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Abstract—A series of new tin(IV) complexes based on 2-hydroxy-3,6-di-tert-butyl-para-benzoquinone
(LH) of the general formula L,SnR, (R = Me (I), Et (II), Bu” (IlT), Ph (IV)) and LSnMe; (V) were synthe-
sized. The obtained compounds were characterized by IR and 'H, '3C and ''”Sn NMR spectroscopy and ele-
mental analysis. The X-ray diffraction analysis was carried out for complexes L,Sn(Bu"), (III) and LSnMe,
(V). The low-frequency region of the IR spectra, which has not earlier been studied in detail, was interpreted
for compounds I-V and previously described complex LSnPh; (VI). The electrochemical properties of LH
and related tin complexes I—VI were studied. The nature of the hydrocarbon groups at the metal atom affects
the stability of the intermediates formed in the electrochemical reactions.
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INTRODUCTION

This work continues the studies of nontransition
metal complexes based on the redox-active ligands
actively developed in recent decades. The develop-
ment of this direction in the chemistry of coordination
and organometallic compounds is urgent and promis-
ing as demonstrated by examples of an unusual reac-
tivity of this class of compounds (in particular, in
redox transformations). Among the most interesting
results are the discovery of the unique ability of the
antimony(V) catecholate and amidophenolate com-
plexes to reversibly add oxygen [1—5], nitrogen mon-
oxide fixation by the lead(II) and zinc(II) catecholate
derivatives [6], the activation of the triple bond in ter-
minal alkynes in the reactions with the aluminum(III)
and gallium(III) compounds based on the acenaph-
thenediimine ligand [7—9], and the oxidative addition
of alkyl halides to the indium(III) bis(amidopheno-
late) complexes [10]. The above examples concern the
metal compounds containing redox-active ligands in
the reduced form. However, ligands of this type can
exist in the coordination sphere of metal atoms in the
neutral form as well. For example, the zinc(1I) and
indium(IIT) compounds containing the coordinated
o-benzoquinone or o-iminobenzoquinone molecule
were described [11, 12]. These complexes act in reac-
tions as oxidants rather than reducing agents. The oxi-
dation ability of the redox-active ligand neutrally

bound to the metal atom is noticeably enhanced com-
pared to that of free o-benzoquinone (0-iminobenzo-
quinone).

This work is devoted to the synthesis and study of
the physicochemical properties of the tin(IV) com-
plexes based on the p-benzoquinone ligand addition-
ally functionalized by the hydroxy group (LH). These
compounds also act as oxidants in redox processes,
and the study of their redox potentials and redox trans-
formations seems to be very interesting. In addition,
the study of these complexes is urgent from the view-
point of prospects of their use as biologically active
substances. It has recently been shown that the organ-
otin compounds based on dihydroxy-9,10-
anthracenedione and hydroxy-1,4-naphthoquinone
[13—15] are the closest analogs of the compounds
studied by us and exhibit a high anticancer activity.

EXPERIMENTAL

The reagents used were synthesized according to
known procedures: LH [16], LSnPh; [16], ClSnMe;,
Cl,SnMe,, Cl,SnEt,, Cl,Sn(Bu”"), (Bu” = n-butyl),
and CL,SnPh, [17].

NMR spectra were detected in a CDCl, solution at
20°C on Bruker DPX-200 (200 MHz) and Bruker
Avance III (400 MHz) instruments using tetramethyl-
silane as an internal standard.
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IR absorption spectra in the medium region were
recorded on an FSM 1201 FT-IR spectrometer in the
spectral range from 450 to 4000 cm~! with a resolution
of 4 cm™' (scan number 32). The samples were pre-
pared as suspensions in Nujol between potassium bro-
mide windows. The far-IR spectra were recorded on a
Vertex 70 FT-IR spectrometer (Bruker) in the range
from 600 to 150 cm~! with a resolution of 4 cm~' (scan
number 32). The samples were prepared as suspen-
sions in Nujol between polyethylene windows.

The electrochemical potentials of the studied com-
pounds were measured by cyclic voltammetry (CV) in
a three-electrode cell using an IPC-pro potentiostat in
CH,CI, and MeCN under argon. The working elec-
trode was a stationary glassy electrode with a diameter
of 2 mm, and a platinum wire (S = 18 mm?) served as
an auxiliary electrode. The reference electrode
(Ag/AgCl/KCl) had a water-proof membrane. The
concentration of the studied compounds was 0.002—
0.003 mol/L. The number of electrons transferred
during the electrode process was estimated relatively
to ferrocene used as a standard. The potential sweep
was 0.2 V/s. The supporting electrolyte was 0.1 M
Bu,NCIO, (99%, Acros) doubly recrystallized from
aqueous EtOH and dried in vacuo (48 h) at 50°C.

Synthesis of complexes I-V. Potassium hydroxide
(0.071 g, 1.27 mmol) was added to a solution of
2-hydroxy-3,6-di-tert-butyl-p-benzoquinone (0.3 g,
1.27 mmol) in methanol (20 mL). The reaction mix-
ture was magnetically stirred for 20 min. The color of
the solution changed from yellow to violet, indicating
the formation of potassium salt LK [16]. The corre-
sponding tin(IV) organochloride (0.635 mmole in the
case of Cl,SnMe,, Cl,SnEt,, Cl,Sn(Bu"),, Cl,SnPh,
and 1.27 mmoles for CISnMe,) was added with stirring
to the obtained salt. The formation of compounds I—
V was accompanied by a change in the solution color
from saturated violet to red. The reaction mixture was
kept at —18°C for 24 h. Complexes I-V were isolated
as finely crystalline red powders. All obtained com-
pounds were stable in air in both the solid state and
solution.

Complex L,SnMe, (I). The analytically pure prod-
uct was isolated in an yield of 0.343 g (87%).

FOrC30H4406Sn
anal. caled., %: C, 58.17; H, 7.16; Sn, 19.17.
Found, %: C, 58.20; H, 6.19; Sn, 19.11.

'H NMR (400 MHz), 3, ppm: 0.71 (s, 6H,
CH;(Me)), 1.25 (s, 18H, CH,(Bu’), where Bu’ = tert-
butyl), 1.41 (s, 18H, CH;(Bu’)), 6.35 (s, 2H,
CHgunone)- °C NMR (100 MHz), 8, ppm: 4.74
(CH:(Me)), 28.87, 30.22 (CH4(Bu')), 34.28, 34.87
(C(But))a 127.99 (Cquinone_But)a 137.55 (Cquinone_H)n
148.24 (Cguinone—BU"), 158.36 (Cquinonc—0O), 188.97,

189.26 (Cyuinone=0). 'Sn NMR (149 MHz), 3, ppm:
—152.32.
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IR, v, cm™": 1619 (C=0), 1554 (C=C)yin.ing:
(C_O)nonpl’ 1294 (Czc)quin.rings (C_O)a (C—H), 1173
(C_H)Me9 1066 (CZC)’ (C_H)quinArings 573 (Sn_c)ass
521 (Sn—C),, 542, 484 (Sn—0), 141 (Sn—C).

Complex L,SnEt, (IT). The analytically pure prod-
uct was isolated in an yield of 0.35 g (85%).

FOr C32H4806Sn
anal. caled., %: C, 59.36; H, 7.47, Sn, 18.34.
Found, %: C, 59.40; H, 7.51; Sn, 18.29.

'H NMR (400 MHz), 8, ppm: 1.08 (t, /= 7.88 Hz,
6H, CH4(Et)), 1.26 (s, 18H, CH4(Bu)), 1.39 (quart.,
J =7.88 Hz, 4H, CH,(Et)), 1.41 (s, 18H, CH;(Bu)),
6.35 (s, 2H, CHginone)- *C NMR (100 MHz), 5, ppm:
9.1 (CH4(Et)), 17.84 (CH,(Et)), 28.89, 30.06
(CH;(Bu')), 34.25, 34.80 (C(Bu’)), 127.55 (Cquinone—
But)v 13769 (Cquinone_H)v 148.08 (Cquinone_But)’
159.17 (Cginone—0), 188.96, 189.59 (Cuinone=0).
119Sn NMR (149 MHz), 8, ppm: —189.28.

IR, v, cm~%: 1619 (C=0), 1541 (C=C)qining:
(C_O)nonpl’ 1292 (C:C)quin.ringa (C_O)’ (C_H)a 1170
(C_H)Eta 1066 (C:C); (C_H)quin.ring’ 522 (Sn_c)as;
496 (Sn—C),, 540, 484 (Sn—O0).

Complex L,Sn(Bu”), (II). The analytically pure
product was isolated in an yield of 0.364 g (81.5%).

For C36H5606Sn
anal. caled., %: C, 61.46; H, 8.02; Sn, 16.87.
Found, %: C, 61.50; H, 8.05; Sn, 16.82.

'H NMR (200 MHz), 8, ppm: 0.81 (t, J = 7.17 Hz,
6H, CH;(Bu")), 1.27 (s, 18H, CH;(Bu)), 1.27—1.41
(m, 12H, CH,(Bu")), 1.41 (s, 18H, CH;(Bu)), 6.36
(s, 2H, CHyunone)- *C NMR (50 MHz), 8, ppm: 13.56
(CH;(Bu")), 25.24, 25.99, 26.88 (CH,(Bu")), 28.89,
30.16 (CHs(BuY)), 34.23, 34.80 (C(Bu)), 127.69
(Cquinone_But)a 137.67 (Cquinone_H)a 148.05 (Cquinone_
Bu), 15891 (Cyunone—O).  189.02,  189.38
(Counone=0). 19Sn NMR (74.6 MHz), 8, ppm:
—185.73.

IR, v, cm™ 1616 (C=0), 1545 (C=C)qunrne
(C_O)nonpl’ 1290 (Czc)quin.rings (C—O), (C—H), 1170
(C—H)gy, 1070 (C=C), (C_H)quin.ring’ 515 (Sn—C),
542, 484 (Sn—0).

Complex L,SnPh, (IV). The analytically pure
product was isolated in an yield of 0.422 g (89.5%).

For C4yH4306Sn
anal. calcd., %: C, 64.62; H, 6.51; Sn, 15.97.
Found, %: C, 64.67; H, 6.55; Sn, 15.93.

'H NMR (400 MHz), 8, ppm: 1.07 (s, 18H,
CH,(Bu')), 1.48 (s, 18H, CH,(Bu’), 6.29 (s, 2H,
CHuinone)> 7-38 (m, 6H, CH(Ph)), 7.65 (m, 4H,
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CH(Ph)). 3C NMR (100 MHz), §, ppm: 28.61, 30.29
(CH;(Bu"), 34.19, 35.06 (C(Bu’)), 127.70 (Cguinone—
Bu’), 128.85, 129.82, 134.86 (Cp,—H), 137.84
(Cqumone H) 143 00 (CPh_Sn) 148.13 (Cqumone But)

157.03 (Cguinone—0), 188.75, 188.93 (Cyiinone=0).
119Sn NMR (149 MHz), §, ppm: —113.00 (br).

IR, v,cm™": 1619 (C=0), 1592 (C=C) i1 sing> 1557
(Czc)quin.ringa (C_O)nonpl’ 1480 (C=C)p,, 1295
(C=C (C-0), (C—H), 1066 (C=C),
(C—H) gin sing» 731, 696 (C=C)py, 550, 480 (Sn—-0),
450, 443 (C=C)yp,, 273, 245, 229 (Sn—C).

Complex LSnMe; (V). The analytically pure prod-
uct was isolated in an yield of 0.395 g (78%).

quin.ring>

For C;;H,3035n
anal. calced., %:
Found, %:

C, 51.16;
C, 51.20;

H, 7.07;
H, 7.11;

Sn, 29.74.
Sn, 29.71.

'H NMR (400 MHz), 8§, ppm: 0.47 (s, 9H
CH;(Me)), 1.22 (s, 9H, CH;(Bu’)), 1.34 (s, 9H
CH;(Bu)), 6.29 (s, 1H, CHgon). C NMR
(100 MHz), &, ppm: 0.15 (Me), 28.92, 30.48
(CH4(Bu)), 34.23, 34.80 (C(Bu')), 126.45 (Cainone—
Bu'), 136.59 (Cqumone H), 148.69 (Cqumone Bu’),
156.59 (C quinone O) 186. 91 189.19 ( quinone O)
1198n NMR(149 MHZ) 3, ppm: 126.53.

IR, v, cm~ 1660, 1640 (C=0), 1595
(Czc)quin‘ring: 1535 (Czc)quin‘rmgv (C O)no 1308
(C:C)quin.ringa (C_O)a (C_H) 1070 (C 6) (C_

H)uinrines 328 (Sn—C),, 515 (Sn—C),, 542, 554, 484
(Sn—0). 150 (Sn—C).

Complex LSnPh; (VI). 'H NMR (400 MHz), 3,
ppm: 1.18 (s, 9H, CH,(Bu)), 1.43 (s, 9H, CH,(Bu’)).
6.32 s, 1H, CH,yon0), 7.43 (m, 9H, CH(Ph)), 7.77
(m. 6H, CH(PhY). ¢ NMR (100 MHz), 8, ppm:
28.83, 30.41 (CHs(Bu')), 34.23, 34.85 C(Bu), 127.48
(Counone—BU,  128.68, 12971, 136.77 (Cpy—H),
137.06 (Cquone—H), 14148 (Cpy—Sn), 148.54
(Cauinone—BU), 155.60 (Cquinone—0), 187.08, 188.97
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(Catinone=0). '""Sn NMR (149 MHz), 5, ppm:
—128.68.

IR, v, cm: 1660, 1643 (C=0), 1590

(Czc)quin.rings 1530 (Czc)qum ring» (C O)nonpla 1480
1430 (C=C)py,, 1292 (C= )qum ingy (C—=0), (C=H),
1073 (C=C), (C—H) in sing> 731, 696 (C=C)py,, 535,
483 (Sn—0), 450, 444 (C= C)ph, 282, 261, 235, 21
(Sn—C).

X-ray diffraction analyses of III - MeOH and V.
Single crystals suitable for X-ray diffraction analysis
were obtained from methanol and diethyl ether,
respectively. The X-ray diffraction analysis was carried
out on the XCalibur diffractometer (Agilent Technol-
ogies, MoK, graphite monochromator) at 100(2) K.
Structures IIT and V were solved by direct methods fol-
lowed by the refinement using full-matrix least squares
for 2 (SHELXTL) [18]. An absorption correction was
applied using the SCALE3 ABSPACK program [19].
All non-hydrogen atoms were refined in the anisotro-
pic approximation. Hydrogen atoms were placed in
the geometrically calculated positions and refined in
the riding model.

The crystallographic data and the main refinement
parameters for structures III - MeOH and V are listed
in Table 1. Selected bond lengths and bond angles are
given in Table 2.

The crystallographic data for complexes III -
MeOH and V were deposited with the Cambridge
Crystallographic Data Centre (CCDC nos. 947083
(IIT - MeOH) and 947084 (V); deposit@ccdc.cam.ac.
uk or http://www.ccdc.cam.ac.uk/data_request/cif).

RESULTS AND DISCUSSION

Tin complexes I-V are formed in the exchange
reaction between potassium salt of 2-hydroxy-p-ben-
zoquinone (LK) and the corresponding organotin
chlorides in methanol (Scheme 1). The compounds
are isolated as finely crystalline red substances in good
preparative yields.

Bu| R R Bu'
O. O
+0.5Cl,SnR, 7 \S\K/ N
—xar 0.5 n\
O/ O
Bu' Bu' 0 , I o
o) Bu Bu
Z +KOH Z L,SnR,
“H,0 ] R = Me (I), Et (II), Bu” (III), Ph (IV)
o” Y “OoH o~ > ok
Bu’ Bu’ Bu'
M
LH LK +CISnMe; AP Vg
Ko P /Sn\—Me
(0] 0] Me
Bu'
LSnMe; (V)
Scheme 1.
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Table 1. Crystallographic data and X-ray diffraction experimental and refinement parameters for complexes III - MeOH

PISKUNOV et al.

and V
Value
Parameter

III - MeOH A\
Formula C;3;H530,Sn C,7H,303Sn
Formula weight 733.52 399.08
Crystal system Triclinic Monoclinic
Space group Pl P2,/c
a,A 10.50143(15) 16.4327(3)
b, A 11.0582(2) 6.51409(9)
c, A 17.3062(2) 18.7340(3)
o, deg 75.5395(15) 90
B, deg 86.7671(12) 112.5085(19)
vy, deg 76.6991(14) 90
v, A3 1893.84(5) 1852.60(5)
Z 2 4
F(000) 772 816
Pealcas 8/cm’ 1.286 1.431
w, mm~! 0.718 1.386

Crystal size, mm
0 Range, deg

Ranges of reflection indices

Number of independent reflections
Number of observed reflections
Rin

Goodness-of-fit (F?2)
Ry, wRy(I>20(]))

R;, wR, (for all parameters)

Residual electron density
(max/min), e A3

0.20 x 0.20 x 0.20

0.0355, 0.0708
0.0487, 0.0739
0.852/—-0.555

0.50 x 0.20 x 0.10

3.09—30.00 3.12-26.00

—14<h< 14, —20<h <20,

—15<k <15, —8<k<8,

—24<1<24 —23</<23
37373 26923
10939 3613
0.0531 0.0370
1.004 1.076

0.0256, 0.0626
0.0291, 0.0642
2.431/-0.704

All synthesized complexes I—V were characterized
by elemental analyses and 'H, *C, and ?Sn NMR
spectroscopy. The molecular structures of complexes
IIT - MeOH (hereinafter, III) and V were determined
by X-ray diffraction analysis.

The crystallographic cell of complex III contains
one solvate methanol molecule per molecule of the
complex. The hexacoordinate tin atom in structure II1
is in a strongly distorted octahedral ligand environ-
ment (Fig. 1). The O(1), O(2), O(4), and O(5) atoms

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol. 40 No.4 2014
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of both chelate ligands form a base of the octahedron,
and C(29) and C(33) atoms of the n-butyl groups are
in the apical positions. The value of the
C(29)Sn(1)C(33) angle deviates strongly from 180°,
being 138.87(14)°. The base of the octahedron is also
strongly distorted, and the values of the OSnO angles
differ substantially from 90°. The tin atom shifts from
the O(1)0(2)0(4)O(5) plane by 0.034 A. Both chelat-
ing monooxy-p-benzoquinone ligands are nearly pla-
nar, and the dihedral angle between the planes of
the ligands is 22.71°. The n-butyl groups at the metal
atom are in the cis position relatively to each other.
Ligands L are arranged in such a way that the O(1),
0O(4) and O(2), O(5) carbonyl atoms are also in pairs
in the cis position, and the O(1)Sn(1)O(4) and
0(2)Sn(1)O(5) angles are 143.16(3)° and 78.17(4)°,
respectively. The Sn(1)—O(2) (2.0740(9) A) and
Sn(1)—0(5) (2.0729(10) A) distances are much
shorter than the sum of covalent radii of the Sn and O
atoms (2.11 A [20]), indicating the covalent nature of
these bonds. On the contrary, the Sn(1)—O(1)
(2.4466(9) A) and Sn(1)—O(4) (2.4932(9) A) dis-
tances exceed the sum of the covalent radii of the tin
and oxygen atoms by more than 0.3 A but are shorter
than the sum of their Van der Waals radii (3.7 A [20]).
Thus, the Sn(1)—O(1) and Sn(1)—O(4) bonds are
donor—acceptor. The C(2)—0(2) (1.3139(15) A) and
C(16)—0(5) (1.3143(15) A) are shorter than typical
single carbon—oxygen bonds in the tin(IV) phenolate
[21] and catecholate complexes [22, 23] and are closer
in values to those characteristic of the tin o-semi-
quinolate derivatives [24, 25]. At the same time, the
C(1)—O(1) (1.2257(16) A) and C(15)—0(4)
(1.2308(17) A) bonds are double. It should be men-
tioned that the formation of the donor—acceptor
interaction between the O(1) and O(4) atoms and the
metal center upon complex formation does not elon-
gate the C=0 bonds of the ligand. Moreover, these
distances do not differ from those of C(4)—Og‘3)
(1.2319(16) A) and C(18)—0(6) (1.2293(19) A),
although the O(3) and O(6) atoms are not involved in
coordination interactions. The p-quinoid distribution
of double and single bonds is retained in the
C(1)—C(6) and C(15)—C(20) six-membered rings.
The C(2)—C(3) (1.3666(18) A) and C(5)—C(6)
(1.3315(19) A) double bonds of one ring and
C(16)—C(17) (1.369(2) A) and C(19)—C(20)
(1.341(2) A) of another ring are separated by two sin-
gle bonds C(1)-C(2), C(1)—C(6), C(3)—C(4), and
C(4)—C(5) (1.4641(17)—1.508(2) A) in the first ligand
and C(15)—C(16), C(15)—C(20), C(17)—C(18), and
C(18)—C(19) (1.4776(18)—1.507(2) A) in the second
ligand.

The IR spectroscopic data completely confirm the
described structure of compound III. The formation
of the tin—oxygen covalent bond in the complex is
indicated by the presence of absorption bands at 540
and 480 cm™! in the IR spectra characterizing the
bending vibrations 6(O—Sn—0) [26—28]. The band at
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Table 2. Selected bond lengths (A) and bond angles (deg) in
complexes III - MeOH and V

Bond d,A Bond d, A
II1 - MeOH
Sn(1)—0(1) 2.4466(9) || C(1)—C(2) 1.508(2)
Sn(1)-0(2) 2.0740(9) || C(2)—C(3) 1.3666(18)
Sn(1)—0(4) 2.4932(9) || C(3)—C(4) 1.4641(17)
Sn(1)—0(5) 2.0729(10)|| C(4)—C(5) 1.493(2)
Sn(1)—C(29) 2.193(4) || C(5)—C(6) 1.3315(19)
Sn(1)—C(33) 2.142(3) || C(1)—C(6) 1.4842(17)
C(1)-0(1) 1.2257(16)/| C(15)—C(16) 1.507(2)
C(2)—0(2) 1.3139(15)|| C(16)—C(17) 1.369(2)
C(15)—0(4) 1.2308(17)|| C(17)—C(18) 1.4776(18)
C(16)—0(5) 1.3143(15)|| C(18)—C(19) 1.483(2)
C(4)—0(3) 1.2319(16))| C(19)—C(20) 1.341Q2)
C(18)—0(6) 1.2293(19)|| C(15)—C(20) 1.4806(17)
v

Sn(1)—0(1) 2.754(2) || C(4)—C(5) 1.491(2)
Sn(1)—0(2) 2.1042(12)|| C(5)—C(6) 1.331(2)
C(1)-0(1) 1.222(2) || C(1)—C(6) 1.489(2)
C(2)—0(2) 1.304(2) || Sn(1)—C(15) 2.1109(18)
C(4)—0(3) 1.236(2) || Sn(1)—C(16) 2.1331(17)
C(1H)-C(2) 1.522(2) || Sn(1)—C(17) 2.1278(16)
C2)—-C(3) 1.378(2) || Sn(1)---O(3") 2.811(2)
C3)-CH) 1.465(2)

Angle o, deg Angle o, deg

IIT - MeOH
O(5)Sn(1)0(2) 78.17(4) || C(33)Sn(1)O(1)| 83.94(8)
O(5)Sn(1)C(33) |102.87(9) || C(29)Sn(1)O(1)| 88.48(11)
0O2)Sn(1)C(33) | 111.0909) {| O(5)Sn(1)O(4) | 68.81(4)
O(5)Sn(1)C(29) | 104.84(12)| O(2)Sn(1)O(4) | 146.83(4)
02)Sn(1)C(29) |103.94(11)| C(33)Sn(1)O(4)| 80.27(8)
C(33)Sn(1)C(29)| 138.87(14) | C(29)Sn(1)O(4)| 82.11(11)
O5)Sn(1)O(1) |147.69(4) {| O(1)Sn(1)O(4) |143.16(3)
0(2)Sn(1)0(1) 70.02(3)
v

O(1)Sn(1)C(15) | 73.54(7) || O(1)Sn(1)C(16) | 154.76(7)
C(15)Sn(1)O(3") | 75.53(7) || C(15)Sn(1)C(17)| 124.73(7)
O@3)Sn(1)C(17) | 84.53(7) || C(15)Sn(1)C(16)| 113.61(7)
C(16)Sn(1)C(17)| 113.89(7) || O(2)Sn(1)C(15) | 103.19(6)
0O2)Sn(1)C(16) | 91.03(6) {| O)Sn(1)O3") |171.77(7)
O(1)Sn(1)O(2) 63.77(7) || O(3)Sn(1)C(16) | 82.19(7)
O(D)Sn(1)O(3") |122.77(7) || O)Sn(1)C(17) | 102.56(6)
o)Sn(1)C(17) | 75.57(7)
Vol. 40 No. 4 2014
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Fig. 1. Molecular structure of complex L,Sn(Bu”), (III).
Thermal ellipsoids of 50% probability are presented.
Hydrogen atoms are omitted.

~600 cm~! corresponds to mixed stretching vibrations
v(Sn—0), V(C=C)yinring; and v(C-0) [29-32].
These absorption bands are absent from the IR spec-
trum of the initial organotin chloride Cl,Sn(Bu"),.
The vibrations of the C=0 carbonyl groups appear as
an intense band at 1616 cm~!. The absorption band at
1545 cm™' characterizes stretching vibrations of the
C=C bonds of the quinone rings v(C=C) [29—32].

The structure of complex V (Fig. 2) is similar to that
of earlier studied compound LSnPh; (VI) [16].

In crystal, molecules of the complex are bound into
polymer one-dimensional chains of the coordination
polymer by a donor—acceptor bond between the metal
center and O(3) atom of the adjacent molecule. As in
compounds IIT and VI, the tin atom in complex V has
a distorted octahedral environment by the O(1) and
O(2) atoms of one monooxy-p-quinone ligand, the
O(3) atom of the adjacent molecule, and three carbon
atoms of the methyl groups. The base of the octahe-
dron is formed by three oxygen atoms and the C(16)
atom of one of the methyl substituents, and the C(15)
and C(17) atoms occupy the apical positions. The

PISKUNOV et al.

Sn(1) atom shifts from the O(1)O(2)O(3)C(16) plane
by 0.08 A. The C(15)Sn(1)C(17) angle is 124.73(7)°,
which is also considerably smaller than a value of 180°
characteristic of an octahedron. The Sn(1)—O0(2)
bond (2.1042(12) A) is covalent, whereas the Sn(1)—
O(1) (2.754(2) A) and Sn(1)—0(3) (2.811(2) A) dis-
tances significantly exceed the sum of the covalent
radii of the corresponding Sn and O atoms (2.11 A
[20]), indicating their donor—acceptor nature. In
complex V these bonds are considerably longer than
the corresponding bonds in compound III and, as a
consequence, should be weaker. As in compound III,
in compound V the C(2)—0(2) bond (1.304(2) A) is
shorter than the typical single carbon—oxygen bond
and the C(1)—O(1) (1.222(2) A) and C(4)—0(3)
(1.236(2) A) distances are characteristic of double
bonds. It should be mentioned that, as in compounds II1
and VI, in V the coordination of the O(1) and O(3)
atoms with the metal center does not elongate the
C=0 bonds. The double and single C—C bonds alter-
nate in the six-membered carbon cycle of the
monooxy-p-quinone  ligand. The C(2)—C(3)
(1.378(2) A) and C(5)—C(6) (1.331(2) A) bonds are
separated by two single bonds C(1)—C(2), C(1)—C(6),
C(3)—C(4), and C(4)—C(5) (1.465(2)—1.522(2) A).

As mentioned above, the Sn(1)—O(3) bond in
compound V is fairly long (2.811(2) A) and compara-
ble with the corresponding bond in complex VI
(2.821(5) A) [16]. As reported in [16] devoted to the
study of the structure of compound VI, the structure of
the coordination polymer existing in crystal is decom-
posed in solution because of the cleavage of the tin—
oxygen donor—acceptor bonds in the adjacent mole-
cule. In a solution of LSnMe;, most likely, the Sn(1)—
O(3) bonds are also decomposed, which is indicated
by the value of the chemical shift of the signal in the
119Sn NMR spectrum. Unlike compounds I-IV and
VI, only complex V is characterized by the positive
chemical shift in this spectrum, which is a conse-
quence of a decrease in the coordination number of
the metal atom [33].

According to the comparative analysis of the IR
spectra of compounds V and VI in the long-wavelength
region, a frequency of ~600 cm~! corresponds to
vibrations of the tin—oxygen bond. As already men-

Fig. 2. Fragment of the crystal packing of complex LSnMej; (V). Thermal ellipsoids of 50% probability are presented. Hydrogen

atoms are omitted.
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Table 3. Electrochemical potentials of complexes I-VI and LH according to the CV data*
Compound | Efis¢! v n L1, Ej5Yh v n L/, EOx1 vV EOx2V

LH —0.572 1 —1.44 1 0.6 1.96¢

I —0.40 1 0.8 —1.45 2 0.7 1.80

11 —0.47 1 0.9 —1.43 2 0.9 1.66 1.78

I —0.47 1 0.7 —1.43 2 0.7 1.65 1.80

v —0.29 1 1.0 —0.74 n<l 1.0 1.80°

A\ —0.56 1 0.6 —1.44 1 0.7 1.51 1.71

VI —0.47 1 0.9 —1.44 1 0.6 1.82°

* Glassy carbon electrode, CH,Cl,, V'= 0.2 V/s, vs. Ag/AgCIl/KCl, ¢ = 3 x 1073 mol/L, Ar, 0.1 M BuyNClOy; Ef}zed'l is the potential of

the half-wave of the first cathodic process, EII}S d2 is the potential of the half-wave of the second cathodic process, E% s the potential
of the oxidation peak, /,/1, is the ratio of currents of the inverse cathodic and direct anodic peaks, and » is the number of electrons

transferred in the course of the redox process relatively to ferrocene used as a standard; 2 is the potential of the reduction peak for the
irreversible process, b is the irreversible two-electron process, and € the data obtained in MeCN.

tioned, the same region contains the bands corre-
sponding to bending vibrations of the C—C bonds of
the quinone rings. Therefore, this band is broadened
in the spectra of compounds V and VI. In the spectra
of solutions of the compounds in CCl,, the band at
609 cm™! corresponds to these vibrations. In the spec-
tra of the polycrystalline samples, this band is split into
two components: at 600 and 615 cm~!. In the IR spec-
trum of complex LSnMe;, the bands at 554 and
541 cm™! correspond to the 6(O—Sn—O) vibrations.
In the spectra of a solution in CCl,, the corresponding
absorption bands are observed in a lower-frequency
range: at 543 and 534 cm~!. In compound LSnPh;,
this type of vibrations has the absorption band at
535 cm™!, which is shifted to 544 cm~! in the spectrum
of a solution in CCl,. The absorption bands at 1660
and 1640 cm~! are due to stretching vibrations of the
carbonyl groups of the ligand, whereas two intense
bands at 1530 and 1595 cm™! characterize vibrations of
the carbon—carbon bonds of the quinone rings.

The study of the far range of the IR spectra (600—
150 cm™!) makes it possible to identify the tin—oxygen
and tin—carbon bonds in complexes I—-VI.

Based on the comparative analysis of the experi-
mental spectra of compounds I-III and V and the
starting organotin chlorides and taking into account
the published data, it was established that the absorp-
tion bands at 573 and 521 cm™! (I) [26, 34—36], 522
and 496 cm™~! (IT) [34—36], 515 cm™! (IIT) [26, 34—
36], and 528 and 515 cm™! (V) [35] were assigned to

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

asymmetric and symmetric vibrations of the tin—car-
bon bonds. In the IR spectra of complex L,SnMe, and
the starting chloride Cl,SnMe,, the absorption band at
143 cm™! corresponds to the bending vibrations 8(C—
Sn—C).

According to published data [37, 38], the tin—car-
bon bond vibrations of the phenyl rings should corre-
spond to the absorption bands at 460—440, 250—230,
230—195, and 185—160 cm™'. A comparison of the IR
spectra of compounds IV and VI and the starting
diphenyltin(IV) dichloride Cl,SnPh, showed that the
absorption bands at 230 and 245 cm~! for L,SnPh, and
a group of bands at 260, 235, 222, and 214 cm™! for
LSnPh; correspond to the bending wagging and scis-
soring vibrations 6(C—Sn—C). The absorption bands
at 280 (IV) and 283 cm™! (VI) characterize the stretch-
ing vibrations v(Sn—C) [26, 34, 37, 38]. The doublet
with peaks at 450 and 442 cm™! retaining its position in
the initial organotin chloride and in complexes IV and
VI is caused by the vibrations of the tin—carbon bond
of the phenyl rings.

The electrochemical transformations of tin com-
plexes I—VI and LH were studied by CV. The values of
redox potentials of the studied compounds are given
in Table 3. Unlike the classical two-stage scheme for
p-benzoquinone reduction [39] including two revers-
ible one-electron processes, the electrochemical
reduction of 2-hydroxy-p-quinones is accompanied
by self-protonation reactions caused by the high acid-
ity of the hydroxy group [40].
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The irreversible one-electron process is observed at
the first stage of the electrochemical reduction of LH.
The electron transfer is followed by the fast chemical
stage, being the protonation of the radical anion
formed in the electrochemical reaction by the adja-
cent p-quinone molecule to form phenoxyl radical VII
(Scheme 2). The latter can be presented by two tauto-
meric forms VIIa and VIIb. Intermediate VIIa is stabi-
lized by the interaction with the hydrogen atom of the
adjacent hydroxy group. The second cathodic process
is one-electron and quasi-reversible. Evidently, the
phenoxyl radical formed in the chemical reaction is
reduced to the corresponding anion.

1

u
LSnMej; (V), LSnPh; (VI)

Bu Bu’ Bu’
7 NF O\S R +e~ O\ O\ te~ O\
nR; === - SnRy SnR; | == 'SnR
/ € _ < / 3 / 3 € _ / 3
0”0 0 o ‘0 o o o
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No electrochemical activity of this p-benzo-
quinone is detected in dichloromethane in the anodic
region (below 1.80 V) in the considered potential scan
range. The oxidation peak at the high anodic potential
(1.96 V) was detected in acetonitrile.

Monoligand complexes V and VI in dichlo-
romethane are electrochemically reduced in two suc-
cessive quasi-reversible one-electron stages (Fig. 3)
accompanied by a change in the oxidation state of the
coordinated redox-active ligand. As a result of the
electron transfer, the corresponding mono- and dian-
ionic complexes are generated in the near-electrode
zone (Scheme 3).

Scheme 3.

1, mA
7 0.03

0.01

—0.01

—0.03

—0.05

—0.07

-20 -15 —-1.0 -05 0 0.5 1.0
E,V

Fig. 3. Cyclic voltammogram of the reduction of complex VI in the potential scan ranges (a) from 1.0 to —2.0 V and (b) from 1.0
to —0.9 'V, glassy carbon anode, Ag/AgCI/KCl, 0.1 M NBuyClOy, argon (the same in Figs. 4 and 5); ¢ = 3 x 1073 mol/L.
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I, mA
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0
—0.02
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—0.08
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L | 1 | 1 | | |

-20 -15-10-05 0 05 10 1.5
EV

Fig. 4. Cyclic voltammogram for complex I in the potential
scan ranges (a) from —1.2 to 2.0 V and (b) from 0.79 to
—1.87V,e=2x10" mol/L

Unlike free p-benzoquinone, the first redox transi-
tion for complexes V and VI becomes quasi-reversible
due to the absence of proton donors in the medium.
The coordination of the ligand to the tin atom favors
the stabilization of the reduced forms of the complexes
(Table 3). Based on the reversibility coefficient (/,/1.),
we can conclude that the stability of the monoanionic
forms of the complexes depends on the nature of the
organic group at the metal atom. For compound V,
the coordination of the redox-active ligand with the
trimethylstannyl group exerts almost no effect on the
reduction potential. The replacement of the organic
substituents at the metal atom by the phenyl substitu-
ents in complex VI results in the anodic shift of the
reduction potential by 0.1 V and enhances the stability
of the reduced form. Taking into account the shift of
the first reduction potential depending on the organic
substituent at the metal atom, it can be assumed that
an electron in the formed semiquinone radical is par-
tially localized in the metallocycle, and a portion of
the electron density is also localized on the O(3) oxy-
gen atom (Scheme 3).
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I, mA
0.03

0.01

—0.01

—0.03

—0.05

—0.07

-20 —-15 -1.0 0.5

Fig. 5. Cyclic voltammogram for complex IV in the poten-
tial scan ranges (a) from 0.8 to —1.2 V and (b) from 0.8 to
—19V,e=2x10" mol/L

For the potential scan below —2.0 V, the second
quasi-reversible redox transition accompanied by the
chemical stage in solution is detected, and an increase
in the peak current of the reaction product (0.65 V)

is observed on the inverse branch of the voltammo-

gram. The detected reduction potentials (El/fdz) for

compounds V and VI and the starting monohydroxy-
p-quinone are identical, and no influence of the tin
atom and organic moieties is observed.

The electrochemical behavior of compounds V and
Vlis different in the anodic region: complex LSnPh; is
oxidized in one irreversible two-electron stage. In the
case of LSnMe;, two consecutive oxidation stages
shifted to the cathodic region are observed. The nature
of the organic group at the tin atom also affects the
oxidation of complexes V and VI: the donor methyl
groups facilitate the oxidation process.

The electrochemical reduction of bis(ligand) tin
complexes I-III proceeds in two quasi-reversible
stages (Fig. 4) corresponding to a change in the redox
state of the coordinated ligand (Scheme 4).

ﬁ/ \\// C )\\(i \\// z: 2 5 \\// C

L,SnMe, (I), LzsnEtz (II), L,SnBu (ITI)

Scheme 4.

The first redox transition corresponds to the trans-
fer of one electron, and the second transition is two-
electron. The nature of the hydrocarbon fragments at
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the tin atom affects the value of the potential of the
first cathodic stage. The replacement of the methyl
group by ethyl one impedes the reduction process.
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However, this effect decays already in the case of com-
plex III. The obtained electrochemical data presented
in Table 3 (/,/1,) show that monoanionic complex II
has the highest stability. For complexes I—-III, the sec-
ond cathodic process is characterized by the transfer of
two electrons at the potential value close to the second
reduction potential of the starting LH. The peak
(0.06 V) of the product of the partial decomposition of
the reduced complex, which is formed due to the
decoordination of one of the ligands, appears on the
inverse CV branch at the potential scan below —1.87 V.

The electrochemical oxidation of complexes I—III
is irreversible and results in their destruction. For

Ph Ph Bu Ph Ph
SEHR = 1

L,SnPh, (IV)

Ph Ph

BQ\\ /ﬁ@
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compounds IT and III, two anodic stages are observed.
The first of them is one-electron. One two-electron
stage is detected for the oxidation of complex I
(Fig. 4).

The electrochemical behavior of L,SnPh, (IV) dif-
fers from those of compounds I-III (Fig. 5). Four
quasi-reversible redox transitions are observed for this
complex. The general scheme of redox transforma-
tions of complex IV (Scheme 5) ignoring the chemical
processes that occur at the third and fourth stages can
be presented as follows:

R X,

_“ v

Bu Ph Ph u'
@\ //i@

t

Scheme 5.

The parameter (Ef}; 1y for the first reversible one-

electron process is substantially shifted to the
anodic region compared to the similar value for com-
pounds I-III. The second redox transition is also
reversible, but the number of electrons transferred in
the course of the electrodic process is lower than unity.
A significant shift to the positive region of the first and
second reduction potentials of complex IV compared
to those of the free ligands and compound VI indicates
an increase in the oxidation ability of the redox-active
ligand upon the coordination of the carbonyl oxygen
atom to the metal atom.

The quasi-reversible third (ER%3 = —1.38 V) and
fourth (ERd4 = —1.57 V) redox processes correspond-
ing to the further reduction of the ligands are observed
for the potential scan below —1.90 V (Fig. 5b). The
completely reduced forms of complex IV undergo fast
transformations in solution, due to which the oxida-
tion peaks of the chemical reaction products are
observed on the inverse CV branch. As in the case of
complex LSnPh;, the acceptor phenyl groups favor the
stabilization of the reduced mono- and dianionic
forms of the complex (Table 3). The third and fourth
stages are partially reversible and the reduction poten-
tials are less separated (AE = 0.19 V), indicating a low

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol. 40

degree of repulsion of the charges and the spatial
remoteness of two redox centers.

The electrochemical oxidation of complex IV pro-
ceeds as one irreversible two-electron stage at a poten-
tial close to that of monoligand compound VI and is
accompanied by the destruction of the complex.
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