm-1): 1519 s., 1397 m., 1368 s., 129 m., 1256 s.,
1197 m., 1165 s., 1128 s., 1117 s., 161 m., 125 m.,
913 s., 847 m., 748 s., 732 s., 695 m., 633 m., 591 m.,
585 m., 53 s.
Electronic absorption spectrum, toluene λ(ɛ,
l·cm-1·mol-1): 364 (12513), 473 (254), 1131 (17483).
1
H NMR (4 MHz , C D Cl 3 , 273 К, δ/
ppm, J/Hz): 1.34 (с., 18 H, t-Bu), 1.35 (с., 18 H,
t-Bu), 6.84 (sign. br., 2 H, Harom), 7.12 (м., 8 H,
H arom, 6 H(Ph-Sn)), 7.44 (с., 2 H, Н), 7.49 (м.,
2 H, H(Ph-Sn)), 7.6 (sign.br., 2 H, Harom).
XRD of compounds 1 and 3 was carried out
on a Smart Apex diffractometer (MoKα, graphite monochromator, ω –φ scanning). The ﬆructure
of the compounds is deciphered by direct methods and reﬁned on the OLS by F2 in the full-matrix
anisotropic approximation for all non-hydrogen atoms (SHELXTL) [38]. Absorption is accounted for
by the SADABS program [39].
For cryﬆal 1 99778 reﬂections were measured,
of which 23895 (Rint = .61) are independent with
I > 2σ(I)). The cryﬆals 1 are monoclinic, with 1(2)
K: a = 29.7852(8), b = 21.4767(6), c = 16.4411(5) Å,

α = 9, β = 97.92(1), γ = 9; sp. gr. P2(1)/c, Z
= 12, V = 1416.9(5) Å3, ρ(calc.) = 1.265 g/cm3, μ =
.767 mm–1, 1.17 ≤  ≤ 27.°, R1 = .431, wR2 =
.768 (I > 2σ(I)), R1 = .97, wR2 = .851 (according to all data), S(F2) = 1.1.
For cryﬆal 3 17576 reﬂections were measured,
of which 5971 (Rint = .65) are independent with I
> 2σ(I)). The cryﬆals 3 are monoclinic, with 1(2)
K: a = 3.1927(18), b = 9.8443(6), c = 25.2931(15) Å,
α = 9° β = 125.822(1)°, γ = 9°; sp. gr. C2/c, Z = 8,
V = 695.7(6) Å3, ρ(calc.) = 1.117 g/cm3, μ = .69
mm–1, 1.99° ≤  ≤ 26.°, R1 = .553, wR2 = .1114
(I > 2σ(I)), R1 = .1121, wR2 = .1249 (according to
all data), S(F2) = 1.2.
Cryﬆallographic data of complexes 1 and 3 are
deposited in the Cambridge ﬆructural data bank
(№ 1866478 and 1866477 respectively); deposit@
ccdc.cam.ac.uk; (www: http://www.ccdc.cam.ac.uk).
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