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Organometallic Chemistry

The issue is composed of papers
dedicated to the memory of

the outstanding chemist
academician G.A. Razuvaev

in relation to 120th anniversary
of his birthday

Grigory Alekseyevich Razuvaev
(1895-1989)

On August 23, 2015, is the 120th anniversary from the

e birthday of academician Grigory Alekseyevich Razuvaev, who

r - was an outstanding scientist, one of the founders of the modern
organometallic chemistry.

| Grigory Alekseyevich Razuvaev was born on August 23,

1895, in Moscow. He graduated from Leningrad University

w ] (1925). From 1927 he worked in the laboratory of research in

ih'.._.l ] high pressures (State Institute of High Pressures from 1929) and

N st Leningrad Technological Institute.

: Since 1946 he was a professor of Gorky State University
and simultaneously the director of Scientific Research Institute
of the university in 1956-1962. In 1963 he was made the head
of the laboratory of polymer stabilization of the USSR Academy
of Sciences. In 1969-1988 he was the director of Chemistry In-

- stitute of the USSR Academy of Sciences in Gorky. Since 1988
: he was the honorary director of Institute of Organometallic
Chemistry of the USSR Academy of Sciences.

His fundamental research was in chemistry of organometal-
lic compounds, organic peroxides and in the study of free radicals in solutions. He determined the rela-
tive rate of their formation during thermal decomposition of organomercury compounds and compiled
the activity series for radicals. Together with M.M. Koton he discovered the method of generation of
free aliphatic radicals (1931-1935). He established the mechanism (1940s) of free radical formation in
photolysis reactions of organometallic compounds in liquid medium, as well as the character of their
interaction with each other and the solvents. He developed a new accessible synthesis method of mer-
cury organic compounds (1954) by the action of free radicals formed from peroxides upon mercury
salts. He discovered fundamentally new ways of transfromations in the series of arsenic organic deriva-
tives. He suggested synthesis methods (1963—1969) of organometallic compounds with a chain contain-
ing from two to four heteroatoms of the R;SiHgGeR; type. Together with his collaborators (1963—-1970)
he originated various ways to obtain filamentary single crystals and layered films of germanium and
other metals for semiconductor technology and electronics. He obtained organometallic compounds,
used as polymerization initiators and catalysts and as monomer stabilizers. In 1967-1974 he developed
synthesis methods of cenyl aryl compounds of tetravalent titanium, zirconium, vanadium and trivalent
titanium.

G.A. Razuvaev was awarded the title of Hero of Socialist Labour (1969), Lenin Prize (1958), State
Prizes of the USSR (1971, 1985).

4 Bulletin of the South Ural State University. Ser. Chemistry.
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KEEPING RAZUVAEV'S TRADITIONS ALIVE

A.V. Gushchin, gushchin@chem.unn.ru
Lobachevsky State University of Nizhny Novgorod, Nizhny Novgorod, Russian Federation

The role of Grigory Alekseyevich Razuvaev in establishment of organometallic chemistry at the
subdepartment of organic chemistry and chemistry department of Lobachevscky State University of
Nizhny Novgorod is in arrangement of indissoluble connection between academic activity and scientific
research work.

On September the 1st the academic year for the first-year students of the chemical department of
Lobachevscky UNN traditionally begins in the memorial lecture room named after academician Grigory
Alekseyevich Razuvaev, an honorary freeman of Nizhny Novgorod, a laureate of Lenin Prize and three
State Prizes of the USSR, an outstanding scientist, the founder of organometallic chemistry in Nizhny
Novgorod region.

G.A. Razuvaev appeared in Gorky State University in
1946 as a mature man that had studied in the school of the
famous Russian chemist Professor Vladimir Nikolayevich
Ipatiev (Leningrad Technological Institute, Petersburg), of
Professor Georg Wieland (Germany), and after that in
survival school in radium plant in Ukhta. He started his work
in the capacity of the head of organic chemistry laboratory of
the Scientific Research Institute at GSU, after which he took
the baton of the head of organic chemistry subdepartment
from the associate member of the USSR Academy of
Sciences Professor Aleksandr Dmitrievich Petrov.

G.A. Razuvaev always was of opinion that it was
possible to teach a student, to make him or her a self-
sufficient thinking specialist, only by involving the student
into research work, making it necessary to "stew" in a
scientific research group of the world level. This idea was put
into practice by him incessantly, in both his positions as the
head of organic chemistry subdepartment (1946—-1971) and
the head of organic chemistry laboratory of the Scientific
Research Chemistry Institute in GSU (from 1946). For a long
time, from 1956 to 1962, Grigory Alekseyevich was the head
of the Scientific Reseach Chemistry Institute; he initiated the
scientific ~ collaboration of organic chemists with
physicochemists, polymer chemists, analytical chemists and other specialists in the institute, involving
them in widening of the field of scientific development in the new branch of organometallic chemistry.
The new round of widening the connection between academic activity of chemical department and
research activity in synthesis and reactions of organometallic compounds began in 1963, when the
Laboratory of Polymer Stabilization of the USSR Academy of Sciences had been established in Gorky
city under the direction of G.A. Razuvaev. Later it became the basis of formation of Chemistry Institute
of the USSR Academy of Sciences (1969), and later still — of Institute of Organometallic Chemistry of
the Russian Academy of Sciences (1988). The lecturers of the organometallic chemistry subdepartment
and the researches in organometallic chemistry of the laboratories in Chemistry Institute within GSU
and the research institute of the Academy. From 2005 to the present the filial branch of the organic
chemistry subdepartment of UNN carries out its activities in Razuvaev Institute of Organometallic
Chemistry of the Russian Academy of Sciences, under the direction of V.K. Cherkasov, the associate
member of the Russian Academy of Sciences (Agreement dated 11.03.2005 between UNN and IOMC).
In 2004 according to the order No. 2004-OD dated 02.12.2004 of UNN rector the base laboratory of
coordination compounds of IOMC has been set up within the UNN chemistry department (the head of
the laboratory is A.A. Trifonov, Doctor of Science (Chemistry), Professor).

BecTHuk KOYpIY. Cepus «Xumusy». 5
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Organometallic chemistry

Institute of Organometallic Chemistry regularly hosts "Razuvaev Readings" once in 3 years in the
format of all-Russian scientific conferences with international participation, on a Volga motor ship. For
a week the leading world and Russian scientists in organometallic chemistry gather to discuss the
problems of synthesis, study, coordination chemistry of organometallic compounds, their application in
catalysis, synthesis of polymers and advanced materials. Postgraduate students and young scientists have
the opportunity to communicate with distinguished scientists, to arrange for study courses and
cooperative investigations, to participate in competitions of young researchers.

Close relationships between the Chemistry Institute of the Academy and the chemical department
have been of great help in organization of access to modern research equipment, without which it is
impossible to prepare the graduation papers by undergraduate and postgraduate students to an
accomplished standard. In the hard period of "equipment hunger" the instruments for NMR, EPR, X-ray
investigation in Razuvaev IOMC were placed at the disposal of the faculty and the students for free.
Equipping of the department by its own top-class instrumentation began in 2006, when the presidential
program for priority development of universities "Education” started (2006—2007), and then it continued
with the program "National Research University" from 2009.

Within the program "Russian Academic Excellence Project” in 2014 the laboratory "High-
technology materials on the basis of functional polymers and metal complex compounds (UNN —
IMOC)" was opened under the direction of associate member of the Russian Academy of Sciences
D.F. Grishin, the head of subdepartment of petrochemistry and petrochemical synthesis; as well as the
laboratory "Composite acrylate adhesives (UNN — IMOC — Kargin Polymer Research Institute)" under
the direction of Professor V.A. Dodonov, the head of subdepartment of organic chemistry.

On terms of secondary employment, spare time work or in other forms many scientists were
involved in research with the chemistry department students on the subject of chemistry of
organometallic compounds: academician of the Russian Academy of Sciences G.A. Abakumov,
associate members of the Academy G.A. Domrachev, V.K. Cherkasov, I.L. Fedyushkin, professors
L.N. Zakharov, A.N. Egorochkin, M.N. Bochkarev, L.N. Bochkarev, B.B. Troitskiy, Yu.A. Kurskiy,
A.A. Trifonov, M.P. Bubnov, A.G. Poddel'skiy, V.V. Semyonov, A.N. Kornev, A.V. Piskunov; the
scientists of the Research Chemistry Institute of UNN: associate member of the Academy D.F. Grishin,
professors V. Spirina, S.A. Bulgakova, N.N. Smirnova. That helped in improvement of education
quality and ensured influx into student body.

Many organometallic chemists that consider themselves the disciples of Rasuvaev school, have
become the heads of subdepartments and laboratories of other higher education institutions of Nizhny
Novgorod and Russia, they have always made efforts to continue the scientific collaboration with the
University of Nizhny Novgorod. Among them there are doctors of science V.A. Yablokov (State
Architectural Building University of Nizhny Novgorod), S.F. Zhiltsov (Minin State Pedagogical
University of Nizhny Novgorod), V.N. Latyaeva, A.S. Gordetsov (State Medical Academy of Nizhny
Novgorod), V.V. Sharutin (South Ural State University), E.S. Klimov (Ul'yanovsk State Technical
University), Yu.A. Ol'dekop, N.A. Mayer (Physical Organic Chemistry Institute of the Belarus National
Academy of Sciences, Minsk), N.S. Vyazankin (Organic Chemistry Institute of the Academy of
Sciences, Irkutsk), M.M. Koton (Institute of Macromolecular Compounds of the Academy of Sciences,
Saint Petersburg), V.S. Etlis (Kargin Polymer Chemistry and Technology Research Institute, Dzerzhinsk
in Nizhny Novgorod region), etc.

After G.A. Razuvaev from 1971 to 2015 the head of the subdepartment of organic chemistry was
Professor Viktor Alekseyevich Dodonov, D.Sc.(Chem.), Honored Science Worker of the Russian
Federation, the full member of the Russian Academy of Engineering Sciences, Honorable Professor of
UNN, Honored Worker of UNN, Fulbright professor (1996, 2001), Soros professor, who qualified 3
Doctors of Science, 27 Candidates of Science; he is an author of 40 patents and author's certificates, 450
scientific papers. From 2015 the position has been held by Aleksey Yurievich Fyodorov, D.Sc.(Chem.),
Professor, the head of the Chemistry Thesis Board.

The organic chemistry subdepartment qualifies bachelors and masters majoring in "Chemistry",
specialists in "Fundamental and applied chemistry", candidates and doctors of sciences in "Organic
chemistry" and "Organometallic chemistry". Guideline courses in organic chemistry, organometallic
chemistry and life-science chemistry. Special courses for specialists, masters and postgraduate students
have been prepared: "Metal complex catalysis", "Application of organometallic compounds of transition

6 Bulletin of the South Ural State University. Ser. Chemistry.
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Gushchin A.V. Keeping Razuvaev's traditions alive

metals in organic synthesis", "Reactions of organoelemental compounds of non-transition metals with
oxygen and peroxides". Joint Russian-French post-graduate studies are in practice.

Scientific research is carried out in the field of synthesis and study of structure and properties of
organoelemental compounds of non-transition metals and peroxides, application of organometallic
compounds in organic synthesis and catalysis, in production of biologically active substances and
macromolecular compounds [1-7].

Lately, from 2006, the subdepartment has successfully been modernized and equipped with the
modern instruments. All exhaust ventilation systems, the laboratories of student classes in organic
chemistry, and a part of research laboratories have been repaired; costly equipment for physicochemical
analysis of organic compounds has been established: IR-Fourier- and UV-spectrometers, as well as
Shimadzu gas chromatographs, Knauer liquid chromatograph, NMR spectrometer Agilent DD2 400
MHz, CHNS analyzer Vario EL Cube (Germany). Various instruments for laboratory practical training
and graduation work has been acquired, such as modern rotary evaporators, magnetic stirrers, electronic
balances, ultrasonic baths, muffle furnaces and drying cabinets, thermostats.

Young lecturers and postgraduate students work as trainees in the best laboratories and centers in
Moscow, Saint Petersburg, England, Germany, France, USA.

Every year the subdepartment of organic chemistry carries out research work in grants and commercial
contracts for approximately 10 million rubles, 20-25 scientific papers are published in the leading Russian
and foreign journals, 24 patents and "know-hows" are registered, 1-2 theses are defended.

Along with other colleagues in the subdepartment of organic chemistry and chemistry department, I
keep the memories of academician G.A. Razuvaev as a great scientist, one of the founders of the Russian
organometallic chemistry, who was an indispensable member of organizing committees of Russian national
and international conferences, who excelled in plenary reports demonstrating the vigor of Nizhny-Novgorod
school of organometallic and peroxidic chemists. In my student days I was lucky to attend a few of
Razuvaev's lectures. For a lifetime I have remembered his regular and serious "rounds of scientific groups"”,
when the academician visited his original subdepartment. It was so amazing and unusual, that we, the
members of students' scientific society, along with the instructors, were inquired about powders and
solutions of reaction products standing under an exhaust hood. He intently examined them through thick
lenses of his spectacles, offered advice what to study in literature, and in passing he instructed our
supervisor (associate professor T.G. Brilkina) to train students to be more orderly, not to let them draw skull
and crossbones on weighing bottles with substances... He noticed everything, remembered everything, in a
week he asked what was new in your work, passed a note with a reference to an interesting paper.
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SOME REACTIONS
OF BIS(CYCLOPENTADIENYL)DIFERROCENYLTITAN'

|G.A.RazuvaeVv
V.V. Sharutin’, vsharutin@rambler.ru
2 South Ural State University, Chelyabinsk, Russian Federation

Reaction of bis(cyclopentadienyl)diferrocenyltitanium Cp,TiFc, (1) with iodine (toluene,
20°C, 24 h) proceeds with formation of bis(cyclopentadienyl)titanium diiodide Cp,Til, (2)
and diferrocenyl Fc-Fc (3); a byproduct of the reaction is the salt Fc-Fc-I; (4). Interaction of 1
with carbon monoxide (100 bar, benzene, 50 °C, 3 h) leads to the synthesis of diferrocenylke-
tone (5) and bis(cyclopentadienyl) titanium dicarbonyl (6).
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Introduction

It is known that alkyl and aryl compounds of titanium are especially labile complexes, sensitive to
heating and action of oxygen and atmospheric moisture [1]. Introduction of the ligands, stabilizing c-
bonds C-Ti, into the coordination sphere of titanium makes it possible to increase the stability of tita-
nium complexes [2,3]. The most thermally stable of this series is bis(cyclopentadienyl)-
diferrocenyltitanium Cp,TiFc, (1), its decomposition temperature reaches 156 °C [3].

Note that complex 1 is one of only a few titanium compounds, for which high-temperature pyrolysis
leads to formation of metallic titanium films [4], hence the investigation of complex 1 reactivity is un-
deniably urgent.

Experimental

Reaction of 1 with iodine. To the solution of 0.65 g (1.20 mmol) complex 1 in 50 mL toluene at
20 °C 0.30 g (1.20 mmol) iodine in 20 mL toluene was added. In 24 h the solvent was removed, the re-
sidue was sequentially extracted by hexane and benzene. From benzene solution 0.31 g (0.60 mmol)
complex 1 and 0.22 g (0.51 mmol) bis(cyclopentadienyl)titanium (2, decomposition temperature
314 °C) were isolated by fractional crystallization. Found, %: C 27.11, H 2.38, I 57.86. Calculated
for C,oH,0l,T1, %: C 27.77, H 2.31, 1 58.79. After evaporation of hexane extracts diferrocenyl was iso-
lated (3, m.p. 231°C). Found, %: C 64.90, H 4.79, Fe 29.55. Calculated for C,,H;sFe,, %: C 64.86, H
4.86, Fe 30.28. The residue, insoluble in benzene (0.07 g) constituted a black crystal substance with de-
composition temperature 172°C. Found, %: C 32.69, H 2.75, I 49.89. Calculated for C,,H;sFe,l;, %:
C31.98,H2.27,150.73.

Reaction of 1 with carbon monoxide. The sample 0.65 g (1.20 mmol) complex 1 in 15 mL ben-
zene was placed into 50 mL autoclave. The pressure of carbon monoxide was increased up to 100 atm,
the temperature was 50°C. After agitation of the reaction mixture during 3 h it was cooled, the pressure
was released, 0.15 g (1.20 mmol) iodine was added in order to confirm the formation of
bis(cyclopentadienyl)titanium dicarbonyl. Liberation of 45 mL (2.00 mol) carbon monoxide was ob-
served. The reaction mixture was sequentially extracted by benzene and chloroform. After evaporation
of benzene 0.35 g (0.88 mmol) diferrocenylketone was obtained (3, m.p. 210 °C). Found, %: C 63.02, H
4.73, Fe 28.07. Calculated for C,;H;3Fe,0, %: C 63.29, H 4.52, Fe 28.14. Chloroform extracts were used
to isolate 0.46 g (1.06 mmol) complex 2.

Results and Discussion

Synthesizing a number of ferrocenyl compounds of transition metals has revealed the research ob-
jects in chemistry of metallocenes containing metal-ferrocenyl o-bonds [4]. Studying the peculiarities of
their structure has helped to determine the character of the abovementioned bond that is of z-character to

' The research was carried out by V.V. Sharutin under supervision of academician G.A. Razuvaev in 1982.
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some extent [4,5], so it is important to study reactivity of ferrocenyl compounds on the example of
bis(cyclopentadienyl)diferrocenyltitanium (1) reactions with iodine and carbon monoxide.

It is known that the action of halogenes (Hal,) on many organometallic compounds containing M—R
o-bonds leads to bond-breaking with formation of RHal and metal halogenides, e.g. in the reaction of
Cp,TiR, with iodine [6]:

szTle + 2 Iz —> szTlIz + 2RI
R = CH,Ph

The interaction of 1 with iodine, studied by us, proceeds in somewhat different way, which obviously
points at the reaction direction being governed by the kind of o-bonded ligand at the titanium atom.
Thus, apart from the initial complex 1 isolated from the reaction mixture, titanocene diiodide and difer-
rocenyl have been identified:

szTiFCz + 12 - szTlIz + Fc—Fc
FC:C10H9FC

Besides, a minor amount of diferricinium salt Fc,-I; has been separated from the reaction mixture. Its
presence among the reaction products suggests the direct participation of the oxidized form of ferrocenyl
ligand in the process course, as it was earlier shown that at the same conditions iodine and diferrocenyl,
when taken separately, did not react with each other [4].

Increase of percent yield for diferricinium salt Fc, 15 at excess amount of iodine in this reaction, as
well as the familiar property of ferrocene treated with iodine to produce compounds FcH:I, (n = 3-10),
speaks for intermediate complex of bis(cyclepentadienyl)diferrocenyltitanium with iodine, which de-
composes next, according to the scheme:

Cp,Til, + Fc-Fc
szTiFCz + Iz —> [szTlFCz . In]
CpngIz + Fc—Fc + FCz‘Ij,

As far as is known, the interaction of bis(cyclopentadienyl)diphenyltitanium with carbon dioxide
(toluene, 80°C, 1 atm) is accompanied by elimination of benzene and formation of titanocyclic com-
pound [7,8], therefore it is of interest to investigate how such a titanium complex with o-bonded ferro-
cenyl ligands reacts with carbon dioxide.

We have found that at the abovementioned conditions complex 1 does not react with carbon dio-
xide. Increase of reaction temperature up to 160°C is accompanied by removal of o-bonded ferrocenyl
ligands in the form of ferrocene and by breakdown of the initial biscyclopentadienyl structure into tita-
nium-containing remainder with the empirical formula «C,oHgTi». At the same time the interaction of
bis(cyclopentadienyl)diferrocenyltitanium with carbon monoxide (benzene, 100 atm, 50°C, 3 h) leads to
the synthesis of diferrocenylketone and titanocene dicarbonyl, the presence of which has been proved by
chemical method:

CpsTiFe, + 3CO — Cp,Ti(CO), + FesC=0
szTl(CO)z + L, > szTlIz + 2CO

Conclusions
Thus, the nature of the ligands, o-bonded with the central atom in titanium complexes of the general
formula Cp,TiR, (R=Fc, Ph), determines the scheme of their interaction with iodine and carbon oxides.
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HEKOTOPbLIE PEAKLIUA
BUC(UMKNONEHTAOUEHUN)AU®EPPOLEHUNTUTAHA'

Ir.A. Pasyeaes, B.B. LLlapymuH?
? FOxHO-Ypanbckuli 20cydapcmeeHHbill yHusepcumem, 2. YensbuHek

Biaumoneiictue Ouc(uuknonenTaauenmn)qudeppoucamttutana Cp,TiFc, (1) ¢ momom
(tomyomn, 20 °C, 24 4) mpoTtekaer ¢ 00pa30BaHHEM IUHOIMIA Ouc(IUKIOTICHTANCHIT)TUTaHA
Cp,Til, (2) u mudepponenwna Fc—Fc (3); moOoYHEIM NPOIYKTOM pPEAKIMU SBISIETCS CONb
Fc—FcI5 (4). Bzaumopeticteue 1 ¢ okcuaom yriaepoxa (100 atm, 6enzon, 50 °C, 3 4) mpuBOIUT K
CHHTE3y HU(eppoICHIUIKeTOHA (5) 1 JUKapOOHMIIA Ouc(IUKIONCHTaIUCHIIT)TUTaHA (6).

Kouesvie cnosa: buc(yuxnonenmaouenun)ougeppoyeHuimuman, peakyus, uoo, Kap-
Oonun yenepooa.
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SYNTHESIS AND STRUCTURE OF OSMIUM COMPLEX [Ph,4P].[OsBre]

V.V. Sharutin, vvsharutin@rambler.ru

O.K. Sharutina, sharutinao@mail.ru

V.S. Senchurin, senvi@rambler.ru

South Ural State University, Chelyabinsk, Russian Federation

Tetraphenylphosphonium hexabromoosmate, [PhyP],[OsBrg] (I), has been structurally
characterized after synthesis by interaction of sodium hexabromoosmate with tetraphenyl-
phosphonium bromide in dimethyl sulfoxide. The phosphorus atoms of [Ph,P]" cations have
distorted tetrahedral coordination geometry (CPC angles are 106.23(11)°-113.23(10)°), the
P—C bond lengths are 1.791(2)-1.801(2) A). In octahedral [OsBr¢]*~ anions the Os—Br bond
lengths equal 2.4752(2)-2.5020(3) A, trans-BrOsBr angles are 180°.

Keywords: sodium hexabromoosmate, tetraphenylphosphonium bromide, dimethyl sul-
foxide, complex [Ph,P],[OsBrg], crystal structure, X-ray diffraction analysis.

Introduction

Complexes containing [OsBre]*” anions are some of the least structurally characterized ionic os-
mium complexes [1]; among them there is only one complex with phosphonium cations,
[PhsPH]",[OsBre]* [2].

In the present paper the synthesis and structure of osmium complex [Ph4P]",[OsBrs]*” (1) has been
described.

Experimental

Synthesis of [PhyP]*,[OsBrg]*” (1). A mixture of 0.035 g (0.08 mmol) of tetraphenylphosphonium
bromide and 0.030 g (0.04 mmol) of sodium hexabromoosmate was dissolved by stirring in 2 mL of di-
methyl sulfoxide. After evaporation of the solvent, formation of dark brown crystals was observed; they
were filtered off and dried. 0.046 g (82%) of the complex was obtained, m.p. 320°C. IR (v, cm™): 3053,
1583, 1482, 1437, 1313, 1186, 1107, 1025, 995, 761, 752, 721, 690, 663, 531, 522. Found, %: C 42.49,
H 3.06. Anal. calc. for C4;3H4oP,BrsOs (M = 1348.37), %: C 42.74, H 2.97.

IR-spectrum was recorded on a Bruker Tensor 27 IR spectrometer in KBr pellet.

The X-ray diffraction experiment for crystal 1 was carried out on a Bruker D8 Quest diffractome-
ter (Mo K, radiation, A = 0.71073 A, graphite monochromator). Data collection, their editing, and re-
finement of the unit cell parameters, as well as accounting for absorption, were carried out using the
SMART and SAINT-Plus programs [3]. All calculations for structure determination and refinement were
carried out using the SHELXL/PC program [4]. Structure 1 was determined by the direct method and
refined by the least-squares method in anisotropic approximation for non-hydrogen atoms. The main
crystallographic data and structure refinement details are given in Table 1. The main bond lengths and
bond angles are listed in Table 2.

The full tables of atomic coordinates, bond lengths, and bond angles were deposited with the Cam-
bridge Crystallographic Data Centre (Ne 1000138; deposit@ccdc.cam.ac.uk; http://www.ccdc.cam.ac.uk).

Table 1
Crystallographic data, the experimental and structure refinement parameters for compound 1
Parameter Value
Formula C,43H40P,BrsOs
M 1348.37
T, K 296(2)
Crystal system Triclinic
Space group P-1
BecTHuk KOYpIY. Cepus «Xumusy». 13
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Table 1 (end)

Parameter Value
a, A 10.2879(4)
b, A 10.5331(4)
c, A 12.1824(5)
a,deg 92.7640(10)
p.deg 99.9850(10)
y,deg 116.3110(10)
v, A’ 1153.68(8)
Z 1
p(calc.), g/em’ 1.941
4, mm 8.061
F(000) 644.0
Crystal size, mm 0.32x0.26 x0.13
0 Range of data collection, deg 5.92 — 52.86
Range of refraction indices —12<h<12,-13<k<13,-15<1<15
Measured reflections 36441
Independent reflections 4730 (R = 0.0245)
Refinement variables 259
GOOF 1.105

R factors for F>> 26(F?)

R, =0.0171, wR, =0.0416

R factors for all reflections

R, =0.0195, wR, =0.0426

Residual electron density (min/max), /A’

0.35/-0.66

Table 2
Selected bond lengths (d) and bond angles (®) in the structure of compound 1

Bond d, A Angle o, deg

Os(1)-Br(1" 2.4985(2) Br(1"Os(1)Brl 180.0
Os(1)-Br(1) 2.4986(2) Br(2)Os(1)Brl 91.620(8)
Os(1)-Br(2) 2.4752(2) Br(2l)OS(1)Br1 88.380(8)
Os(1)-Br(3) 2.5019(3) C(H)P(1)C31 106.23(11)
Os(l)—Br(3l) 2.5020(3) C(HP(1)CI11 109.65(11)
P(1)-C(1) 1.798(2) CB1P(1)C11 109.57(11)
P(1)-C(31) 1.800(2) CQ1P(1)C1 113.23(10)
P(1)-C(21) 1.791(2) C(21)P(1)C31 108.47(10)
P(1)-C(11) 1.801(2) C1HP(1)C11 109.60(11)

Symmetry transformation: '-x, 1-y, 1-z

Results and Discussion

It is known that the synthesis of osmium complex [PhsPH]",[OsBr]>” was carried out by consecu-
tive addition of triphenylphosphine, glacial acetic acid and acetic anhydride to the dichloromethane solu-
tion of tetrabutylammonium hexabromoosmate, and heating of the reaction mixture for 3 days at 55-60

°C, with the yield equaling 29% [2].

We have ascertained that the reaction of sodium hexabromoosmate with tetraphenylphosphonium
bromide in dimethyl sulfoxide leads to formation of air-stable dark brown crystals of tetraphenylphos-
phonium hexabromoosmate (1), isolated from the reaction mixture with the yield equaling 82 %:

DMSO

2 Ph,PBr+ Na,OsBry —  [PhyP]",[OsBrs]> + 2 NaBr
1
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Senchurin V.S. of osmium complex [Ph,P],[OsBrg]

According to the X-ray diffraction data, phosphorus atoms in tetraphenylphosphonium cations
have slightly distorted tetrahedral coordination geometry: CPC angles lie within the range
106.23(11)°-113.23(10)°, P-C distances are 1.791(2)-1.801(2) A) (Fig. 1).

cap C» O3

: C(14)
c(16) C(15)

Fig. 1. Structure of complex 1

In centrosymmetric octahedral [OsBrg]*™ anions, the Os—Br bond lengths equal 2.4752(2)—2.5020(3)
A, trans-BrOsBr angles are 180°. Two tetraphenylphosphonium cations are bonded with hexabromoos-
mate anion by intermolecular H---Br hydrogen bonds (2.90 and 3.01 A) (Fig. 2).

Fig. 2. The system of hydrogen bonds in the crystal of complex 1

Conclusions
Thus, the osmium complex with the tetrahedral tetraphenylphosphonium cation and the centro-

symmetric octahedral Os-,Br-containing [OsBre]*~ anion has been synthesized and structurally characte-
rized for the first time. Formation of crystal structure occurs due to intermolecular H---Br hydrogen
bonds between tetraphenylphosphonium cations and hexabromoosmate anions.
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CUHTE3 U CTPOEHUE KOMIJIEKCA OCMUA [Ph4P],[OsBrg]

B.B. WapymuH, O.K. llapymuHa, B.C. CeH4yypuH
FOxHo-Ypanbckuli 2cocydapcmeeHHbIl yHusepcumem, 2. HernsbuHCkK

B3aumogeiictBuem rexcabpomoocmara Hatpusi ¢ Opomuigom Tterpadenmwidochonus B
JTUMETHIICYTB(OKCUIE CHHTE3UPOBaH M CTPYKTYPHO OXapakTepPH30BaH TreKcabpOMOOCMaT
terpadenunpocdonus [PhyP],[OsBrs] (I). ATomsr dochopa B katnonax [PhyP]" umeror uc-
KOKEHHYIO TeTpadapudeckyio koopauHamuio (yrier CPC 106.23(11)°-113.23(10)°), pac-
crosuns P-C cocrapmsior 1.791(2)-1.801(2) A). B oxrasmpuueckux anmonax [OsBrg]”
nuHbI cBszeit Os—Br pasubl 2.4752(2)-2.5020(3) A, yrast mpanc-BrOsBr coctapnsior 180°.

Knioueswvie cnosa: eexcabpomoocmam nampus, opomud mempadenuroc@ornus, oume-
muacyabpoxcud, komnnexc [Ph,P],[OsBrg], cmpykmypa, penmeenocmpyKmypHbiil AHALU3.
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INTERACTION OF PENTAPHENYLANTIMONY

WITH ACETYLENEDICARBOXYLIC ACID.

MOLECULAR STRUCTURE OF BIS(TETRAPHENYLANTIMONY)
ACETYLENEDICARBOXILATE

V.V. Sharutin, vvsharutin@rambler.ru

O.K. Sharutina, sharutinao@mail.ru

Yu.O. Gubanova, ulchik_7757@mail.ru

South Ural State University, Chelyabinsk, Russian Federation

Bis(tetraphenylantimony) acetylenedicarboxilate (1) has been synthesized by the
interaction of pentaphenylantimony with acetylenedicarboxylic acid (mole ratio 2:1 or
1:1) in toluene. In molecule 1 the acid anion has the bridging role and bonds Ph,Sb
fragments. The antimony atoms have distorted trigonal bipyramidal coordination with
the oxygen atom in the axial position. The Sb—O bond lengths are 2.287(4) and
2.389(4) A, the Sb—C bond lengths are 2.110(7)-2.179(6) A and 2.108(6)-2.165(6) A.

Keywords: pentaphenylantimony, acetylenedicarboxylic acid, bis(tetraphenyl-
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Introduction

It is known that the interaction of pentaarylantimony with dicarboxylic acid can give two types of
compounds: acidic tetraarylantimony carboxilates and bis(tetraarylantimony) carboxilates [1-4]. Ac-
cording to the X-ray diffraction data, the coordination of antimony atoms in these types of molecules is
significantly different. In the first case there is a tendency of the Ar,Sb fragment to the transformation
into the tetrahedric configuration, which is accompanied by increase of the distance between the anti-
mony atom and the oxygen atom of the monodentate carboxylic ligand, which has the bond of coordi-
nating character [1-3].

In binuclear bis(tetraarylantimony) carboxilates the antimony atom has a slightly distorted trigonal
bipyramidal coordination [SbC,O]. As a rule, the bridging carboxilyc ligand has anisobidental type of
coordination caused by intramolecular interactions Sb-*O=C between the antimony atoms and carbonyl
oxygen atoms [2, 4-6]. Only oxalate ligand is coordinated to the antimony atom almost symmetrically,
thus the antimony atom coordination transforms into the octahedral one [7].

In the continuation of our research of organoantimony dicarboxylic acid derivatives the reactions of
pentaphenylantimony with acetylenedicarboxylic acid have been studied. The product structure has been
determined by the X-ray diffraction analysis.

Experimental

Interaction of pentaphenylantimony with acetylenedicarboxylic acid. A) A mixture of 0.200 g
(0.394 mmol) of pentaphenylantimony and 0.022 g (0.197 mmol) of acetylenedicarboxylic acid in 5 mL
of toluene was kept in a sealed glass ampoule at room temperature for 24 h. The solution was concen-
trated, the crystals were filtered off and dried. The substance was isolated as 0.173 g (90 %) of colorless
crystals 1 with T4, = 178 °C. Found, %: C 64.09; H 4.23. For Cs5,H4004Sb,, anal. calcd, %: C 64.20; H
4.11. IR spectrum (v, cm™'): 3401, 3057, 2989, 1632, 1612, 1577, 1479, 1435, 1389, 1322, 1289, 1184,
1158, 1067, 1021, 996, 774, 731, 691, 670, 460.

B) A mixture of 0.200 g (0.394 mmol) of pentaphenylantimony and 0.044 g (0.394 mmol) of acety-
lenedicarboxylic acid in 5 mL of toluene was heated in a sealed glass ampoule in a boiling water bath
for 15 min. Large crystals of bis(tetraphenylantimony) carbonate with T,, = 234 °C were observed on the
ampoule walls during cooling. IR spectrum (v, cmﬁl): 3050, 1577, 1472, 1429, 1382, 1332, 1304, 1264,
1186, 1157, 1067, 1021, 997, 830, 730, 691, 653, 457.

The supernatant toluene solution was concentrated, the crystals were filtered off and dried. The
substance was isolated as 0.149 g (76 %) of colorless crystals of tetraphenylantimony propiolate with
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T = 174 °C (with decomposition). Found, (%): C 64.81; H 4.29. For C,;H,,0,Sb, anal. calcd, (%): C
64.96; H 4.21. IR spectrum (v, cm_l): 3277, 3053, 3010, 2990, 2917, 2591, 2361, 2178, 2091, 1967,
1885, 1819, 1621, 1575, 1562, 1477, 1433, 1377, 1333, 1301, 1187, 1158, 1070, 1057, 1020, 997, 883,
782,737, 693, 658, 643, 601, 586, 462, 447.

IR spectra were recorded in KBr pellets on the IR Fourier-transform spectrometer Bruker
Tensor 27.

The X-ray diffraction analyses of crystal 1 was performed on the Bruker D8 Quest diffractometer
(Mo K -radiation, A = 0.71073 A, graphite monochromator). The data collection and editing as well as
the refinement of unit cell parameters and the absorption accounting were carried out using SMART and
SAINT Plus program packages [8]. All calculations for the structure determination and refinement were
carried out using the SHELXTL/PC [9] and OLEX2 [10] programs packages. The structures were deter-
mined by the direct method and refined by least-squares method calculations in anisotropic approximation
for non-hydrogen atoms. Selected crystallographic data and structure refinement results for compounds I

and II are given in Table 1, and selected bond lengths and bond angles are listed in Table 2.
The full tables of atomic coordinates, bond lengths, and bond angles were deposited with the

Cambridge  Crystallographic = Data  Centre (CCDC  994821;  deposit@ccdc.cam.ac.uk;
http://www.ccdc.cam.ac.uk).
Table 1
Crystallographic data and the experimental and structure refinement parameters for compound 1
Parameter Value
Empirical formula Cs5,H4004Sb,
Formula weight 972.34
T,K 296(2)
Crystal system Monoclinic
Space group P2,/c
a, A 10.0115(4)
b, A 21.1868(8)
c, A 22.6148(9)
o, deg 90.00
B, deg 91.530(2)
Y, deg 90.00
v, A’ 4795.2(3)
7z 4
p(calced.), g/em’ 1.347
p, mm 1.167
F(000) 1944.0
Crystal size, mm 0.92%0.18x0.09
20 Range of data collection, deg 6.64 — 46.62°
Range of refraction indices —-9<h<11,-23<k<22,-25<1<23
Measured reflections 12802
Independent reflections 6525
Ry 0.0282
Refinement variables 523
GOOF 1.095
R factors for F* > 26(F) R, =0.0401, wR, = 0.1132
R factors for all reflections R, =0.0576, wR, =0.1226
Residual electron density (min/max), e/A’ 1.02/-0.41
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Table 2
Selected bond lengths and bond angles in the structure of compound 1
Bond d, A Angle o, deg
Sb(1)-0(1) 2.287(4) C(1)Sb(1)O(1) 84.7(2)
Sb(1)-C(1) 2.110(7) C(1)Sb(1)C(31) 96.7(2)
Sb(1)-C(31) 2.179(6) C(1)Sb(1)C(11) 114.6(2)
Sb(1)-C(11) 2.118(6) C(1)Sb(1)C(21) 124.6(2)
Sb(1)-C(21) 2.133(6) C(31)Sb(1)O(1) 175.20(18)
Sb(2)-0(3) 2.389(4) C(11)Sb(1)O(1) 81.91(18)
Sb(2)-C(51) 2.108(6) C(11)Sb(1)C(31) 93.3(2)
Sb(2)—-C(41) 2.119(6) C(11)Sb(1)C(21) 117.8(2)
Sb(2)—C(61) 2.102(6) C(21)Sb(1)O(1) 85.49(19)
Sb(2)—C(71) 2.165(6) C(21)Sb(1)C(31) 97.3(2)
C(7)-0(1) 1.293(7) C(51)Sb(2)0(3) 89.54(19)
C(7)-0(2) 1.212(7) C(51)Sb(2)C(41) 119.6(2)
C(10)-0(3) 1.255(7) C(51)Sb(2)C(71) 94.5(2)
C(10)-0(4) 1.224(7) C(41)Sb(2)0O(3) 82.4(2)
Sb(1)---O(2) 3.297(6) C(41)Sb(2)C(71) 98.5(2)

Results and Discussion

We have found that the reaction of pentaphenylantimony with dicarboxylic acid (mole ratio 2:1
or 1:1) proceeds in toluene solution at room temperature with the substitution of hydrogen atoms in two
carboxyl groups and the formation of bis(tetraphenylantimony) acetylenedicarboxilate (1). The yield of
compound 1 is up to 90%:

2 PhsSb + HOC(0)C=CC(O)OH — Ph,SbOC(0)C=C(O)COSbPh, + 2 PhH
1

Only one carboxyl group reacts with pentaphenylantimony after short-duration heating of equimolar
quantities in toluene solution. The second group is decarboxylated in this case.

PhsSb + HOC(O)C=C(O)COH — Phs;SbOC(O)C=CH +PhH + CO,

The yield of tetraphenylantimony propiolate isolated from the reaction mixture is 76%. Its IR spec-
trum, melting point and parameters of crystal cell correspond to the similar characteristics of the com-
pound synthesized from pentaphenylantimony and propiolic acid [11]. Bis(tetraphenylantimony) carbo-
nate (PhySb),CO; is the second product of this reaction with the yield about 10%. This product has
been identified by its melting point and IR spectrum. As shown by X-ray diffraction, the obtained
bis(tetraphenylantimony) carbonate has triclinic modification described in the paper [12].

According to the X-ray diffraction data, the acid anion in molecule 1 has the bridging role and
bonds Ph,Sb fragments. The Sb(1,2) atoms have distorted trigonal bipyramidal coordination with car-
boxylate and phenyl ligands in the axial positions (Fig. 1).

ce4)

C(64)

Fig. 1. The structure of compound 1
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The axial angles OSb(1,2)C are equal to 175.2(2)° and 174.7(2)°. The sums of the CSbC angles in
the equatorial planes are 357.0(2)° and 356.2(2)°, respectively. There is deviation of Sb(1,2) atoms from
the equatorial plane towards the carbon atom in the axial position up to 0.218(2) A and 0.237(2) A. The
angles between the axial and equatorial bonds of OSb(1,2)C are less than 90° (81.9(2)-85.5(2)°,
(78.8(2)—89.5(2)°), for CSb(1,2)C they are more than 90° (93.3(2)-97.3(2)°, 94.5(2)-98.5(2)°). The
length of Sb(1,2)-C equatorial bonds changes in the ranges 2.110(7)-2.133(6) A, 2.108(6)-2.119(6) A.
The axial distances Sb(1,2)-C (2.179(6) A and 2.165(6) A) are greater than equatorial ones. The
Sb(1)-0(1) (2.287(4) A) and Sb(2)-O(3) (2.389(4) A) bonds are longer than the sum of covalent radii
of antimony and oxygen (2.05 A [13]). As one would expect, the C(7)-O(1) (1.293(7) A), C(10)-0(3)
(1.255(7) A) distances in the carboxyl group are greater than the C(7)-O(2) (1.212(7) A) and
C(10)-O(4) (1.224(7) A) distances. In structure 1 bidentate properties of the carboxylate ligands almost
do not appear. The intramolecular Sb(1)---O(2) and Sb(2)---O(4) distances are 3.297(6) and 3.794(6) A,
while the sum of antimony and oxygen van der Waals radii equals 3.70 A [13]. For comparison: in the
bis(tetraphenylantimony) maleinate molecule the Sb—O and Sb---O distances equal 2.206, 2.218 A and
3.236,3.259 A [2].

The torsion angle in the dicarboxylic acid anion O(2)C(7)C(10)O(4) is —50.3(7)°. Acetylene frag-
ment has almost linear structure: the angles C(7)C(8)C(9) and C(10)C(9)C(8) are 177.8(7)° and
175.2(7)°, the distance C(8)—C(9) (1.177(9) A) corresponds to the triple bond.

The structural organization of the crystal is formed with the participation of weak hydrogen bonds
of (Ph)C—H---O(=C) type.

Conclusions

Thus, the interaction between pentaphenylantimony with acetylenedicarboxylic acid has the specif-
ic feature: under mild conditions both carboxylic groups react. We did not succeed in isolation of acidic
tetraphenylantimony carboxilate. Even short-duration heating of reaction mixture is accompanied by the
decarboxylation of a carboxyl group in the acid and the formation of tetraphenylantimony propiolate.

In the bis(tetraphenylantimony) acetylenedicarboxilate molecule the carboxylate groups are charac-
terized by the monodental type of the bond.
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B3AUMOOENCTBUE NEHTA®EHUIICYPbMbI

C AUETUNEHOUKAPBEOHOBOW KUCNOTOMN.

MONEKYNAPHAA CTPYKTYPA ALETUNNEHOANMKAPBEOKCUNATA
BUC(TETPA®EHUJICYPbMbI)

B.B. lapymuH, O.K. lapymuHa, KO.O. 'y6aHoea
HOxHo-Ypanbckul eocydapcmeeHHbil yHUsepcumem, 2. YensabuHck

BsanmMopeiicTBreM meHTaQEeHWICYPBMBI C alleTIIICHINKApOOHOBOU KucimoTor (2:1 wmmm
1:1 MONBH.) B TOJIyOJIe TIOJNIYYEH aleTHICHIUKapOOKcHuiar Ouc(terpadermwicypbMmser) (1). B
MOJIeKyJie | OCTaTOK KHCIIOTHI BBINOJHSET MOCTHKOBYIO (DYHKIHIO, COCOHMHSS (PparMeHTHI
Ph,Sb. ATOMBI CypbMBI UMEIOT MCK2)KEHHYIO TPHTOHAJIHHO-OMITMPaMUAAIbHYIO KOODIHHA-
IIUI0 C aTOMOM KHCJIOpoJa B akCHajJbHOM monoxeHuu. JlmmHa cBszeit Sb—O 2.287(4) u
2.389(4) A, Sb—C 2.110(7)-2.179(6) A n 2.108(6)-2.165(6) A.

Kniouegvie cnosa: nenmaghenuncypoma, ayemunenoukapOOHO8as KUCIOMA, ayemuieH-
Oukapbokcuram ouc(mempagpenuicypbmvl), MOIEKYIAPHAS CMPYKMYpPA, DeHMeHOCMPYK-
MYPHLL AHATU3.
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OXIDATION OF TRI(O-TOLYL)ANTIMONY BY TERT-BUTYL
HYDROPEROXIDE. MOLECULAR STRUCTURES

OF BIS[j,-OXO- TRI(O-TOLYL)ANTIMONY]

AND p,-OXO-BIS[(TERT-BUTYLPEROXY)TRI(O-TOLYL)ANTIMONY]

V.V. Sharutin, vvsharutin@rambler.ru

O.K. Sharutina, sharutinao@mail.ru

E.V. Artem'eva, katriona_dr@mail.ru

M.S. Makerova, marina.mms74@mail.ru

South Ural State University, Chelyabinsk, Russian Federation

Tri(o-tolyl)antimony oxidation by equimolar amount of tert-butyl hydroperoxide in die-
thyl ether led to the formation of bis[u,-0xo-tri(o-tolyl)antimony] (1). At the molar ratio of
reactants 1:2 or 1:4 py-oxo-bis[(tert-butylperoxy)tri(o-tolyl)antimony] (2) has been formed.
According to the X-ray analysis data, antimony atoms are in the trigonal bipyramidal coordi-
nation in molecules 1 and 2. The bond lengths Sb—O vary within the ranges
1.937(2)-2.078(2) A (1) and 1.975(17)-2.216(15) A (2).

Keywords: tri(ortho-tolyl)antimony, tert-butyl hydroperoxide, oxidation, bis[u,-oxo-
tri(o-tolyl)antimony], uj,-oxo-bis[(tert-butylperoxy)tri(o-tolyl)antimony|, molecular struc-
tures, X-ray analysis.

The interactions between triarylantimony and inorganic and organic oxidizing agents were investi-
gated by many authors, for example [1-4]. The studies of reactions of triarylantimony with hydroperox-
ides are of great importance, as the products are useful precursors of derivatives with general formula
Ar;SbX, (X = acid radical HX) [5—10]. It has been found that hydrogen peroxide oxidizes triarylantimo-
ny to produce oxide Ar;SbO (Ar = Ph, p-Tol) or dihydroxide Ar;Sb(OH), (Ar = 2,4,6-Me;C¢H,), de-
pending on the volume of organic radical bonded with antimony atom, it is believed [10, 11]. The inte-
raction of triarylantimony with terz-butyl hydroperoxide was studied on the example of triphenylantimo-
ny only. The molecular structure of the reaction product was found to depend on the amount of an oxi-
dizing agent. Triphenylantimony oxide was formed at stoichiometric ratio of reactants and may be dime-
rized or polymerized [12—14]. Stable antimony peroxides Ph;Sb(OOBu-f), and (Ph;SbOOBu-£),0 are
formed in the presence of the excess of fert-butyl hydroperoxide [15].

The reactions of tri(o-tolyl)antimony with zerz-butyl hydroperoxide at various molar ratios of the
reactants have been investigated and crystal and molecular structures of the products have been deter-
mined in the present paper.

Experimental

Synthesis of bis[u,-oxo-tri(o-tolyl)antimony] (1). Tri(o-tolyl)antimony (200 mg, 0.50 mmol) was
dissolved in diethyl ether (20 mL). Then fert-butyl hydroperoxide (66 mg of 70 % aqueous solution,
0.50 mmol) was added. The solution was left to stand for 24 hours at temperature 20 °C. When the sol-
vent evaporated, colourless cristalline substance 1 was obtained; the product yield was 199 mg (95 %),
MP: 216 °C.

IR spectrum (v, cm™'): 3048, 2921, 2854, 1584, 1446,1280, 1202, 1160, 1120, 1031,935, 918,
890,764, 750, 740, 655, 636, 491, 471, 435.

Synthesis of u,-0xo-bis[(tert-butylperoxy)tri(o-tolyl)antimony]| 2. Tri(o-tolyl)antimony (200 mg,
0.50 mmol) was dissolved in diethyl ether (20 mL). Then fert-butyl hydroperoxide (132 mg of 70 %
aqueous solution, 1.00 mmol) was added. The solution was left to stand for 24 hours at temperature 20
°C. Colorless crystals 2 were obtained; yield 230 mg (92 %), MP: 162 °C.

The reaction with the molar ratio 1:4 was carried out at the same conditons. The product yield of
substance 2 was 87 %.
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IR spectrum of the substunce 1 was recorded on the Bruker Tensor 27 FT-IR (KBr pellets;
4000400 cm™).

The X-ray diffraction analyses of crystalline substances 1 and 2 were made on the Bruker D8
QUEST automatic four-circle diffractometer (Mo K -emission, A = 0.71073 A, graphite monochroma-
tor). The data were collected and analyzed, the unit cell parameters were refined, and the absorption cor-
rection was applied using the SMART and SAINT-Plus programs [16]. All calculations for structure de-
termination and refinement were performed using the SHELXL/PC programs [17]. The structures 1 and
2 were determined by the direct method and refined by the least-squares method in the anisotropic ap-
proximation for non-hydrogen atoms.

The main crystallographic data and refinement results for structures 1 and 2 are listed in Table 1.
The selected bond lengths and bond angles are given in Table 2.

Crystallographic data and the experimental and structure refinement parameters for compound 1 Table
Value
Parameter I )
Empirical formula C42H42028b2 C50H6005 Sb2
Formula weight 822.26 984.48
T, K 296(2) 296(2)
Crystal system Triclinic Triclinic
Space group P-1 P1
a, A 11.0684(3) 10.3355(4)
b, A 11.1721(3) 11.0049(5)
c, A 17.0248(5) 11.0848(4)
o, deg 80.7820(10) 69.771(2)
B, deg 86.0600(10) 84.636(2)
vy, deg 61.0370(10) 81.907(2)
v, A’ 1818.06(9) 1169.88(8)
Z 2 1
p(caled.), g/em’ 1.502 1.397
u, mm”' 1.520 1.198
F(000) 824.0 502.0
Crystal size, mm 0.17x0.09x0.08 0.55%0.38x%0.21
20 Range of data collection, deg 7.38 — 58.28° 3.98 —47.5°
Range of refraction indices “15sh=15,-15<k=15, “lshs1l,-12<k=<12,
-23<1<23 -12<1<12
Measured reflections 32558 14775
Independent reflections 9014 6981
Rine 0.0480 0.0245
Refinement variables 421 521
GOOF 1.030 1.159
R factors for F* > 26(F?) R, =0.0314, wR, = 0.0551 R, =0.0511, wR, =0.1274
R factors for all reflections R, =0.0564, wR, =0.0611 R, =0.0589, wR, =0.1361
Res“éﬁﬁggﬁ/dg? i 0.49/-0.33 1.04/-2.17
Table 2
Selected bond lengthes and bond angles in the structures of compounds 1-2
Bond [ 4 A ] Angle | o, deg Bond [ 4 A ] Angle | o, deg

1 2

Sb(1)-Sb(1a) [ 3.1409(4) [ O(1a)Sb(1)C(1) [165.14(10)| Sb(1)-0(1) [1.997(17)[ O(1)Sb(1)C(11) | 93.7(9)
Sb(1)-0(1) |1.9372(18)] O(1)Sb(1)C(11) |114.54(10)|Sb(1)-C(11)]2.145(14)| O(1)Sb(1)O(2) | 167.6(6)
Sb(1)-O(1a) |2.0784(18)| O(1a)Sb(1)C(11) | 89.40(9) | Sb(1)-0(2) | 2.143(18)| O(1)Sb(1)C(21) | 86.7(7)
Sb(1)-C(1) | 2180(3) | O(1)Sb(1)C(21) |130.04(10)| Sb(1)-C(21)[2.166(17)] O(1)Sb(1)C(1) | 95.3(8)
Sb(1)-C(11) | 2.135(3) | C(11)Sb(1) C(1) | 103.30(11)| Sb(1)~C(1) | 2.18(2) | C(11)Sb(1)C(21)]|116.3(10)
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Table 2 (end)

Bond

d A ]

Angle |

o, deg

Bond

d, A

Angle |

o, deg

1

2

Sb(1)-C(21)

2.150(3)

C(11)Sb(1)C(21)

111.93(11)

Sb(2)-0(1)

1.951(18)

C(1DSb(1)C(1)

124.4(12)

Sb(2)-Sb(2b)

3.1441(3)

C(21)Sb(1)Sb(1a)

110.58(8)

Sb(2)-C(41)

2.150(17)

0(2)Sb(1)C(11)

87.2(9)

Sb(2)-0(2)

2.0585(17)

C2DSb(1)C(1)

96.05(11)

Sb(2)-C(61)

2.114(12)

0(2)Sb(1)C(21)

81.9(7)

Sb(2)-0(2b)

1.9473(17)

0(2b)Sb(2)C(31)

89.87(9)

Sb(2)-C(51)

2.114(12)

0(2)Sb(1)C(1)

94.3(8)

Sb(2)-C(31)

2.186(3)

0(2)Sb(2)C(31)

163.65(9)

Sb(2)-0(4)

2.129(17)

C(1)Sb(1)C(21)

118.9(10)

Sb(2)-C(41)

2.131(3)

0(2b)Sb(2)C(41)

108.70(10)

0(2)-0(3)

1.337(17)

Sb(2)O(1)Sb(1)

169.2(6)

Sb(2)-C(51)

2.151(3)

0(2)Sb(2)C(41)

92.51(10)

0(4)-0(5)

1.356(17)

C(22)C(21)Sb(1)

127.0(19)

0(1)-Sb(1a)

2.0784(18)

O(2b)Sb(2)C(51)

130.20(9)

0(5)-C(35)

1.51(2)

C(46)C(41)Sb(2)

114.2(15)

0(2)-Sb(2b)

1.9473(17)

0(2)Sb(2)C(51)

87.24(9)

0(3)-C(31)

1.451(17)

C(42)C(41)Sb(2)

124.6(15)

Symmetry relation: a) 1-x, -y, 2—-z; b) 2—x, 1-y, 1-z

The full tables of atomic coordinates, bond lengths, and bond angles for the substance 1 was depo-
sited with the Cambridge Crystallographic Data Centre (Ne 1052677; deposit@ccdc.cam.ac.uk;
http://www.ccdc.cam.ac.uk).

Results and Discussion

It has been found that the oxidation of tri(o-tolyl)antimony by tert-butylhydroperoxide at the molar
ratio 1:1 in diethyl ether goes with the formation of tri(o-tolyl)antimony oxide with dimeric structure:
bis[wy-oxo-tri(o-tolyl)antimony] (1):

2 (0-Tol);Sb + 2 +-BuOOH — [(0-Tol);SbO], + 2 -BuOH
According to X-ray diffraction data the crystal of compound 1 contains two types of crystallograph-

ically independent molecules (A, B). The antimony atoms have intermediate coordination between tri-
gonal-bipyramidal and square-pyramidal coordination (Fig. 1).

c(24)

Fig. 1. The structure of compound 1A (hydrogen atoms aren’t shown)

Two carbon atoms of the aryl substituents and p,-bridging oxygen atom are placed in equatorial
plane, the second p,-bridging oxygen atom and carbon atom are in axial positions. The sum of equatorial
OSbC and CSbC angles is 356.57(10)° for A and 350.83(10)° for B. The axial OSbC angles are signifi-
cantly distorted, they are equal to 165.14(10)° and 163.65(9)°. The OSbO and SbOSb angles in the flat
cyclic fragment [Sb,0,] equal 77.14(8)°, 102.86(8)° (A) and 76.62(8)°, 103.13(7)° (B). The Sb—C,, bond
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lengths (2.135(3), 2.150(3) A A; 2.131(3), 2151(3) A B) and Sb—O, (1.937(2) A A; 1.943(2) A B) are
less than Sb—C,, (2.180(3) A A; 2.186(3) A B) and Sb-0,, (2.078(2) A A; 2.058(2) A B). The distances
between antimony atoms in the cycle (3.1409(5) (A), 3.1441(3) A (B)) are considerably less than the
double Van der Waals radius of antimony atom (4.4 A [18]). The o-Tol;Sb fragments in compound 1 are
in staggered conformation with respect to each other. Geometrical parameters of complex 1 are close to
geometrical parameters of such compounds as (Ph;SbO), [19] and [(2-MeOCsH,4);SbO], [20].

When the concentration of tert-butylhydroperoxide has increased (1:2 or 1:4) the single organoan-
timony product in the reaction mixture is p,-0xo-bis[(tert-butylperoxo)tri(o-tolyl)antimony] (2), the
product yield is 92 %:

2 (0-Tol);Sb + 4 t-BuOOH —> [(0-Tol);SbOOBu-1],0 + 2 -BuOH + H,0

The coordination polyhedron of antimony atoms in binuclear molecule 2 is an insignificantly dis-
torted trigonal bipyramid (Fig. 2). The bipyramid distortion is characterized by deflection of Sb(1) and
Sb(2) atoms from their respective equatorial planes by 0.02 A and 0.08 A to the direction of the bridging
oxygen atom O(1), which leads to angle deviation between axial and equatorial bonds from the theoreti-
cal value 90°. The axial OSb(1,2)O angles are equal to 167.6(6)° and 159.5(5)°.

The equatorial CSb(1,2)C angles are changed in the range of 116.3(8)°-124.4(12)°. The
Sb(1)O(1)Sb(2) angle is 169.2(6)°. The SbOSb fragment has linear structure in the centrosymmetric mo-
lecule of p,-oxo-bis[(tert-butylperoxo)triphenylantimony] [21].

c24)

Fig. 2. The structure of compound 2 (hydrogen atoms aren’t shown)

The equatorial bonds Sb(1)-C., and Sb(2)-C., are changed in the range of 2.14(1)-2.18(2) A and
2.10(1)-2.15(1) A.

The Sb(1,2)-O(1) distances are equal to 1.997(7) and 1.951(18) A, and they are less than terminal
distances Sb(1)-O(2) (2.143(18) A) and Sb(2)-O(4) (2.129(17) A) like in the molecule of p,-oxo-
bis[(tert-butylperoxo)triphenylantimony].

Conclusions

Thus, tert-butylhydroperoxide oxidizes tri(o-tolyl)antimony at the molar ratio of the reactants 1:1
into tri(o-tolyl)antimony oxide, which dimerizes into bis[p,-0xo-tri(o-tolyl)antimony]. With tert-
butylhydroperoxide in excess (1:2 and 1:4) the reaction proceeds with the formation of the single orga-
noantimony compound: p,-0x0-bis[(tert-butylperoxo)tri(o-tolyl) antimony].
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OKUCTNEHUE TPU(O-TONUN)CYPbMbI
TPETBYTUNIMOPONEPOKCUAOM. MONEKYNAPHBLIE CTPYKTYPbI
BUC[,-OKCO-TPU(O-TONWUN)CYPbMbI]

W 1,-OKCO-BUC[(TPETBYTUINMEPOKCO)TPU(O-TONMUM)CYPbMbI]

B.B. WapymuH, O.K. llapymuHa, E.B. Apmembeea, M.C. Makepoea
FOxHO-Yparnbckul 2ocyGapcmeeHHbIlU yHUsepcumem, 2. YensabuHck

Oxwucnenue Tpu(0-TONMIT)CYPbMBI SKBUMOJISIPHBIM KOJHYECTBOM mpemOyTHITHAPOTIC-
pokcHaa B 3pupe MPUBOIUT K 00pa3oBaHHIO Ouc||l,-0kco-Tpu(o-Tomun)cypbMei| (1). IIpu co-
OTHOIIEHUH peareHToB 1:2 unm 1:4 (MOJBH.) MPOAYKTOM PEAKIHH SIBISETCS LiH-OKCO-[TpH(0-
Ton)(mpemOyTmimepokco)-cypema) (2). I[lo manuemv PCA, B monekynax 1 u 2 atomsr Sb
NMEIOT HNCKAXEHHYIO TPUTOHAJIbHO-OMITMpaMUNabHyl0 KoopauHanmio. [lnuHa cBszeir Sb—O
m3MeHseTcs B uHTepBanax 1.937(2)-2.078(2) A (1) u 1.975(17)-2.216(15) A (2).

Kniouesvie crosa: mpu-o-moauncypbma, mpemoymuicuoponepokcuo, OKucieHue,
ouc[uy-oxco-mpu(o-monun)cypvmal, p-oxco-obuc/(mpemoymunnepoxco)mpu(o-moaun)-cypvmal,
MONEKYIAPHLIE CMPYKIMYPbl, PEHM2EHOCMPYKIMYPHbII AHAU3.
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ARENETRICARBONYLCHROMIUM COMPOUNDS.

PART 3. SYNTHESIS, CHARACTERISTICS AND SPECTROSCOPIC
RESEARCH OF n°-(ARENE)TRICARBONYLCHROMIUM DERIVATIVES
OF ISOXAZOLIDINES
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The series of n’-(arene)tricarbonylchromium complexes of isoxazolidines has been
obtained by 1,3-dipolar cycloaddition. The obtained compounds have been investigated by IR
spectroscopy, 'H NMR spectroscopy and mass spectrometry. It has been shown that Cr(CO);
group significantly influences the structure and spectral characteristics of synthesized hetero-
cycles.

Keywords: 1,3-dipolar cycloaddition, nitrone, isoxazolidine, n’-(arene)tricarbonyl-
chromium, IR spectroscopy, 'H NMR spectroscopy, mass spectrometry.

Introduction

The reaction of 1,3-dipolar cycloaddition are of fundamental importance, from theoretical and prac-
tical points of view alike, it is a classical synthesis method for five-membered heterocyclic compounds.
One of its essential parts is the interaction between nitrones and alkenes leading to formation of isoxazo-
lidines [1-3]. The enormous number of various functionally substituted compounds notwithstanding, the
n-complexes containing tricarbonylmetal groups are practically absent among them. Fundamental inter-
est in -complexes of such kind is in establishment of the influence of electron and steric factors pecu-
liar to n’-(arene)tricarbonyl group upon the selectivity of 1,3-dipolar addition and the structure of the
formed products.

Recently we have reported [4—6] that the introduction of Cr(CO); group into phenyl rings of both
nitrone and alkene leads to significant increase of regio- and diasterioselectivity for the 1,3-dipolar cyc-
loaddition reactions, at that nothing but C(3),C(5)-substituted isoxazolidines with predominantly cis-
structure is formed. In the present paper we describe the investigation of these compounds in detail, us-
ing various physicochemical methods of analysis.

Results and Discussion

The initial isoxazolidines have been obtained in accordance with the previously developed proce-
dure [4,5] (reactions (1)—(4), Scheme 1), in which a number of free and coordinated nitrones have been
used as dipoles in the 1,3-dipolar cycloaddition reactions:

\N: R Syt
O >‘o
Cr(CO);

R=CHj (a); t-C4Hy (b); C¢Hs (¢)

Styrene and n°-(styrene)tricarbonylchromium have been used of in this reaction as dipoles
(Scheme 1) [7].
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!

xR = N
N 2\0
O 4 5
1)

2

Cr(CO);

3(a-c)

\N _R — \O
o ° — Cr(CO);
4

CHco), Cr(CO);

Cr(CO);

4(a-c)

R=CHj; (a); t-C4Hy (b); CsHs (¢)

Scheme 1

All the processes, except reaction (1), have led to formation of isoxazolidines containing Cr(CO);
groups. The obtained arenetricarbonylchromium complexes of those heterocycles look like yellow crys-
talline substances that are comparatively stable in air. All isoxazolidines are isolated in the pure state
and investigated using various physicochemical methods of analysis.

The reaction conditions and some properties of isoxazolidines 2a-c—4a-c are represented in Table 1.
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Table 1
The reaction conditions and some properties of m-complexes of isoxazolidines 2a-c-4a-c
Reaction conditions . o
Compound Time, h Temperature, °C Yield, % M.p., °C
2a 6 90 25 94-95
2b 6 90 30 4041
2¢ 6 90 62 121-122
3a 40 105 66 91-92
3b 40 105 47 104-105
3¢ 40 105 42 112-113
4a 40 80 20 155-156
4b 40 80 36 136-137
4c 40 80 38 132-133

The IR spectra of each m-complex (2a-c — 4a-c) show the expected pair of stretching vibrations
from A, and E bands of tricarbonylchromium group. Repositioning of these bands in the spectrum often
provides valuable information concerning the electronic effects of a system. From the measurement re-
sults presented in Table 2 it follows that the values of stretching v, vibrations of the complexes suffer
comparatively small though reasonably regular changes that far exceed experimental error, under the
influence of a heterocyclic ring as a substituent. Repositioning of stretching v, vibrations inside the iso-
structural series can be considered as the result of electron influence of the heterocyclic ring. It is known
[8, 9] that the frequencies of carbonyl vibrations in IR spectra of the compounds of 1°~(C¢HsX)Cr(CO),
type are sensitive to electronic effects of the substituent X. Thus, n-donor groups, which increase the
negative charge on the oxygen atom, shift the v,, vibrations towards increasing wavelengths. To the con-
trary, the substituents with acceptor properties produce the opposite effect, viz. heighten the frequencies
of stretching vibrations. Correlation of the stretching vibration frequencies in the IR spectra of the inves-
tigated series and the IR spectrum of n°-(benzene)tricarbonylchromium (ve, = 1972, 1891 cm™') makes it
easy to see that the isoxazolidine ring is a weak donor with respect to Cr(CO); group.

Another characteristic feature of IR spectra of some compounds in this series is considerable split-
ting of v, bands of degenerate carbonyl vibrations. Doubling of E bands in IR spectra of carbonyl metal
complexes is not anything exceptional, it is explained by violation of the Cs, rule — the local symmetry
of tricarbonylchromium group. This rule holds quite well for the cases, in which it can be supposed that
M(CO); group rotates freely and carbonyl groups do not interact with other parts of a molecule. Such
splitting of E band for carbonyl vibrations has also been observed for many other complexes of transi-
tion metals, as an example, the substitution derivatives of n’-(cyclopentadienyl)tricarbonylmanganese
and —rhenium [8, 9], as well as the series of n°-(benzene)tricarbonylchromium [8]. Thus, in paper [10] it
has been shown that E band significantly splits for n°-(arene)tricarbonlylchromium alcohols containing
hydroxyl groups in a-position in relation to m-arene ring ((veo — Az 1960, E: 1870, 1720 cm™), while for
the alcohols containing OH groups in B- and y-positions any similar splitting of bands of degenerate vi-
brations is nonexistent.

In order to establish why E bands broaden and split in the series of m-complexes of isoxazolidines,
we carried out the investigation of IR spectra of these compounds in various media: in the solid state (in
potassium bromide pellets), as well as in cyclohexane and carbon tetrachloride solutions. As Table 2
suggests, for the solid samples of compounds 2a-c — 3a-c intensive splitting of E band is observed, in the
case of 3¢ it reaches the difference of wavenumbers A(V(E)) = 47 cm . Carbonyl area in IR spectra of
compound 3¢ is shown in Fig. 1. This appearance of the spectrum can be explained both by intermolecu-
lar interactions (crystalline factor) and by intramolecular interactions between one of carbonyl groups
and the oxygen atom of the heterocyclic ring.

It is known that during transition from solid samples to solutions crystalline factors cease to act,
which results in spectra with better resolution. As a rule, significant increase of the frequencies of car-
bonyl vibrations occurs at that (Table 2). By way of example, for isoxazolidine 3a the frequencies of
symmetrical v,, vibrations (A;) in cyclohexane and carbon tetrachloride solutions increase by 25 cm ',
while the frequencies of degenerate vibrations increase by 34 cm™' on average, in each case they consti-
tute only one unsplitted signal.
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Table 2
The frequencies of the symmetric (A;) and asymmetric (E) stretching carbonyl vibrations
in IR-spectra of isoxazolidines cis-2-4

—1
Veo. CM

Compound A, E

KBr n—C6H12 CC14 KBr n—C6H12 CC14
2a 1956 1979 1975 1875, 1862 1912 1905
2b 1961 1976 1972 1885, 1871 1909,1903 1901
2¢ 1957 1980 1976 1882, 1865 1914, 1905 1905
3a 1955 1980 1977 1894, 1875 1912 1906
3b 1951 1979 1975 1885, 1872 1911 1904
3c 1970 1981 1978 1904, 1857 1914 1907
4a 1953 — — 1885, 1877 — —
4b 1963 — — 1886, 1865 — —
4c 1961 — — 1887, 1870 — —

___________________

[ | I S,

1970 36—+ [ —1856.61 197763 L19m 37
: 1903.5 '
a) b)

Fig. 1. The IR-spectrum of isoxazolidine 3c in the area of carbonyl vibrations:
a — in the tablet of KBr, b — in the solution of CCl,

Therefore, owing to the investigation of IR spectra in crystalline state and in solutions it has been
shown that splitting of the bands of degenerate vibrations, observed for the solid samples, does not take
place in solutions, because of solvation of n’-(arene)tricarbonylchromium complexes of isoxazolidines
by the solvent molecules.

The structure and configuration of all obtained compounds have been established with the use of 'H
NMR spectroscopy as well. In the spectra of all complex isoxazolidines six groups of resonance signals
are observed: from the protons of a substituent at the nitrogen atom (CHj;, t-C,Hy, CsHs), from the me-
thylene protons at the fourth carbon atom of the heterocycle (2H, C(4)), from the single protons of the
ring (1H, C(3) and 1H, C(5)), as well as the protons of the free and coordinated phenyl rings (Table 3
and Experimental). The '"H NMR spectroscopy data, represented in Table 3, unambiguously prove that
the substituents in the isoxazolidine ring are located in positions 2,3,5. This assignment has been sug-
gested on the basis of resonance position for two protons of the methylene group and their spin-spin in-
teraction constants. If the configuration of the substituents in isoxazolidine is taken to be 2,3,4, then in
such NMR spectrum the complex multiplet in the area 4.0—4.5 ppm should be observed, which is actual-
ly observed for all 2,3,4-trisubstituted isoxazolidines. Instead of this, the spectra of all obtained coordi-
nated compounds have two quite narrow multiplets in the area 6 = 2.2-3.5 ppm, peculiar to 2,3,5-
substituted isoxazolidines.
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The chemical shifts and the view of NMR H'-spectra of the protons of heterocyclic rings of the isoxazolidines ci:-aZI-)tlle ’

Compound 2H(C(4)) HC(3) HC(5)
2a 2.28,3.24 (t.d, t.d) 3.78 (1) 5.27-5.38 (m)
2b 2.18-2.52,3.20-3.44 (m, m) 4.53 (d.d) 5.26 (1)
2c 2.39,3.15-3.53 (d.d.d, m) 5.04 (d.d) 5.13-5.33 (m)
3a 2.29,3.22-3.29 (d.d.d, m) 3.71 (1) 4.98 (d.d)
3b 2.19,3.16 (d.t, d.t) 4.49 (d.d) 4.88 (d.d)
3¢ 2.37,3.37 (dt, d.t) 5.00 (t) 5.00 (1)
4a 2.31,3.43 (dt, d.t) 3.83 (1) 5.07 (t)
4b 2.26-2.50, 3.14-3.70 (m, m) 4.51 (d.d) 4.99 (t)
4c 2.41,3.40 (d.d.d, d.d.d) 4.82-5.19 (m) 7.09-7.46 (m)

Another important aspect of the structure of n’-(arene)tricarbonylchromium complexes of isoxazo-
lidines is the arrangement of the substituents in relation to the heterocyclic ring plane. Assignment of the
studied compound to cis- or trans-series (in this case it means the relative position of substituents at C(3)
and C(5) carbon atoms of the heterocyclic ring) can be obtained on the basis of the well-known Karplus
relationship for vicinal proton-proton constants: 3Jy = f(0), also, mainly, from the analysis of qualita-
tive difference of chemical shifts (Ad) of methylene protons at atom C(4).

In the case of cis-arrangement of the substituents at C(3) and C(5) of the isoxazolidine ring, chemi-
cal shifts of protons H, and Hp (Fig. 2) strongly differ, as H, interacts only with the protons that lie on
the same side with it in relation to the heterocyclic ring plane, while Hp interacts with the protons on the
other side of the cycle. In this case the difference of chemical shifts usually falls within 0.7—1.2 ppm.

020

Rormalized Irtensity

Normalized Intensity

auc b
CHs
v
=N
H
HAW; )
Hg H @
2H, PhCr Cr(CO);
1H, C(S)H
= 1H, C3)H 1H, C(4)Hs 1H, C(4)HA
h P M i
G‘D E‘D ! 4‘5 4'0 3 3'0 2 !
Chemical Shift (ppm)
a)
3H, CH3
TpaHc 2
CHj
\
&9, N,
3H, PhCr H
2H, PhCr . HA\‘\‘ ']
2 & HB
1H, CE)H Cr(CO); 21, clajHats
. 1H, C(3)H "
T i
M )
0 4.‘5 4.‘U j 3‘5 ! 3.‘0 ! 2.‘5
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Fig. 2. The fragments of NMR H'-spectra (400 MHz, acetone-ds) of isoxazolidines cis-3a (a) and trans-3a (b)
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The interaction of protons H and Hg with the protons at carbon atoms C(3) and C(5) in the case of trans-
arrangement of the substituents is symmetrical, that is, the values of their screening are close and equal 0.2—
0.3 ppm, sometimes one complex multiplet can be observed. Indeed, comparison of the spectra represented in
Fig. 2 shows that the abovementioned rule is valid for them. Trans-2-methyl-5- n°
(phenyltricarbonylchromium)-3-phenylisoxazolidine (trans-3a), which is absent in Table 3, has been obtained
with low yield as a by-product of the reaction between C-phenyl-N-methylnitrone and n°-
(styrene)tricarbonylchromium (ref. Experimental section), it has been separated from its mixture with cis-3a
with the use of column chromatography on silica gel (by hexane/ethylacetate = 4:1 as the eluent). As can be
seen from Fig. 2, the spectrum of cis-3a isomer illustrates the strong magnetic nonequivalence of two protons
located at C(4) (Ada g~ 0.97 ppm), which proves the cis-configuration of this isomer. At the same time trans-
3a isomer has one broad unresolved multiplet in the range 2.62—2.79 ppm. Therefore, 'H NMR spectra make
it possible not only to establish the composition of the obtained components, but also to prove their spatial
structure unambiguously. The same purpose is served by mass spectra of these complexes.

For the obtained series of isoxazolidines with tricarbonylchromium groups the electron impact mass
spectra have been registered and their fragmentation has been studied. As in the case of other carbonyl
complexes of transition metals, the primary fragmentation consists in dissociation of three carbonyl
groups that occurs in stages, at that the successful removal of the first CO group from the molecular ion
[M]" brings leads to corresponding decrease in dissociation energy of the remaining M—CO bonds. It is
expressed in increasing intensity of the peaks in this sequence:

[M-CO]'< [M-2CO]" < [M-3CO]"

Indeed, all obtained isoxazolidine complexes form molecular ions [M]", which are principally trans-
formed into fragments [M-3CO]" by way of elimination of three carbon monoxide molecules, either si-
multaneously or sequentially in the fast two-stage process:

[M]'—[M-CO]" —[M-2CO]'—[M-3CO]"

After elimination of three CO groups (fragment [F,]") the disintegration of the heterocyclic ring
follows, essentially into two particles with formation of fragment ions [F,]", which correspond to retro-
disintegration (Scheme 2):

1
R aE
o] -
R N\ . — Rl
O 4 2/\N
R

R3

[F\]" [Fa]"
R'=CHj, t-C4Hs, CeHs; R, R*= CeHs, CHs[Cr(CO)s]

-
X\ R
O

Scheme 2

Previously it has been shown that cis-2-methyl-3,5-diphenylisoxazolidine is ionized at electron im-
pact with the formation of molecular ion [M]" = 239 (24%), with the most intensive fragment ion in the
spectrum [F]" = 135 (100%). Fragmentation of this compound can be represented by the following sim-
ple scheme 3.

Introduction of Cr(CO); groups into isoxazolidines decidedly complicates the pattern of disintegra-
tion through appearance of additional peaks as the result of sequential elimination of carbon monoxide,
as well as specific interaction of the metal. It is known that the primary ionization of a compound usual-
ly proceeds by way of the detachment of an electron from the higher bonding orbital of the organometal-
lic complex, which is of predominantly metal character. That is why during disintegration of the mole-
cular ion the charge usually remains on the metal-containing fragment. So the greater part of ion current
consists of metal-containing ions.
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Scheme 3

Investigation of the influence of Cr(CO); groups upon the fragmentation process for isoxazolidines
under electron impact has shown that the peaks of molecular ions have low intensity; much more inten-
sive are the peaks of ions [F,]" that correspond to the molecular ion after elimination of three carbonyl
groups [M-3CO]", as well as the ions resulting from disintegration of the heterocyclic ring. Just as with
uncoordinated isoxazolidines the main (the most intensive) peaks in the mass spectra of all the studied
compounds correspond to fragment ions [F,]", which are formed after disintegration of [F,]" with elimi-
nation of styrene molecule. The direction of the following fragmentation depends on the structure of the
formed ion. In a general way the fragmentation of n°~(arene)tricarbonylchromium complexes of isoxazo-
lidines can be represented by the dissociative scheme 4.

R
. K
Ph X
\O 300 Ph \O
_—
Ph Ph
i [F.]'

+
/Pthm [F:)
+
) Ao
\o w}iN]
N [T

Ph

. A
ph” SN

[Fa]
[Fi] [F2]

here Ph* = CHs[Cr(CO);], Ph"= C4HsCr, R = CHj, t-C4Ho, C¢Hs; the masses of the corresponding
ions and their intensities are shown in Table 4

Scheme 4

For example, in the mass spectrum of 2-methyl-3- n°~(phenyltricarbonylchromium)-5-
phenylisoxazolidine (2a) (Fig. 3, Table 4) there is the peak of the molecular ion [M]" = 375 (1.2%), as
well as the peaks corresponding to elimination of CO molecules. The peak of [F,]" with m/z = 187
(100.0%) is the maximal; it forms from [F,]" when neutral styrene (CsHy) is removed from it. In its turn
[F,]" is subject to further disintegration by way of donor-acceptor bond N—O with removal of the oxy-
gen atom and formation of [F;] = 171 (16.0%) (Scheme 5), and also as the result of rearrangement with
removal of particle [NCH;] and formation of ion [F4]".
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Fig. 3. Mass-spectra of isoxazolidines cis-2a (a) and cis-3a (b)
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Table 4
Data of mass-spectra of isoxazolidines cis-2-3
Com- Characteristics of the ions: m/z (1,%)
pound [M]" [M-CO]" | [M-2CO]" F, F, F; E,
2a 375(1.2) | 347(0.3) | 319(13.2) | 291 (31.2) | 187 (100) 171 (16.0) | 158 (31.1)
2b 417 (1.1) | 389(0.5) | 361 (19.8) | 333 (65.1) | 229 (100) 212 (22.6) —
2¢ 437 (1.8) — 381 (5.7) | 353(47.2) | 249 (82.1) | 233 (57.6) —
3a 375(5.3) | 347(2.9) | 319(16.0) | 291 (4.7) 187 (100) 171 (18.9) | 158 (86.8)
3b 417 (5.0) — 361 (11.3) | 333 (62.3) | 229 (100) 212 (32.1) —
3c 437 (2.4) — 381 (6.7) | 353(52.8) | 249 (85.3) | 233 (66.0) —
+ N CH; |* “ +
xRN <« O * -~ 3 CH3
P70 [NCH;] “N T N
) 3 O -[O]
[F.]" [F.]" [Fs]’
where Ph'=C¢H;Cr
Scheme 5

Similar to the example described above (complex 2a), tert-butyl (2b) and phenyl (2¢) analogues of
this compound completely copy the fragmentation of 2a up to formation of ions [F,]" and [F;]", howev-
er, instead of the rearrangement process leading to [F4]", they are better characterized by: removal of
isobutane (fragmentaion of 2b, Scheme 6) and removal of nitrobenzene CcHsNO (fragmentation of 2c,
Scheme 7).

_ +
PhV%N/t o | .~ w'cn=no | o pre=N |

N\ -BuH
o) u
[F2]
229 (100.0) 171 (43.4) 155 (32.1)
Scheme 6

+
N N Ph . +
phe” SN . Ph—cH,

-PhNO
[F.]"
353 (47.2) 143 (72.6)
where Ph*=C(H;Cr
Scheme 7

It is of interest to compare the mass spectra of two isomeric compounds 2a and 3a, which differ
from each other by the arrangement of Cr(CO); groups in the complex (Fig. 3). As can be seen in Fig. 3,
the mass number of ions have equal values, while the intensities of molecular ions in the mass spectra of
2a and 3a strongly differ. The fragmentation of isoxazolidine 3a is represented in Scheme 8.

Compounds 3b and 3¢ are fragmented according to the same scheme. Their mass spectra practically
completely coincide with the mass spectra of the isomeric compounds 2b and 2¢ (Table 4). Unfortunate-
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ly, we failed to get satisfactory mass spectra for binuclear complexes 4a-c, because of lesser stability
and low volatility of these compounds. They all decomposed in the process of evaporation in the ion
source of the mass spectrometer.

CH [F3]"
| + 171 (18.9)
+
0 -P hs_/ PhV%N/ Cg‘
. X [Fa]"
Ph 0 T 158 (86.8)
[M]" [F2]"
375 (5.3) 187 (100.0)

where Ph*=C6H5Cr

Scheme 8

Experimental

The synthesis of n’~(arene)tricarbonylchromium complexes of isoxazolidines (2a-c — 4a-c) was car-
ried out according to the procedure described in papers [4, 5]. IR spectra were registered on the "Infra-
lume FT-801" spectrometer in the range 4000-400 cm ' in KBr pellets, cyclohexane and CCl, solutions.
'H NMR spectra were registered on the "Bruker DPX 200" and "Bruker Avance DPX 400" spectrome-
ters, with acetone-dg as the solvent. Field tailoring was conducted at the signal of deuterium nuclei of the
solvent. Mass spectrometric analysis was performed on DSQ II mass spectrometer: a few micrograms of
the studied substance was placed into a test microtube of the direct injection system, which was intro-
duced through the vacuum lock directly into the ion source of the spectrometer. The microtube was
heated from 50 to 450 °C at the rate 100 °C/min, mass spectra were registered in the range of mass num-
bers 50-700 under the energy of ionizing electrons equaling 70 eV.

Cis-2-methyl-3-(n’-phenyltricarbonylchromium)-5-phenylisoxzaolidine (cis-2a). Yield 25%,
m.p. 94-95 °C. IR spectrum (KBr), v/em ': 2952, 2839 (v(C-H)), 1956, 1875, 1862 (v(C=0)), 1458,
1444, 1420 (v(C-C)), 764, 702, 664, 630 (o (Ca.H)). IR spectrum (n-C¢H,4), viem™: 1979, 1912
(v(C=0)). IR spectrum (CCly), v/em': 1975, 1905 (v(C=0)). '"H NMR spectrum (400 MHz, 3, ppm,
J/Hz): 2.28 (t.d., 1H, HC(4), J=12.6, J=7.6); 2.90 (s, 3H, CH;); 3.24 (t.d., 1H, HC(4), J=12.6, J=7.6),
3,78 (t, 1H, HC(3), J=7.6); 5.23 (d, 1H, C(3)PhCr, J=6.4,); 5.27-5.38 (m, 4H, C(3)PhCr, HC(5)); 5.67
(d, 1H, C(3)PhCr, J=6.4,); 7.27-7.38 (m, 5H, PhN). Mass spectrum (EI, 70 eV, m/z (I (%)): 375 [M]"
(1.2), 347 [M-COJ" (0.3), 319 [M-2CO]" (13.2), 291 [M-3CO]J" (31.2), 187 [M-3CO-PhCHCH,]"
(100.0), 171 [M-3CO-PhCHCH,-O]" (16.0), 158 [M-3CO-PhCHCH,-NCH;]" (31.1), 118 [M-3CO-
PhCHCH,-Cr-H-O]" (12.1), 91 [PhCH,]" (7.8), 52 [Cr'] (9,0).

Cis-2-tertbutyl-3-(n°-phenyltricarbonylchromium)-5-phenylisoxazolidine (cis-2b). Yield 30%,
m.p. 40-41 °C. IR spectrum (KBr), v/iem ': 3070, 3033, 2984, 2917, 2850 (v(C-H)); 1961, 1885, 1871
(v(C=0)); 1531, 1455, 1421 (v(C-C)); 758,697,663, 632 ((Ca-H)). IR spectrum (n-C¢Hy,), viem "
1976, 1909, 1903 (v(C=0)). IR spectrum (CCly), v/iem™': 1972, 1901 (v(C=0)). 'H NMR spectrum (200
MHz, 8, ppm, JHz): 1.21 (s, 9 H, t-C4Hy); 2.18-2.52 (m, 1 H, HC(4)); 3.20-3.44 (m, 1 H, HC(4)); 4.53
(d.d, 1 H, HC(3), J = 8.5, J=6.0); 5.26 (t, 1 H, HC(5), J = 7.6); 5.43-5.59 (m, 2 H, m-C(3)PhCr); 5.66
(t, 1 H, n-C(3)PhCr, J = 6.3); 5.91 (br. d, 1 H, 0-C(3)PhCr, J = 6.5); 6.10 (br. d, 1 H, 0-C(3)PhCr, J =
6.5); 7.04-7.66 (m, 5 H, C(5)Ph). Mass spectrum (EI, 70 eV, m/z (I,.1,%)): 417 [M]" (1.1), 389 [M-CO]"
(0.5), 361 [M-2CO]" (19.8), 333 [M-3CO]" (65.1), 229 [M-3CO-PhCHCH,]" (100.0), 212 [M-3CO-
PhCHCH,-0O]" (22.6), 171 [M-3CO-PhCHCH,-C4Hy-H]" (43.4), 155 [M-3CO-PhCHCH,-O-C4Ho-H]"
(32.1), 129 [PhCr]"(12.0), 93 [C¢HsCH,H,]" (13.0), 52 [Cr]"(8.7).

Cis-3-(n’-phenyltricarbonylchromium)-2,5-diphenylisoxazolidine (cis-2c). Yield 62%, m.p.
121-122 °C. IR spectrum (KBr), v/em': 2983 (v(C-H)); 1957, 1882, 1865 (v(C=0)); 1594, 1488, 1454
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(V(C-C)); 763, 702, 656, 632 (0(Ca-H)). IR spectrum (n-C¢H,), viem ': 1980, 1914, 1905 (v(C=0)). IR
spectrum (CCly), v/iem™: 1976, 1905 (v(C=0)). '"H NMR spectrum (200 MHz, &, ppm, J/Hz): 2.39
(d.d.d, 1 H, HC(4), J = 12.8, 9.0, 5.0); 3.15-3.53 (m, 1 H, HC(4)); 5.04 (d.d, 1 H, HC(3), J=9.0, J =
5.0); 5.13-5.33 (m, 1 H, HC(5)); 5.57-5.80 (m, 3 H, C(3)PhCr); 5.91 (br. d, 1 H, 0-C(3)PhCr, J = 5.9);
6.05-6.19 (m, 1 H, C(3)PhCr); 6.99 (t, 1 H, n-PhN, J = 7.0); 7.11-7.58 (m, 9 H, PhN, PhC(5)). Mass
spectrum (EI, 70 eV, m/z (I,.1,%)): 437 [M]" (1.8), 381 [M-2CO]" (5.7), 353 [M-3CO]" (47.2), 249 [M-
3CO-PhCHCH,]" (82.1), 247 [M-3CO-PhCHCH,-2H]" (100.0), 233 [M-3CO-PhCHCH,-O]" (57.6), 180
[M-3CO-PhCHCH,-O-Cr-H]" (11.3), 143 [M-3CO-PhCHCH-O-NPh]" (72.6), 91 [C¢HsCH,]" (9.3), 52
[Cr]"(8.7).

Cis-2-methyl-5-(n’-phenyltricarbonylchromium)-3-phenylisoxazolidine (cis-3a). Yield 66%,
m.p. 91-92 °C. IR spectrum (KBr), v/iem™: 3020, 2992, 2877 (v(C-H)); 1955, 1894, 1875 (v(C=0));
1454, 1384 (v(C-C)); 771, 660, 633 (0(C-H)). IR spectrum (n-C¢Hy,), v/iem ': 1980, 1912 (v(C=0)). IR
spectrum (CCly), v/em': 1977, 1906 (v(C=0)). 'H NMR spectrum (400 MHz, §, ppm, J/Hz): 2.29
(d.d.d, 1 H,HC4),J=12.6,J=9.5,J=06.3); 2.57 (s, 3H, CH;); 3.22-3.29 (m, 1 H, HC(4)); 3.71 (br. t,
1 H, HC(3), J = 8.4); 4.98 (d.d, 1 H, HC(5), J = 8.5, J = 6.3); 5.52-5.59 (m, 1 H, C(5)-m-PhCr); 5.66 (d,
2 H, C(5)-0-PhCr, J = 3.8); 5.71 (t, 1 H, C(5)-m-PhCr, J = 6.4); 5.95 (d, 1 H, C(5)-p-PhCr, J = 6.4);
7.29 (d, 1 H, p-PhC(3), J=7.0); 7.34 (d.d, 2 H, m-PhC(3), J=7.3, J=7.0); 7.39 (br. d, 2 H, 0-PhC(3), J
= 7.3). Mass spectrum (EI, 70 eV, m/z (I.,%)): 375 [M]" (5.3), 347 [M-CO]" (2.9), 319 [M-2CO]"
(16.0), 291 [M-3CO]" (4.7), 187 [M-3CO-PhCHCH,]" (100.0), 171 [M-3CO-PhCHCH,-O]" (18.9), 158
[M-3CO-PhCHCH,-NCH;]" (86.8), 134 [M-3CO-PhCHCH,-Cr-H]" (13.2), 118 [M-3CO-PhCHCH,-Cr-
H-O]" (17.9), 91 [C¢HsCH,] " (10.8), 77 [Ph]" (5.2), 52 [Cr]"(11.8).

Trans-2-methyl-5-(n’-phenyltricarbonylchromium)-3-phenylisoxazolidine (trans-3a). Yield
14%, m.p. 112-113 °C. IR spectrum (KBr), v/iem': 1956, 1895, 1878 (v(C=0)); 1384 (v(C-C)); 706,
661, 633(m (Ca-H)). 'H NMR spectrum (400 MHz, 3, ppm, J/Hz): 2.59 (s, 3 H, CH;N); 2.62-2.79 (m, 2
H, HC(4)); 3.13 (d.d, 1 H, HC(3), J=10.8,J=5.3); 4.93 (br. t, 1 H, HC(5),J =7.2); 5.57-5.71 (m, 3 H,
C(5)PhCr); 5.78 (t, 2 H, C(5)PhCr, J = 7.7); 7.30 (d, 1 H, 0-PhC(3), J = 7.0); 7.36-7.52 (m, 4 H, o-,m-,
p-PhC(3)).

Cis-2-tertbutyl-5-(n°’-phenyltricarbonylchromium)-3-phenylisoxazolidine (cis-3b). Yield 47%,
m.p. 104-105 °C. IR spectrum (KBr), v/iem™': 3079, 2981, 2921 (v(C-H)); 1951, 1885, 1872 (v(C=0));
1632 (V(C-Cy,)); 1490, 1455 (v(C-C)); 767, 707, 660, 633 ((Ca-H)). IR spectrum (n-C¢Hyy), viem ':
1979, 1911 (v(C=0)). IR spectrum (CCly), v/iem': 1975, 1904 (v(C=0)). 'H NMR spectrum (200 MHz,
o, ppm, J/Hz): 1.08 (s, 9 H, t-C4Hy); 2.19 (br. d.t, 1 H, HC(4), J = 12.0, J =9.0); 3.16 (br. d.t, 1 H,
HC#4), J = 12.0, J =7.0); 4.49 (d.d, 1 H, HC(3), J/=9.0, J=17.5); 4.88 (d.d, 1 H, HC(5), /J=8.2,J =
7.0); 5.58 (m, 2 H, m-C(5)PhCr); 5.63 (d, 1 H, 0-C(5)PhCr, J =4.0); 5.71 (t, 1 H, p-C(5)PhCr, J = 6.0);
5.99 (d, 1 H, 0-C(5)PhCr, J = 6.0); 7.32 (m, 3 H, m-, p-PhC(3)); 7.48 (d, 2 H, 0-PhC(3), J = 7.0). Mass
spectrum (EI, 70 eV, m/z (I.,%)): 417 [M]" (5.0), 361 [M-2CO]" (11.3), 333 [M-3CO]" (62.3), 229 [M-
3CO-PhCHCH,]" (100.0), 212 [M-3CO-PhCHCH,-O]" (32.1), 172 [M-3CO-PhCHCH,-C,H,]" (41.5),
155 [M-3CO-PhCHCH,-O-C4Ho-H]" (33.0), 129 [PhCr]" (14.2), 91 [C¢HsCH,] " (5.2), 52 [Cr]™ (13.2).

Cis-5-(n°-phenyltricarbonylchromium)-2,3-diphenylisoxazolidine (cis-3c). Yield 42%, m.p.
112-113 °C. IR spectrum (KBr), v/em™': 3092, 2916, 2923, 2849 (v(C-H)); 1970, 1904, 1857 (v(C=0);
1595, 1540, 1489 (v(C-C)); 761, 699, 663, 622 (o(Ca-H)). IR spectrum (n-C¢H,4), viem™': 1981, 1914
(W(C=0)). IR spectrum (CCly), v/iem™: 1978, 1907 (v(C=0)). '"H NMR spectrum (200 MHz, §, ppm,
J/Hz): 2.37 (d.t, 1 H, HC(4), J=12.4, J=8.8, J=7.2); 3.37 (d.t, 1 H, HC(4), J=12.4,J="7.2,J = 6.0,);
5.00 (br. t, 2 H, HC(3), HC(5), J = 7.2); 5.50-5.80 (m, 4 H, o-,m-, p- C(5)PhCr); 5.85 (d, 1 H, o-
C(5)PhCr, J=6.0); 6.94 (t, 1 H, p-PhN, J=7.2); 7.11 (d, 2 H, 0-PhN, J = 3.8); 7.26 (m, 3 H, m-PhN, p-
PhC(3)); 7.40 (m, 2 H, m-PhC(3)); 7.58 (d, 2 H, 0-PhC(3), J = 7.4). Mass spectrum (EI, 70 eV, m/z
(Le1,%)): 437 [M]" (2.4), 381 [M-2CO]" (6.7), 353 [M-3CO]" (52.8), 249 [M-3CO-PhCHCH,]" (84.9),
249 [M-3CO-PhCHCH,]" (85.3), 247 [M-3CO-PhCHCH,-2H]" (100.0), 233 [M-3CO-PhCHCH,-O]"
(66.0), 180 [M-3CO-PhCHCH,-O-Cr-H]" (26.4), 143 [M-3CO-PhCHCH-O-NPh]" (62.2), 91
[CeHsCH,]  (16.5), 52 [Cr] " (16.0).

Cis-2-methyl-3,5-bis(n’-phenyltricarbonylchromium)isoxazolidine (cis-4a). Yield 20%, m.p.
155-156 °C. IR spectrum (KBr), v/em ': 2958, 2919, 2863 (v(C-H)); 1953, 1885, 1877 (v(C=0)); 1636,
1493, 1454 (v(C-C)); 699, 662, 633 (o(Ca-H)). 'H NMR spectrum (200 MHz, 3, ppm, J/Hz): 2.08 (s, 3
H, CH;N), 2.31 (d.t, 1 H, HC4), J=12.6,J=7.1), 3.43 (d.t, 1 H, HC(4),/J=12.6,J=8.1),3.83 (br. t, 1
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H, HC(3), J=8.1), 5.07 (t, 1 H, HC(5), J = 7.1), 5.50-5.75 (m, 8 H, PhCr), 5.75-5.91 (m, 8 H, PhCr).
Mass spectrum (EL, 70 eV, m/z (I,%)): 455 [M-2CO]" (12.5), 427 [M-3CO]" (25.0), 343 [M-6CO]"
(100.0), 239 [M-6CO-PhCHCH,]" (90.1), 212 (22.2), 187 [M-6CO-PhCHCH,-Cr]" (40.3), 170 (34.0),
158 (25.0), 120 (38.9), 97 (49.3), 85 (23.6), 52 [Cr] " (20.1).

Cis-2-tertbutyl-3,5-bis(n’-phenyltricarbonylchromium)isoxazolidine (cis-4b). Yield 36%, m.p.
136-137 °C. IR spectrum (KBr), v/iem': 2918, 2877 (v(C-H)); 1963, 1886, 1865 (v(C=0); 1633, 1462,
1408 (V(C-C)); 663, 632, 533 (0(Car-H)). 'H NMR spectrum (200 MHz, §, ppm, J/Hz): 1.20 (s, 9H, t-
C4Hy), 2.26-2.50 (m, 1 H, HC(4)), 3.14-3.70 (m, 1 H, HC(4)), 4.51 (d.d, 1 H, HC(3), J=7.6,J=6.1),
4.99 (t, 1 H, HC(5) J=17.1), 5.39-5.73 (m, 7 H, PhCr), 5.79 (d, 1 H, PhCr, J=6.1), 5.95 (d, 1 H, PhCr, J
=7.1), 6.09 (d, 1 H, PhCr, J = 6.6). Mass spectrum (EI, 70 eV, m/z (I,¢;,%)): 455 [M-3CO-CH,]" (10.0),
427 [M-4CO-CH,]" (24.8), 343 (100.0), 239 (94.2), 212 (24.8), 187 (29.2), 170 (30.7), 158 (21.2), 125
(30.1), 111 (42.3), 97 (58.4), 85 (30.1), 52 [Cr] " (16.1).

Cis-3,5-bis(n’-phenyltricarbonylchromium)-2-phenylisoxazolidine (cis-4c). Yield 38%. m.p.
132-133 °C. IR spectrum (KBr), v/ cm ': 2874, 2723 (v(C-H)); 1961, 1887, 1870 (v(C=0); 1636, 1487
(v (C-0)); 661, 631, 536 (0(Ca-H)). '"H NMR spectrum (200 MHz, &, ppm, J/Hz): 2.41 (d.d.d, 1 H,
HC®4),J=12.6,J=18.6,J=4.6),3.40 (d.d.d, 1 H, HC(4), J=12.6,J=8.6,J=7.6), 4.82-5.19 (m, 2 H,
HC(3), HC(5)), 5.50-5.76 (m, 7 H, PhCr), 5.83 (br. d, 1 H, PhCr, J = 6.6), 5.92 (br. d, 1 H, PhCr, J =
5.6), 6.05-6.15 (br. d, 1 H, PhCr), 6.88-7.09 (m, 1 H, PhN), 7.09-7.46 (m, 4 H, PhN). Mass spectrum
(EL 70 eV, m/z (I,.1,%)): 499 (3.6), 489 [M-3CO]" (8.2), 433 [M-5CO]" (2.5), 419 (4.5), 405 [M-6CO]"
(38.4), 387 (22.4), 335 (100), 299 [M-6CO-PhCHCH,-2H]" (31.5), 260 (65.9), 233 (34.0), 180 (21.0),
129 (18.8), 93 (31.9), 77 [Ph]" (13.0), 52 [Cr]" (23.2).

Conclusion

With the use of 1,3-dipolar cycloaddition reactions the series of n’-(arene)tricarbonylchromium
complexes of isoxazolidines has been obtained. In the IR spectra of all obtained tricarbonylchromium
complexes two strong (occasionally splitted) bands in the area of carbonyl vibrations are observed,
which correlate to Cr(CO); groups. Difference in position of these bands in relation to C¢HgCr(CO); is
consistent with the isoxazolidine system as a weak electron donor. It has been established that the study
of "H NMR spectra is an excellent analytical method making it possible not only to determine qualitative
composition of m-complexes, but also to open the way of unambiguous demonstration of their spatial
diastereomer structure. The electron impact mass spectra resemble other mass spectra of monosubsti-
tuted derivatives of benzenetricarbonylchromium. Their fragmentation proceeds by way of sequential
removal of three CO groups and retro disintegration of the isoxazolidine ring according to the general
scheme. The main peak is the fragment of the molecular ion after the loss of three CO groups and re-
moval of styrene. Other peaks of smaller intensity are the derivatives of this fragment.
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XUMUA HENPEQOEJNIbHbIX APEHXPOMTPUKAPBOHUITbHbIX
COEOWNHEHWI. COOBLUEHUE 3. CUHTE3, XAPAKTEPUCTUKA
N CNEKTPOCKOINUWYECKOE UCCIIEQOBAHUE
n6-(APEH)XPOMTPUKAPBOHWUJIbHbIX MPON3BOAHbIX
N3OKCA30JINANHOB

A.H. Apbmemoe, E.B. CazoHoea, H.FO. 3apoekuHa, B.1. ®aepmaH
Huxxezopodckuli 2ocydapcmeeHHbIl yHusepcumem um. H.M. Jlobayeeckoeo,
2. HuxHuti Hoszopod

Peakumeit  1,3-AMMONSPHOTO HIMKIONPHCOCIUHEHHS IONyYeHAa IIHPOKas Cepus
n°-(apeH)XpOMTPHKAPOOHHIEHBIX KOMILICKCOB H30KCA30THANHOB. I10TydeHHbIe COCTHHEHHS
u3ydamich ¢ momompio MK-, SIMP 'H-criextpockomuu i Macc-criektpomerpun. Ilokasauo,
yto Cr(CO);-rpynmna okas3sIBaeT CYIIECTBEHHOE BIUSHHUE HA CTPYKTYPY U CHEKTpalbHbIE Xa-
PaKTEepUCTUKH CHHTE3HPOBAHHBIX I'€TEPOIUKIIOB.

Kniouegvie cnosa: 1,3-ounonapnoe yuxionpucoeOuHenue, HUMPOH, U3OKCAZ0MUOUH,
n°-(apen)xponmpurapornun, HK-cnexmpockonus, 'H AMP 'H-cnexmpockonus, macc-
CHEeKMpOMEmpPUs.
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SYNTHESIS AND STRUCTURE OF BISMUTH COMPLEXES
[p-TO|4E]+3[Bi3|12]3_'HOCH2CH2002H5 E=P, Sb
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The interaction of equimolar amounts of tetra-p-tolylphosphonium and tetra-p-
tolylstybonium iodides with bismuth triiodide in 2-ethoxyethanol leads to formation of the
complexes [p-Tol4E]+3[Bi3IIZ]3 ~- HOCH,CH,OC,H5; E=P (I), Sb (II). X-ray diffraction analy-
sis of compounds (I) and (II) has shown that in the cations of complexes I and II the coordina-
tion of phosphorus and antimony atoms is tetrahedral (angles equal: CPC 107.3(3)°—113.4(4)°
(I), CSbC 105.4(3)°-113.7(3)° (II); bond lengths for P-C and Sb—C are 1.761(9)-1.815(7) A
and 2.085(8)-2.099(8) A, respectively). In trinuclear anions [Bisl;»]* the terminal fragments
Bil;y (Bi-Tem 2.8714(5)-2.9181(5) A (1), 2.8867(5)-2.9248(6) A (II)) are bonded to the cen-
tral bismuth atom through six p,-bridging iodine atoms (Bi-I,, 3.0454(6)-3.3891(6) A (1),
3.0595(4)-3.3694(6) A (1)).

Keywords: bismuth triiodide, bismuth complexes [p-Tol,E] " 3[Bisl;5]>
-HOCH,CH,0C,H;, E=P, Sb, synthesis, structure.

Introduction

Ionic bismuth complexes with linear anions [Bi3112]3’, in which the bismuth atoms are bonded
through six p,-bridging iodine atoms, are described in the literature as separate examples, where nitro-
gen-containing acyclic or heterocyclic cations stand as counter-ions [1-3]. Thus far only one similar
complex with phosphonium cation is known [4]; like complexes with organoantimony cations are not
known.

In the present paper we have synthesized two new phosphorus- and antimony-containing bismuth
complexes [p-Tol4E]+3[Bi3112]37-HOCH2CHzOC2H5 (E=P, Sb) with the linear anion [Bi3112]3 ~ and carried
out X-ray diffraction analysis of these.

Experimental

tris(Tetra-p-tolylphosphonium) hexakis(p,-iodo)-hexaiodo-tribismuth 2-ethoxyethanol
solvate (I). The solution of 0.100 g (0.19 mmol) tetra-p-tolylphosphonium and 0.113 g (0.19 mmol)
bismuth triiodide in 15 mL 2-ethoxyethanol was obtained. The solvent was slowly evaporated. The yield
was 0.142 g (65%) of orange-red crystals of complex I with decomposition temperature 195 °C. Found,
%: C 30.83, H 2.74. For CgsHo4O,P3Bi;],, calculated,%: C 30.54, H 2.85.

tris(Tetra-p-tolylstibonium) hexakis(p,;-iodo)-hexaiodo-tribismuth 2-ethoxyethanol
solvate (II). It was obtained by the similar procedure. Orange-red crystals of complex II were isolated
(48%) with decomposition temperature 219 °C. Found, %: C 28.56, H 2.54. For CgHo,0,Sb;Bi;l;, cal-
culated, %: C 28.43, H 2.62.

The X-ray diffraction analyses of crystals I and II were performed on the Bruker D8 QUEST au-
tomatic four-circle diffractometer (Mo K ,-emission, A = 0.71073 A, graphite monochromator). The data
were collected and analyzed, the unit cell parameters were refined, and the absorption correction was
applied using the SMART and SAINT-Plus programs [5]. All calculations for structure determination
and refinement were performed using the SHELXL/PC [6] and OLEX2 programs [7]. The structures
were determined by the direct method and refined by the least-squares method in the anisotropic approx-
imation for non-hydrogen atoms. The main crystallographic data and refinement results for the structure
are listed in Table 1, the selected bond lengths and bond angles are given in Table 2.

44 Bulletin of the South Ural State University. Ser. Chemistry.
2015, vol. 7, no. 4, pp. 44-51



Sharutin V.V., Sharutina O.K.,

Synthesis and structure of bismuth complexes
Senchurin V.S. et al.

[p-TO|4E]+3[Bi3|12]3_'H0CH2CH20C2H5 E=P, Sb

The full tables of atomic coordinates, bond lengths, and bond angles were deposited with the Cam-

bridge Crystallographic Data Centre (CCDC 1053856, 1049481; deposit@ccdc.cam.ac.uk;
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Crystallographic data and the experimental and structure refinement parameters for compounds |, Il Table
Value
Parameter 1 I
Empirical formula C88H9402P3112Bi3 ngHg40sz3I]2Bi3
Formula weight 3426.28 3698.62
T,.K 296(2) 296(2)
Crystal system Triclinic Triclinic
Space group PT PT
a, A 12.4517(6) 12.4055(4)
b, A 18.0680(9) 18.3805(5)
c, A 24.1711(10) 24.6523(7)
a, deg 87.532(2) 87.401(2)
B, deg 87.039(2) 87.049(2)
y, deg 75.281(2) 74.124(2)
v, A’ 5250.0(4) 5396.8(3)
Z 4 2
p(calcd.), g/em’ 2.167 2.276
i, mm”' 8.630 9.085
F(000) 3136.0 3352.0
Crystal size, mm 0.26x0.25%0.16 0.33x0.3x0.14
260 Range of data collection, deg 4.04 -46.56 4.1-53.54
-13<h<13 -15<h<15
Range of refraction indices -20<k<20 -23<k<23
—-26<1<26 -31<1<31
Measured reflections 94609 102068
Independent reflections 15056 22967
Riy 0.0486 0.0587
Refinement variables 990 990
GOOF 1.036 1.007
R factors for F* > 25(F?) R,=0.0361 R, =10.0382
wR,= 0.0817 wR, =0.0705
R factors for all reflections R=0.0579 R, =0.0711
wR, =0.0941 wR, =0.0811
Residugl electron de3nsity 1.42/-0.77 1.29/-0.92
(min/max), e/A
Table 2
Selected bond lengths and bond angles in the structure of compounds 1, 2
Bond d, A ‘ Angle o, deg
|
P(1) - C(1) 1.788(8) C(HP(H)C(11) 109.0(4)
P(1)-C(11) 1.800(7) C(HP(H)C2L) 110.0(4)
P(1)- C21) 1.761(9) C(DP()CED) 109.6(4)
P(1) - C(31) 1.799(8) C(1DP(1)C(21) 110.3(4)
P(2) - C(41) 1.804(7) C(1DP(1)C(31) 109.9(3)
P(2) - C(51) 1.791(6) CDP(1)C(31) 108.0(4)
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Table (continued)

Bond d, A | Angle o, deg
I
P(2) - C(61) 1.770(7) C(4D)P(2)C(51) 107.5(3)
P(2) - C(71) 1.795(7) CADP(2)C(61) 109.6(3)
P(3) - C(81) 1.800(7) C(ADP2)C(71) 111.7(3)
P(3) — C(91) 1.791(7) C(S)P(2)C(61) 109.3(3)
P(3) - C(101) 1.815(7) C(SHP)C(71) 111.4(3)
P(3)— C(111) 1.800(8) C(61)P(2)C(71) 107.3(3)
Bi(1)-I(1) 3.0748(5) CHP3)CO) 109.7(3)
Bi(1)-1(2) 3.0706(5) C(8DP(3)C(101) 109.1(3)
Bi(1)-1(3) 3.0444(4) CBDP)C(111) 107.7(4)
Bi(2)—I(1) 3.3046(5) C(ODP3)C(101) 107.3(3)
Bi(2)-1(2) 3.2715(5) CODPB)C(111) 109.1(3)
Bi(2)-1(3) 3.3556(5) C(10D)P3)C(111) 113.4(4)
Bi(2)—1(4) 2.9181(5) I(DBi(1)I(2) 91.611(13)
Bi(2) - 1(5) 2.8714(5) I(7)Bi(3)1(9) 88.583(16)
Bi(2) —1(6) 2.9049(5) I(7)Bi(3)I(8) 85.096(15)
Bi(3)—1(7) 3.0669(5) 1(8)Bi(3)I(9) 88.406(15)
Bi(3)—1(8) 3.0654(5) 1(2)Bi(2)I(3) 79.092(13)
Bi(3)-1(9) 3.0454(6) 1(2)Bi(2)I(4) 88.012(16)
Bi(4)-1(7) 3.3153(6) 1(2)Bi(2)I(5) 93.250(16)
Bi(4) —1(8) 3.3891(6) 1(2)Bi(2)I(6) 169.597(15)
Bi(4) - 1(9) 3.2907(7) 1(3)Bi(2)I(4) 94.399(15)
Bi(4) - 1(10) 2.8958(6) 1(3)Bi(2)I(5) 165.035(15)
Bi(4)—1(11) 2.9040(7) 1(3)Bi(2)I(6) 92.370(15)
Bi(4)—1(12) 2.9088(7) I(4)Bi(2)I(5) 98.194(16)
1(4)Bi(2)I(6) 98.652(17)
1(5)Bi(2)1(6) 93.689(17)
1(7)Bi(4)I(8) 76.406(14)
1(7)Bi(4)1(9) 80.500(15)
1(7)Bi(4)I(10) 87.219(17)
I(7)Bi(4)I(11) 93.121(18)
1(7)Bi(4)I(12) 170.78(2)
1(8)Bi(4)1(9) 79.245(15)
1(8)Bi(4)I(10) 163.130(16)
I(8)Bi(4)I(11) 87.587(17)
1(8)Bi(4)I(12) 101.94(2)
1(9)Bi(4)I(10) 94.251(17)
1(9)Bi(4)I(11) 166.381(18)
1(9)Bi(4)I(12) 90.28(2)
1(10)Bi(4)I(11) 97.464(19)
1(10)Bi(4)I(12) 93.58(2)
I(11)Bi(4)I(12) 95.88(2)
11
Sb(1) - C(1) 2.089(6) C(1)Sb(1)C(11) 107.6(3)
Sb(1) — C(11) 2.099(8) C(1)Sb(1)C(21) 110.8(3)
Sb(1) — C(21) 2.091(7) C(1)Sb(1)C(31) 108.8(3)
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Table (end)
Bond d, A ‘ Angle o, deg
11
Sb(1)— C(31) 2.085(8) C(11)Sb(1)C(21) 112.0(3)
Sb(2) — C(41) 2.086(7) C(11)Sb(1)C(31) 110.9(3)
Sb(2) — C(51) 2.097(7) C(21)Sb(1)C(31) 106.9(3)
Sb(2) — C(61) 2.097(7) C(41)Sb(2)C(51) 109.7(3)
Sb(2) — C(71) 2.086(7) C(41)Sb(2)C(61) 106.1(3)
Sb(3) — C(81) 2.092(8) C(41)Sb(2)C(71) 113.6(3)
Sb(3)— C(91) 2.073(9) C(51)Sb(2)C(61) 110.2(3)
Sb(3) — C(101) 2.090(9) C(51)Sb(2)C(71) 105.6(3)
Sb(3)— C(111) 2.085(8) C(61)Sb(2)C(71) 111.7(3)
Bi(1)-1(1) 3.0785(5) C(81)Sb(3)C(91) 113.7(3)
Bi(1) - 1(2) 3.0866(5) C(81)Sb(3)C(101) 113.13)
Bi(1)-1(3) 3.0595(4) C(81)Sb(3)C(111) 105.4(3)
Bi(2) - 1(2) 3.3341(5) CODSbB3)C(101) 107.93)
Bi(2) - 1(3) 3.3376(5) CODSG)C(111) 109.6(3)
Bi(2) - 1(4) 2.9191(5) C101)SbB3)C(111) 106.8(4)
Bi(2)—1(5) 2.9234(6) I(HBi(1)I(2) 92.813(14)
Bi(2) - 1(6) 2.8867(5) I(HBI(HI3) 93.202(13)
Bi(3)—1(7) 3.0754(5) 12)Bi(2)I(3) 78.388(13)
Bi(3)-1(8) 3.0672(5) 1(2)Bi(2)I(4) 92.235(15)
Bi(3)—1(9) 3.0750(6) 1(2)Bi(2)I(5) 167.390(16)
Bi(4) - 1(8) 3.3694(6) 1(2)Bi(2)1(6) 89.205(16)
Bi(4) - 1(9) 3.2947(6) 1(3)Bi(2)1(4) 91.055(14)
Bi(4)—1(10) 2.9086(8) 1(3)Bi(2)I(5) 93.163(15)
Bi(4) -1 (11) 2.9248(6) 1(3)Bi(2)I(6) 166.958(16)
Bi(4)—1(12) 2.9032(6) 1(4)Bi(2)I(5) 97.312(17)
1(4)Bi(2)I(6) 93.459(17)
1(5)Bi(2)I(6) 98.383(17)
1(7)Bi(3)I(8) 94.620(15)
1(7)Bi(3)1(9) 91.955(16)
1(8)Bi(3)I(9) 88.963(16)
1(8)Bi(4)1(9) 80.444(15)
1(8)Bi(4)I(10) 101.90(2)
1(8)Bi(4)I(11) 86.408(17)
1(8)Bi(4)I(12) 163.561(19)
1(9)Bi(4)I(10) 89.58(2)
1(9)Bi(4)I(11) 166.666(19)
1(9)Bi(4)I(12) 94.318(16)
I(10)Bi(4)I(11) 95.33(2)
1(10)Bi(4)I(12) 93.58(2)
I(11)Bi(4)I(12) 97.730(19)

Results and Discussion

It has been shown that the interaction of equimolar amounts of tetra-p-tolylphosphonium and tetra-
p-tolylstybonium iodides with bismuth triiodide in 2-ethoxyetanol leads to formation of the ionic bis-
muth complexes with the anion [Bi3112]3’, which contain the solvate molecule of the solvent:

BecTHuk KOYpIY. Cepus «Xumusy».
2015. T. 7, Ne 4. C. 44-51

47



Organometallic chemistry

HOCH,CH,OEt
3 p-TOl4EI +3 BII3 —> [p-T014E]+3[Bi3112]37'HOCH2CH20Et
E =P (I); Sb (II).

According to X-ray diffraction data, the phosphorus and antimony atoms of the cations have weak-
ly distorted tetrahedral coordination (Fig. 1 and 2). Angles CPC and CSbC equal 107.3(3)°-113.4(4)°
and 105.4(3)°-113.7(3)°, respectively. Bond lengths P-C (1.761(9)-1.815(7) A) and Sb-C
(2.085(8)-2.099(8) A) are near to the sums of covalent radii of phosphorus, carbon (1.88 A) and anti-
mony, carbon (2.19 A) [8]. In trinuclear centrosymmetrical anions [Bisl;»]’" the terminal fragments Bil;
(Bi—Term 2.8714(5)-2.9181(5) A (1), 2.8867(5)-2.9248(6) A (II)) are bonded to the central bismuth atom
through six p,-bridging iodine atoms (Bi-Iy: 3.0454(6)-3.3891(6) A (I), 3.0595(4)-3.3694(6) A (II)).
The terminal fragments Bil; are in the masked conformation.

C(37)
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c(113) 0(115) cea A PO
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Fig. 1. The structure of complex |
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Fig. 2. The structure of complex Il
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The structural organization in crystals I and II results from weak interactions of the type H-I and
H--O. In I the bridging p,-atoms of iodine in anions are bonded (2.86-3.16 A) to the hydrogen atoms of
phosphonium cations, in II the similar bonds are formed with participation of both bridging (3.10 A) and
terminal (3.15 A) atoms of iodine (which is somewhat less than the sum of Van der Waals radii of hy-
drogen and iodine, namely, 3.3 A [8]). No significant close contacts of the ions with the solvent mole-
cules have been observed, but the molecules of 2-ethoxyethanol are bonded with each other by hydrogen
bonds H-+O (2.33 A (I) and 2.62 A (1)) (Fig. 3).

233A I H(1) -
| 1I

Fig. 3. Association of solvent molecules in crystals | and Il

Conclusions

Complexes [p-Tol,E]5[Bisl;»]* - HOCH,CH,OC,Hs E=P (I), Sb (II) have been synthesized by in-
teraction of equimolar amounts of tetra-p-tolylphosphonium and tetra-p-tolylstibonium iodides with
bismuth triiodide in 2-ethoxyethanol. The structure of the products has been established by X-ray dif-
fraction analysis.

References

1. Geiser U., Wade E., Wang H.H., Williams J.M. Structure of a New lodobismuthate: Tetra(n-
butyl)ammonium 1,2;1,2;1,2;2,3;2,3;2,3-hexa-p-iodo-1,1,1,3,3,3-hexaiodotribismuthate (II1) (3:1) Acta
Crystallographica Section C, 1990, vol. 46, no 8, pp. 1547-1549. DOI: 10.1107/S0108270190003006

2. Carmalt C.J., Farrugia L.J., Norman N.C. Structural Studies on some lodoantimonate and Iodo-
bismuthate Anions Zeitschrift fiir anorganische und allgemeine Chemie, 1995, vol. 621, no. 47, pp. 47—
56. DOI: 10.1002/zaac.19956210110

3. Mallick D., Sarker K.K., Saha R., Mondal T.K., Sinha C. Intercalated Iodobismuthate in the
Layers of Azoimidazoles. Structure, Photochromism and DFT Computation Polyhedron, 2013, vol. 54,
pp. 147-157. DOI1:10.1016/j.poly.2013.01.061

4. Sharutin V.V., Egorova L.V., Klepikov N.N., Boyarkina E.A., Sharutina O.K. Synthesis and
Structure of Bismuth Complexes [PhsMeP]s" [BilsBrs]’” [BiyIsBr;]”™ - H,0,, [PhsEtP]s [Bil]",
[PhsMeP];" [Bisl;o]’", [Pha(iso-Pr)P]s" [Bislj,]” - 2Me,C=0, and [Ph,Bi]s" [Bisl;s]° Russian Journal of
Inorganic Chemistry, 2009, vol. 54, no. 1, pp. 52—-68. DOI: 10.1134/S0036023609010124

5. Bruker (1998). SMART and SAINT-Plus. Versions 5.0. Data Collection and Processing Software
for the SMART System. Bruker AXS Inc., Madison, Wisconsin, USA.

6. Bruker (1998). SHELXTL/PC. Versions 5.10. An Integrated System for Solving, Refining and
Displaying Crystal Structures From Diffraction Data. Bruker AXS Inc., Madison, Wisconsin, USA.

7. Dolomanov O.V., Bourhis L.J., Gildea R.J., Howard J.A.K., Puschmann H. OLEX2: a Complete
Structure Solution, Refinement and Analysis Program. J. Appl. Cryst., 2009, vol. 42, pp. 339-341.

8. Batsanov S.S. Atomnye Radiusy Jelementov. Zhurn. neorgan. himii. [Russian Journal of Inor-
ganic Chemistry], 1991, vol. 36, no. 12, pp. 3015-3037.

Received 18 September 2015

BecTHuk HOYpIY. Cepus «Xumusa». 49
2015.T. 7, Ne 4. C. 44-51



Organometallic chemistry

YOK 547.53.024+549.242+548.312.5 DOI: 10.14529/chem150406

CUHTE3 N CTPOEHUE KOMIMTJIEKCOB BUCMYTA
[p-TO|4E]+3[Bi3|12]3_'HOCH2CH2002H5 E=P, Sb

B.B. lllapymuH, O.K. llapymuHa, B.C. CeH4ypuH, P.M. Xucamos, T.B. MocyHoea
FOxHo-Ypanbckuli 2ocydapcmeeHHbIl yHuUgepcumem, 2. HensabuHck

B3anmozelicTBueM SKBUMOJISIPHBIX KOJWYECTB MOIUIIOB TETPa-n-TONWIGOCHOHUS U
TETpa-n-TOJWJICTHOOHHS C TPHUUOJHMIOM BHCMYTa B 2-3TOKCHITAHOJIE MOTYYEHBI KOMIUIEKCHI
[p-Tol,E]"3[BisI;,]* "HOCH,CH,OC,Hs E=P (I), Sb (II). [IpoBeseH PeHTIeHOCTPYKTYpHBIit
ananus | u II. B xarnoHax xoopauHaius aToMoB (Gocdopa U CypbMbl TeTpadapudeckast (yribl
CPC 107.3(3)°-113.4(4)° (I), CSbC 105.4(3)°~113.7(3)° (11); cBsizu P-C 1.761(9)-1.815(7) A
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Lightly cross-linked polymer thickeners on the basis of acrylic and methacrylic acid
have been synthesized with the use of radical precipitation polymerization. The influence of
introducing hydrophobic units, cross-linking degree, the nature of neutralizing agents, neutra-
lization degree of acidic units, and other factors upon thickening properties of obtained poly-
mers in water, as well as water mixtures with glycerol or propylene glycol, has been deter-
mined.

Keywords: acrylic acid, methacrylic acid, alkyl (meth)acrylates, radical polymerization,
lightly cross-linked polymers, thickeners, water, glycerol, glycols.

Introduction

Polyacrylic thickeners, obtained on the basis of acrylic acid (AA) and methacrylic acid (MAA) are
widely used as modifiers of rheological properties for aqueous systems in textile industry [1], as well as
for water-glycol de-icing fluids (DIF) of type IV, which are designed for preflight treatment of aircrafts
in winter conditions [2]. In accordance with the conditions of use, such thickeners should achieve the
necessary thickening degree of solutions at their minimal content in mixtures, also they should exhibit
the optimal change of viscosity at various tensions and temperatures. This is accomplished by varying
the composition of polymers and their molar mass, by choosing the neutralizing agent, changing the
neutralization degree of acidic units and other factors [3]. At present the lightly cross-linked hydrophob-
ically modified polymers of AA and MAA, containing the units of higher alkyl acrylates or alkyl metha-
crylates, are the most widely used thickeners of acryl type. Interaction of hydrophobic alkyl fragments
of such macromolecules in aqueous solutions enhances their thickening property [4, 5]. At that the de-
gree of cross-linking, the molar mass of the polymer and the content of hydrophobic units should ensure
retention of the polymer solubility in the used systems at all operating conditions. Quite often the hydro-
phobically modified polyacryl thickeners are synthesized with the use of radical precipitation polymeri-
zation in the medium of hydrophobic organic solvents [6, 7]. By way of trial-and-error selection of the
solvent and the synthesis conditions it is possible to achieve precipitation of the polymers exhibiting the
necessary set of properties in water and water-glycol solutions.

The aim of the present study is the synthesis by precipitations polymerization of thickeners on the
basis of AA and MAA, differing in composition, cross-linking degree, the nature of neutralizing agents,
and neutralization degree of acidic units, as well as evaluation of thickening properties of obtained po-
lymers in aqueous solutions and in the systems water — propylene glycol (PG) and water — glycerol.

Experimental

Reagents that were used in the study: AA, n-butyl acrylate (BA) by "SIBUR-neftekhim", MAA,
lauryl methacrylate (LMA), acrylamide (AAm), triethylene glycol dimethacrylate (TGM-3), and ethy-
lene glycol dimethacrylate (DMEG) by "Aldrich".

Copolymerization of MAA and BA was carried out in cyclohexane, heptane, or benzene at various
monomer ratios and their total concentration (X[M],) equaling 12 % m/m, in the presence of lauroyl pe-
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roxide (1.0% mol of £[M]) as the initiator and DMEG (0.6 % mol of X[M],) as the cross-linking agent,
at boiling temperature of the reaction mixture. The time of synthesis equaled 3 h. Homopolymerization
of AA or its copolymerization with LMA (mole ratio 99.5 : 0.5), AAm or BA (mole ratio 95.0 : 5.0) was
carried out at the total monomer concentration 13 % m/m in ethyl acetate medium, in the presence of
2,2'-azobis-(2,4-dimethylvaleronitrile) (0.1-0.2 % mol of £[M]y) as the initiator and TGM or DMEG
(0.2-0.5% mol of £[M],) as the cross-linking agent, at temperature 70 °C and synthesis time 2 h. After
the synthesis the precipitated polymers were filtered and dried at reduced pressure and temperature 50—
60 °C to constant mass. Then the weighed samples of the polymers were dissolved at intensive stirring
in the aqueous solution of the neutralizing agent (in order to reach the predetermined neutralizaton de-
gree of acidic units) or in the mixtures glycerol — water (60 : 40 % m/m), propylene glycol (PG) — water
(50 : 50 % m/m), followed by neutralization with the concentrated aqueous solution of sodium hydrox-
ide to pH 7-8.

Kinematic viscosity of the solutions of copolymers MAA-BA in DMFA (0.25 % m/m) and neutra-
lized copolymers MAA-BA in aqueous solutions (0.2 % m/m) was determined, respectively, in visco-
simeter VPZh-1 with capillar diameter 2.10 mm, and VPZh-2 with capillar diameter 0.73 mm at temper-
ature 20 °C. Relative viscosity (1) was determined according to the formula:

Nyel = Tp/ Txs
where 1, and 1, are flow times of solutions with a thickener and without a thickener, respectively, s.

Dynamic viscosity of the solutions of (co)polymers AA in the mixtures water — glycol and water —
glycerol was measured in the apparatus Brookfield DV-II+Pro, furnished with the small-sample adapter and
spindle #31 in Brookfield classification, at temperature 20 °C and various rotation speeds of the spindle.

Results and Discussion

Thickeners on the basis of hydrophobically modified polymethacrylic acid are mostly used for
aqueous systems, therefore the synthesized copolymers MAA-BA have been tested in aqueous solu-
tions. To choose the conditions of the synthesis, comparative experiments have been carried out in three
nonpolar hydrocarbon solvents: heptane, cyclohexane, and benzene. The listed solvents are close to each
other in polarity, that is, the solubility of the formed copolymers in them should differ insignificantly.
However, the chain transfer constants Cg for these solvents differ, they equal 1.7-10* for heptane,
0.1-10* for cyclohexane, 0.075-10* for benzene. Viscosity values of 0.2 % copolymer solutions in
DMFA equal 1.5, 1.8, and 2.0 for the polymers obtained in heptane, cyclohexane, and benzene, respec-
tively, at the same amounts of the monomer, the
cross-linking agent, and the initiator. Thus, is has
been shown that the molar mass of macromole-
cules increases with decrease of Cg value, exactly

5 r

as expected. In the course of experimental study it 4
has been also shown that the use of benzene as the
medium for the reaction leads to decrease of the .
polymer yield. In addition, benzene is more toxic % 3
than heptane and cyclohexane. Therefore, cyclo- %
hexane has been chosen for further experiments. o
One of the key parameters, that influence the effi- £ 2
ciency of the thickening polyacryl polymers, is the E

ratio of hydrophilic acidic units and the hydro-
phobic units of alkyl (meth)acrylates. The optimal 1L
value of this ratio depends on the nature of hydro-
philic and hydrophobic units in copolymers, it
should be selected individually for each system , , , , , ,
under investigation. 40 50 60 70

To choose the optimal ratio in the case of

. . . . MAA, %
thickening aqueous solutions with MAA-BA co-
pOIYmerS the series Of syntheses m Cyc'lo.h'exane Fig. 1. Relative viscosity of the solutions
medium has been carried out at various initial ra- of MAA-BA copolymers in DMFA

tios of the acidic monomer and the esteric one. at as the function of the acidic unit content in them
b
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Fig. 2. Kinematic viscosity of the MAA-BA copolymers
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Fig. 3. Kinematic viscosity of the aqueous solutions
of MAA-BA copolymers as the function of DMEG
content in the initial monomer mixture

constant content of the cross-linking agent, namely,
DMEG (0.6 % mol of £[M],). The obtained samples
of the copolymers differ in the acidic unit content,
which varies from 45 to 70 %. Figure 1 shows the
influence of the acidic unit content on the viscosity
of 0.2 % polymer solutions in DMFA. The maximal
viscosity value, corresponding to the acidic unit
content 62—64 %, is observed on the resultant curve.
The relationship between the thickening property of
polymers and the degree of acidic unit neutraliza-
tion, represented in Fig. 2, supports the greater
thickening property of copolymers containing 63 %
MAA units.

Because of this, in the following experiments
with the MAA-BA copolymer the influence of other
factors has been evaluated at the ratio of monomer
units 63:37.

An important factor, which influences the vis-
cosity characteristics of the polymers, is the cross-
linking degree that depends on content of the intro-
duced cross-linking agent. Due to experimental
study of DMEG content variation in the monomer
mixture (Fig. 3) it has been established that the rela-
tionship between the thickening property of the
MAA-BA copolymer and the initial DMEG content
exhibits a clearly defined maximum.

Special consideration must be given to the steep
rise of the thickening property at increasing DMEG
concentration from 0.4 to 0.5 % mol. of the total
concentration of main monomers (X[M],), as well as
the steep decline of this property after increasing
DMEG concentration from 0.9 to 1.0-1.2 % mol of
Y[M]y. Observational data point at the interval of the
optimal cross-linking degree for macromolecules, in
order to achieve the greatest viscosity of their solu-
tions (that is, the formation of macromolecular coils
occupying the greatest volume in a solution).

The neutralization degree of acidic groups and
the nature of neutralizing agent have a dramatic ef-
fect on the viscosity of aqueous solutions. Fig. 4
shows the kinematic viscosity values depending on
the neutralization degree of acidic groups and the
kind of the base used to neutralize the cross-linked
copolymer obtained from MAA-BA (63 :37). The
following bases have been used: monoethanolamine,
diethylamine, and NaOH. From the represented data
it is apparent that viscosity of aqueous solutions sig-

nificantly increases at the neutralization degree of acidic groups equaling 30—40 %, after which it just as
significantly decreases. Besides, the position of the viscosity maximum and the intensity of thickening
depend on the nature of a neutralizing agent, especially in the range 20—40 % neutralization degree.

On the basis of the obtained data complex the recommended conditions for the synthesis of MAA—
BA copolymer thickeners, to be used in aqueous systems, have been chosen: the solvent is cyclohexane,
the ratio MAA : BA = 67:33, the initial total concentration of monomers equals 12 % m/m, the initiator
concentration (lauroyl peroxide) is 1.0 % mol, the cross-linking agent (DMEGQG) is present in the amount
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0.6 % mol (of £[M],). The neutralizing agent and 30 r
the neutralization degree of acidic units should be -
chosen individually for each application object. 2 |

Other type of polyacryl thickeners, studied in
the present paper, has been the lightly cross-
linked water-soluble polymers of acrylic acid. In
view of the abovementioned literature data, the
thickening properties of the polymers on the AA
basis were determined in low-freezing aqueous
solutions of glycerol and PG, in order to evaluate
the possibilities of using such polymers to pro-
duce DIF of type IV. The important property of
such DIFs is their decreasing viscosity, when an
aircraft gathers speed during takeoff, which faci- . . )
litates the removal of DIF from the hull surface. 0 20 40 60 20

That's why the main criteria for comparison o, %
of various thickeners are achievement of the op-
timal level of dynamic viscosity and the degree of
its decreasing under mechanical load.

First of all the study has concerned the influ-
ence of the type and concentration of the cross-linking agent on the thickening properties of AA homo-
polymers, obtained by precipitation polymerization in ethyl acetate. As indicated by Table 1, the homo-
polymer obtained without any cross-linking agent shows a low thickening degree (200 mPa-s) even at its
high concentration in the solution, namely, 1.0 % m/m. Low viscosity persists also for the solutions on
the basis of the AA homopoolymer obtained at insignificant (0.06 % mol of X[M],) concentration of the
cross-linking agent, which is TGM-3. The observed data point at low molecular masses of the synthe-
sized thickeners. However, with increasing TGM-3 concentration at the synthesis stage up to 0.3 % mol
of Z[M]y, the formed polymer has high thickening ability, and the dynamic viscosity of the thickening
agent solutions in the media water-glycerol and water-PG equals 7600 and 6700 mPa-s, respectively.
Further increase of cross-linking content in the polymer makes it insoluble in the mentioned systems
(Table 1, no. 3). As an alternative cross-linking agent, DMEG has been tested, but in this case the ob-
tained polymers have lower thickening ability compared to the samples linked by TGM-3.

20 +

Kinematic viscosity, cm?/s

Fig. 4. Kinematic viscosity of the MAA-BA copolymer (63:37)
as the function of the neutralization degree of acidic units
by monoethanolamine (1), diethylamine (2), and NaOH (3)

Table 1
Synthesis conditions and characteristics of solutions of the polymer thickeners on the basis of acrylic acid

Cross-linking
No Comonomer agent Solvent Solvent C, % | Dynamic viscosity®,
’ (% mol) (% mol for synthesis for testing SPL m/m mPa-s
of X[M]o)

- — Ethyl acetate Glycerol — water 1.0 200
Glycerol-water 0.4 7600

- TGM-3 (0.30) | Ethyl acetate PG — water 09 €700

- TGM-3 (0.50) | Ethyl acetate Glycerol — water 0.4 insoluble

Glycerol — water 0.4 7000

- DMEG (0.30) | Ethyl acetate PG — water 09 5000

Glycerol — water 0.4 900

AAm (5.0) | TGM-3 (0.30) | Ethyl acetate PG — water 09 200
Glycerol — water 0.4 6500

BA (5.0) TGM-3 (0.30) | Ethyl acetate PG — water 09 2000
Glycerol — water 0.4 5500

LMA (0.5) | TGM-3 (0.20) | Ethyl acetate PG — water 09 7700

*0,3 rpm, pH 7.7-8.0.
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The next stage has centered on studying the properties of AA copolymers, linked by TGM-3 and
containing additional hydrophobic or hydrophilic fragments. As hydrophobic comonomers at polymeri-
zation, butyl acrylate (BA) and lauryl methacrylate (LMA) have been used, while acrylamide (AAm)
has been used as the hydrophilic one. The data collected in Table 1, obtained after the testing the ab-
ovementioned copolymers in the mixtures water-glycerol and water-PG, show that they are characte-
rized by lower values of dynamic viscosity compared to the linked AA homopolymer. It is particularly
remarkable that, as a whole, the obtained laboratory samples thicken the aqueous solutions of glycerol
better than the aqueous solutions of PG. This may be explained by better dissolving capacity of the mix-
ture glycerol-water in relation to the obtained polymers, which leads to increasing the size of macromo-
lecular coils in solutions. The given fact points at the preference of using aqueous solutions of glycerol
with the thickeners of this type.

Note that for the solutions of almost all obtained polymers (except those with the viscosity value
lower than 1000 mPa-s) the pseudo-plastic flow curve under load is typical (Fig. 5).

In order to evaluate this effect quantitative-
ly, the degree of pseudo-plasticity has been de-
termined as the ratio of the dynamic viscosity
of a solution at the spindle rotation speed 0.3
rpm to the dynamic viscosity of the same solu-
tion at the spindle rotation speed 1.5 rpm.
Comparative analysis has shown that the pseu-
do-plasticity effect is the most pronounced for
solutions on the basis of the cross-linked AA
homopolymer (Table 1, no. 2). The average
value of the pseudo-plasticity degree of this
polymer, both in the mixture water—glycerol
and in the mixture water-PG, equals 2.15;
while other thickeners do not reach 2.0 of this
value.

Thus, under the chosen experimental con-
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Fig. 5. Dynamic viscosity of water-glycerol solutions of the
synthesized thickeners as the function of the spindle rotation
speed. Copolymer  composition; mass percentage
of polymers in the mixture, %; thickener content in the poly-
mer, % mol: (A) AAILMA (99.5:0.5), 0.4 %, 0.2 %;
(o) AA, 0.4 %, 0.3 %; (o) AA:BA (95.0:5.0), 0.4 %, 0.3 %

ditions the AA homopolymer with the optimal
cross-linking degree is found to be the most
efficient potential thickener for antifreezing
compositions intended for producing DIF of
type 1V, since its solutions are distinguished by
the greatest viscosity and the pseudo-plasticity

degree compared to solutions of other investi-
gated thickeners.

Conclusion

Lightly cross-linked polymer thickeners on the basis of acrylic and methacrylic acid have been syn-
thesized with the use of radical precipitation polymerization. For MAA—BA copolymers the influence of
cross-linking degree, content of acidic units, the nature of the neutralizing agent, neutralization degree of
acidic units upon thickening properties in aqueous solutions has been determined. For cross-linked AA
homopolymers fine prospects to be of use as thickeners for DIF of type IV on the basis of water—
glycerol solutions have been shown.
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METOAOM OCAAUTEJIbHOU PAOAUKAIIBHOU NOJIMMEPU3ALIUUN

O.A. Kazanuee™?, M.C. PymsiHyee?, M.B. CasuHoea’, T.A. Xoxnoea®,
C.M. [JaHog?, A.l0. Cadukoe'’
" Huxezopodckuti 2ocydapcmeeHHbIl yHusepcumem um. H.M. flobayesckozo, . HuxHui Hoszopod
2 Huxezopodckuli 2ocydapcmeeHHbIl mexHu4eckul yHugepcumem um. P.E. Anekceeaa,
2. HuxHuti Hoszopod
3 HayuyHo-uccrnedosamesnbeKuti UHCMUMYmM XUMUU U MEXHOM02UU MOUMEPO8
umeHu akademuka B.A. KapauHa ¢ oribimHbiM 3a8000M, 2. []3ep)KUHCK

MeTtonoM paanuKaIbHON OCamTUTEeNBHON IMOTMMEPU3alii CHHTC3UPOBAHEI CIa00CIIUTEIC
MOJIMMEPHBIE 3aryCTUTENIM Ha OCHOBE aKpUJIOBOM M METaKpWJOBOW KucioT. OmnpeneneHo
BIUSTHUE BBeNEHUS TUAPOGOOHBIX 3BEHBEB, CTEMEHU CUIMBKH, MPUPOHI HEUTPAIU3YIOUIETO
areHra, CTeTNIeHH HeWTpalln3alMi KUCJIOTHBIX 3BEHBEB U APYTrHX (HaKTOPOB Ha 3arymiaroniue
CBOMCTBA MOJIYYEHHBIX MOJIUMEPOB B BOJIE, a TAKKE CMECSIX BOJABI C TITULIEPUHOM UJIH MPOTMH-
JICHTJIMKOJIEM.

Kntouesvie cnosa: akpunogas Kucioma, Memaxkpuiosas KUCIOmMA, AaKui(Mem)aKpuiamot,
PAOUKANbHASL NOMUMEPU3AYUA, CAaboCuumole NOIUMEPSHI, 3d2ycmument, 800d, 2IUYepuH,
2NIUKOTIU.
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INFLUENCE OF SYNTHESIS CONDITIONS ON COMPOSITION
OF ALKYL (METH)ACRYLATE - VINYL ALKYL ETHER COPOLIMERS
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Synthesis of methyl methacrylate copolymers with vinyl butyl ether has been carried out
from the monomer mixture by compensate polymerization method. Analysis of their compo-
sition has shown that, respectively, either a conversion nonuniform copolymer is formed with
methyl methacrylate units for the most part, or a copolymer nearing equimolar composition.
By the example of monomer couple butyl acrylate—vinyl alkyl ether it has been shown that in
order to get the structurally uniform copolymer, it is possible to use both classical radical in-
itiators and binary alkylborane—oxygen initiators.

Keywords: methyl methacrylate, butyl acrylate, vinyl butyl ether, vinyl isobutyl ether,
radical initiation, azobisisobutyronitrile, amine complex, triethylborane, tri-n-butylborane,
copolymer composition.

Introduction

Synthesis of new copolymers under radical initiation conditions is a promising direction in chemi-
stry of high-molecular compounds. Modification of polymer properties using the development of copo-
lymer synthesis without additives, with radical initiators of various types, is still an urgent problem [1,
2]. In particular, fractional introduction of one of the monomers into the reaction sphere makes it possi-
ble to obtain copolymers whose composition is unlike those from the monomer mixture, with corres-
pondingly new properties. Thus, such a method, used for copolymerization of some alkyl
(meth)acrylates (AMA) with vinyl alkyl ethers, leads to structurally uniform copolymers. The results
have been obtained by the example of monomer couples, including butyl acrylate (BA), the mixtures of
esters formed by methacrylic acid and higher alcohols of Cs—Cyy fractions (CMA-1) and C,,—Cig frac-
tions (CMA-2) with vinyl butyl ether (VBE), vinyl isobutyl ether (ViBE) [3-6].

The aim of the present study is the comparative analysis of the composition of methyl methacrylate
(MMA) copolymers with vinyl alkyl ethers (VAE) in synthesis from monomer mixture by compensate
polymerization method, as well as of various initiators used to obtain BA—VBE copolymers of equimo-
lar composition.

Experimental

Commercial reagents were used throughout.

In order to synthesize copolymers in ampoules the exact amounts of monomers and initiator were
placed into glass ampoules, freed from oxygen by freezing the reaction mixture in liquid nitrogen and
pumping out to residual pressure < 1.3 Pa. The ampoules were glass-sealed, then polymerization was
carried out at strictly determined temperature. For that an ampoule was placed into a thermostat for pre-
set time, after which the ampoule was taken out and frozen in liquid nitrogen to stop polymerization.
The copolymer was isolated by recrystallization from solution [4]. Monomer conversion was gravimet-
rically determined.

The synthesis of copolymers by compensate polymerization method. The synthesis was performed
in a four-necked flask with a reflux condenser, a paddle-type agitator, a thermocouple, and an outlet for
reagent injection, placed in a thermostat. An exactly weighed sample of less reactive monomer was
placed into the flask, the mixture was brought to boil while stirring. Through the outlet for reagent injec-
tion a solution of exactly weighed sample of azobisisobutyronitrile (BIN) was measured in doses with
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the use of a dropping funnel. After preset synthesis time the flask was cooled in water bath (40 °C). Un-
reacted monomers were pumped out at low pressure (to 0.5 mm of mercury). Under vacuumization con-
ditions the polymer was dried in the flask to constant weight at T = 20-25 °C.

In the case of using triethylborane- (TEB) or tri-n-butylborane (TNB) — oxygen, the commercial
complex trialkylborane hexamethylenediamine was placed into the reactor, and organoelemental com-
ponent was isolated by measuring in doses the equimolar amount of methacrylic acid together with the
reactive monomer.

IR spectra of the synthesized copolymers were recorded on the Fourier-transform IR spectrometer
Shimadzu FTIR-8400S in KBr cuvettes with pathlength 0.26 mm in chloroform solution. The range of
wavenumbers was 5500-550 cm ', determination error did not exceed £0.05 cm . The copolymer com-
position was determined with the use of calibrating curve by characteristic peak area. The analytical
bands were the following: the band at 1727 cm' for carbonyl group (acrylate fraction); the band at
1100 cm™ for C—O—C group of ether (VAE fraction).

'H NMR spectra were recorded on the Agilent DD2 400 spectrometer (solutions in CDCls), at oper-
ating frequency 400 MHz. Chemical shifts are given in ppm in relation to the solvent residual signal
(chloroform: 7.26 ppm). All spectra are recorded at temperature 25 °C.

Results and Discussion

In accordance with the purpose in hand the samples of MMA and VBE copolymers were obtained
from the monomer mixture (Table 1) and by compensate polymerization (Table 2), the composition
analysis was performed by IR- and NMR-spectroscopy.

It can be seen from the data in Table 1 that the copolymer synthesis from the monomer mixture of
the following composition: 60 mol % MMA and 40 mol % VBE leads to formation of samples com-
posed by MMA units for the most part, their fraction insignificantly decreases with conversion. Similar
results were previously obtained by the example of the monomer couple BA—ViBE. The obtained results
are obviously explained by relative reactivities of comonomers, whose values equal ryma = 10-11,
rvpe ~ 0 [7, 8]: high reactivity of the growing MMA radical with respect to its monomer leads to forma-
tion of the macromolecule containing but small amount of VBE units. Though with conversion buildup
the content of BVE fragments in the polymer insignificantly increases (rows 3, 4).

Table 1
Characteristics of the copolymers obtained from the monomer mixture of the composition:
60 mol % MMA, 40 mol % VBE, initiator BIN (0.1 mol %). Temperature 60 °C
. . Content of MMA units, mol %
. Time, h nversion, ¢ . ’ ’
No © Conversion, % according to "H NMR data
1 2 15 98
2 4 27 96
3 6 57 —
4 8 55 94
5 10 62 94
Table 2
Data on composition of MMA-VBE copolymers obtained by compensate polymerization method
at general monomer ratio 1:4 in the presence of BIN (0.1 mol %) at boiling VBE
. o . Content of MMA units, mol %,
No MMA dosing | Yield in reactive according to data
. " . o
1me, min monomer, % IR 'H NMR
1 20 44 58 56
2 40 51 53 53
3 53 62 56 57
4 80 78 59 57
5 180 92 54 53
60 Bulletin of the South Ural State University. Ser. Chemistry.
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The use of compensate copolymerization method (uniform dosing of MMA into VBE) makes it
possible to obtain the copolymer with almost equimolar composition (Table 2). At that the calculation
results of copolymer composition according to IR- and 'H NMR-spectroscopy data are in close agree-
ment. Similar results have been obtained by the example of monomer couples including BA, CMA-1
and C;,—C,s fractions (CMA-2) with VAE [4, 6].

Among initiators of radical polymerization the initiating systems involving trialkylboranes are of
great interest [9, 10]. In the present paper their initiation effect has been studied both during copolymeri-
zation from the monomer mixture by the example of the couple MMA—VBE at initiation by the system
BIN-TNB (Table 3), and during compensate copolymerization of the comonomers BA and VAE (VBE
and ViBE) in the presence of TEB and TNB (Table 4). In the latter case atmospheric oxygen acts as the
co-initiator together with trialkylboranes, air is present in the reaction mixture at abovementioned
process conditions in small proportion. For comparison, Table 4 shows data on the composition of copo-

lymers BA-BAE, synthesized by compensate copolymerization in the presence of BIN.
Table 3

Characteristics of the copolymers obtained from the monomer mixture of the composition:
60 mol % MMA, 40 mol % VBE, initiator BIN + TNB (0.1 + 0.8 mol %). Temperature 60 °C

o )
No. Time, h Conversion, % CO;::t:(r)lrt d?ﬁg?%lﬁll\;[sf{rgza@
1 2 22 98
2 4 33 96
3 6 50 94
4 8 59 93
5 10 60 93

At data correlation for Tables 1 and 3 it can be seen that during copolymerization from the monomer
mixture the use of the initiating system BIN-TNB does not lead to significant changes in the copolymer
MMA-VBE composition: the formed samples are composed by MMA units for the most part, their frac-
tion insignificantly decreases with conversion. Previously it was observed [10] that at MMA polymeri-
zation initiated by BIN-TNB the rate of polymerization increased compared to that with azo-initiator,
which increased if TNB concentration increased in its ratio to BIN. In this instance it is also possible to
note somewhat greater conversion of the copolymers in the early stages. It is related to the fact, de-
scribed in [10], that the radical system on the basis of TNB and BIN is appropriate for polymerization of
methyl methacrylate in the absence of oxygen-containing oxidizing agents. Possibly, azo-initiator, coor-
dinated by TNB through nitrile groups, dissociates homolytically to generate n-butyl radicals. Their
formation proceeds according to Sg2 reaction, in which the resonance forms of nitrogen-centered cya-
noisopropyl radicals on the boron atom are substituted in compliance with scheme 1:

LC>c—c=N = MC>c=c=\
- R;B
H3C>C=C=N — H3C>C=C=N—BR2 + R
H,C H;C

Besides, the increasing rate can be explained by coordination of the growth radical TNB and coordina-
tion radical polymerization in compliance with the following scheme [11]:

R R ~ R
’ ~N /.- CH, = R p
‘-CH3—CI' s - B —;-*-CHQ—%“ - CI"' —rNC‘Hg—C]‘R—C'Hj—C[’ o g7
Cs | Nge  Covol. LC.. C. .1 ©
(I) © 70 | d/ \(I) "0 (l) o’ CI) 9 0
CH; CH; CH; CH; CH;
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Such coordination is possible for AMA and acrylonitrile [11]. As coordination proceeds on the
basis of the growth radical, formed by the reactive monomer, consequently, copolymer compo-
sition should be determined only by the way of synthesis.

Table 4
Data on composition of the copolymers BA-VAE obtained by compensate polymerization method
in a total proportion of the monomers 1:4 in the presence of trialkylboranes at reflux of VBE
; ; ; ; ; o
No. Initiator VAE BA dosmg Yield in reac(flve Content of .BA units, mol %,
time, min monomer, % according to IR data

1 BIN* ~100 51-52

2 TEB VBE 56-66 51-52

3 TNB 18-20 48-50

4 BIN 20-30 ~100 65-70

5 TEB ViBE 50-51 59-60

6 TNB 40 30 65-66
* data [4].

Based upon the data in Table 4, the composition of the copolymer BA-VAE, obtained at initiation
by BIN, compared to trialkylboranes TEB and TNB, which form initiating radicals after oxidizing by
atmospheric oxygen [9], left in small proportion in boiling VAE, is almost the same. For the copolymer
BA-ViBE, synthesized in the presence of trialkylboranes (rows 5, 6), the content of acrylate is some-
what less than for it at initiation by BIN (row 4). Note that the use of organoelemental initiator leads to
decrease of the copolymer yield. This is obviously correlated to the characteristic features of polymeri-
zation initiation in the presence of trialkylboranes [9]: at introduction of trialkylborane the oxygen in the
reaction mixture is rapidly consumed. Autooxidation begins with homolytic Sg2 substitution by oxygen
of an alkyl radical in trialkylborane (scheme (3)). The formed alkyl radical interacts with the next oxy-
gen molecule, yielding peroxy radical (scheme (4)), which can further react with original trialkylborane
(scheme (5)), continuing the chain reaction (6). Then monoalkylperoxyborane reacts with oxygen to
produce dialkylperoxyborane (scheme (7)) or with original trialkylborane (scheme (8)). In the latter case
the product is dialkylalkoxyborane (RO)BR,, capable of further reaction with oxygen, eventually form-
ing trialkylborate B(OR); (scheme (9)) [9]:

Initiation:
R3B + Oz RZBOO. + Re (3)
Chain growth:
Re+ 0O, ROO- 4)
ROO- + R3B OO0O)BR;,+ Re (%)
(ROO)BRz +R;3B R,BOR+ R,BOe + Re (6)
Following reactions:
(ROO)BR; + O, (ROO),BR (7)
(ROO)BR; + R3B 2(RO)BR; (8)
(RO)BR; + O, (RO)(ROO)BR (RO);B 9)

Except the abovementioned reactions, other processes are possible. Conversion level for autooxida-
tion of trialkylboranes depends on the ratio of borane and oxygen. Apparently, under the conditions of
compensate copolymerization, the results of which have been shown in Table 4, the specific features are
such that it is impossible to obtain the copolymer with quantitative yield in acrylate. Though the copo-
lymer composition stays almost equimolar, independently on the used initiator.

Thus, the investigation on the influence of the synthesis conditions for copolymers of AMA with
VAE upon their composition, by the example of several monomer couples, has allowed detecting that
the method of monomer introduction into the reaction mixture influences the process significantly, and
that the nature of initiator causes but a slight change in the copolymer composition; the use of organo-
elemental initiator leads to decrease in copolymer yield.

62 Bulletin of the South Ural State University. Ser. Chemistry.
2015, vol. 7, no. 4, pp. 59-65



Semenycheva L.L., Kuznetsova Yu.L., Influence of synthesis conditions on composition
Geraskina E.V. et al. of alkyl (meth)acrylate—vinyl alkyl ether copolimers

Conclusions

1. Copolymers of methyl methacrylate with vinyl butyl ether have been synthesized form the mo-
nomer mixture and by compensate polymerization method. The analysis of their composition has shown
that in the first case the gradient copolymer is formed, nonuniform in conversion, with methyl methacry-
late units for the most part; when acrylate is dosed uniformly, the copolymer of almost equimolar com-
position is obtained.

2. It has been shown that in order to obtain the structurally uniform copolymer from the monomer
couple butyl acrylate—vinyl alkyl ether it is possible to use both classical radical initiators, e.g. BIN, and
binary alkylborane—oxygen initiators. At that the copolymer conversion decreases if trialkylboranes are
used for initiation.
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BINMUAHUE YCNNOBUN CUHTE3A HA COCTAB COINOJINMEPOB
ANKUN(MET)AKPUNAT-BUHUNTANTIKUNOBbLIA 3PUP

J1.J1. CemeHbiveea, KO.J1. Ky3aHeuyoea, E.B. epacbKuHa,
FO.0. Mamkueckasi, A.A. MoUKuUH
Huwxezopodckuli eocydapcmeeHHbIl yHugepcumem um. H.U. Jlobayesckoeo, 2. HuxHuti Hos2opod

IIpoBeneH cUHTE3 CONMOIMMEPOB METHIMETAKpHIaTa ¢ BUHUIOYTHIOBBIM 3(HUPOM H3 MO-
HOMEPHOI CMECH W KOMIICHCAITHOHHBIM CITOCOO0OM. AHAIM3 WX COCTaBa MOKAa3all, 4TO IPOHC-
XOIUT 00pa3oBaHKE, COOTBETCTBCHHO, HEOJHOPOIHOTO IO KOHBEPCHH COIOJIUMEpa C Ipe-
HMYIICCTBEHHBIM COJICPKAaHHEM 3BCHBEB METHJIMETAKPHIIATA M COMOJIMMEpPa OIM3KOTO K IK-
BAMOJBHOMY cocTaBa. Ha mpuMmepe MOHOMEpHOH Naphl OyTHIIaKpHIIAT-BHHUIATKIIOBBIN
3(¢up NOKa3aHO, YTO IS MOTYUCHHST KOMITO3UIIIOHHO OJJHOPOIHOTO COTIOIAMEpPa MOTYT OBITh
HCTIOJIB30BaHbl KaK KJIACCHYCCKHUE PaJuKalbHBIC MHUIUATOPHI, TaK M OMHApHBIC MHUALIATOPHI
OOpaANIKHI-KUCTOPOI.

Kniouesvie cnosa: memunmemaxpuiam, OymuiaxKpuiam, SUHUIOYMUNLOBbIU d¢up, euHU-
AU306YMUNO0BHILL IPUD, PAOUKATLHOE UHUYUUPOBAHUE, OUHUMPUIL A30U30MACTSIHOU KUCTIOMDbI,
AMUHHBLIL KOMIJEKC, MPUIMUIO0p, mpu-H-0ymuidoop, cocmas conoaumepa.
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REACTION OF 3-AMINOPROPYLTRIETHOXYSILANE
WITH TRIPHENYLPHOSPHATE

V.V. Semenov, vwsemenov@iomc.ras.ru
Razuvaev Institute of Organometallic Chemistry, Russian Academy of Sciences,
Nizhny Novgorod, Russian Federation

Interaction of 3-aminopropyltriethoxysilane RNH, [R = (EtO);SiCH,CH,CH,] with tri-
phenylphosphate (PhO);P=0 proceeds at temperature 180-200 °C and leads to formation of
quaternary ammonium salt of phenylphosphoric acid [PhOP(0)O,]*[PhH,NR]*", which turns
into liquid silicon-containing oligoamidophosphates RNH[P(O)(OPh)NR],P(O)(OPh)NHR
and phenol at high temperature. The latter transesterifies the original 3-
aminopropyltriethoxysilane and the obtained products. With the use of high-temperature va-
cuum rectification liquid oligomers and the solid cross-linked polymer have been isolated.
Heating of the solid polymer up to 1000 °C in inert atmosphere results in the amorphous
phase, containing SiO, and NPO. The reactions of 3-aminopropyltriethoxysilane with triphe-
nylphosphate and trimethylphosphate have been compared.

Keywords: 3-aminopropyltriethoxysilane, triphenylphosphate, trimethylphosphate, oli-
gomers, thermal transformations.

Introduction

Molecules of triethoxysilylpropylamidophosphates (EtO);SiCH,CH,CH,NRP(O)X, (R = H, All;
X = OR, NR;) contain the easily hydrolyzed group (EtO);Si and the amidophosphate fragment
NRP(O)X,, which can form coordination compounds with d- and f-elements. Ability of sol-gel polyme-
rization and forming coordination compounds offers a way to obtain metal-containing gels, films [1],
transparent glasses [2] on their basis. Target syntheses of such compounds are based on the reaction of
3-aminoprolyltriethoxysilane (EtO);SiCH,CH,CH,NH, (APTES) with the derivatives of phosphorous
oxychloride CIP(O)X, (X = OPh, NR;). Organic bases (triethylamine, pyridine) are used as acceptors of
the evolving hydrogen chloride. Voluminous precipitates of triethylamine or pyridine hydrochlorides,
produced in this reaction, badly thicken the reaction mixtures and demand great amounts of solvents,
which need to be carefully dewatered, as the initial compounds and the products are hydrolytically unst-
able. In this context finding a more convenient method of obtaining alkoxysilyl derivatives of amido-
phosphates seems an urgent problem. The alternative way of synthesis involves the reaction of two in-
dustrial products: APTES and triorganophosphates (RO);P=0, which can lead to substitution of RO
groups at the phosphorus atom and production of alcohol. Nevertheless, in recently performed study [3]
it has been shown that interaction of APTES with trimethylphosphate (MeO);P=0 (TMP) leads to re-
lease of ethyl (not methyl) alcohol in the first stage and production of organophosphosilicates. Replace-
ment of methyl groups in triorganophosphate by phenyl ones has led to cardinal change of the process
direction, so that release of phenol and production of silicon-containing amidophosphate oligomers has
been observed. In the present paper the results in investigating APTES interaction with triphenylphos-
phate (PhO);P=0 (TPP) are described, the comparison of the related reactions is carried out, and the ex-
planation of possible causes for different behavior of two structurally similar compounds (PhO);P=0
and (MeO);P=0 is suggested.

Experimental

IR spectra were recorded on the Fourier-transform IR spectrometer "FSM-1201". Liquid and resin-
ous substances were spread in a film between KBr plates. In order to record solid samples a mineral oil
suspension was prepared. Both 'H and *'P NMR spectra of the samples dissolved in CDCl; were record-
ed on the "Bruker Avance DPX-200" spectrometer, operating frequency equaled 200 and 80 MHz for 'H
and *'P, respectively; internal standard for 'H was Me,Si, for *'P it was 85 % H;PO,. X-ray phase analy-
sis was performed on "DRON-3M" diffractomerter (CuK,-emission) with the graphite monochromator
on the diffracted beam. Thermogravimetrical analysis was performed on the "Perkin Elmer Pyris 6
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TGA" apparatus. Heating of the 50 mg sample was carried out at the rate 5 deg per min from 40 to
1000 °C in nitrogen atmosphere. Mass spectra were obtained on the chromato-mass spectrometer "Trace
GC Ultra" with mass analyzer "Polaris Q" (capillary chromatographic column NR-5MS, 30 m x 0.25
mm, thickness of stationary phase film 0.25 pum; injector temperature 250 °C; helium as the carrier gas;
flow rate 1.5 mL per min; programmed temperature rise from 40 to 250 °C; mass analyzer with the ion
trap; energy of ionizing electrons 70 eV; temperature of ion source 300 °C; the range of detected masses
40-400). Total ion current chromatograms were recorded. The analyzed mixture was dissolved in
CH,Cl,. The sample volume equaled 1 pL. Interpretation of mass spectra was carried out with the use of
NIST MS Search 20 database.

APTES (Slavgorod PA "Altaikhimprom") was rectified under vacuum in the column 1x50 cm,
filled by nichrome wire coils. TPP was recrystallized from heated toluene before use.

APTES was analyzed on the gas chromatograph "Tsvet-530" in the stainless steel column 0.3x200
cm, filled by solid support Chromaton-N-AW-DMCS with 5 % liquid phase XC-2—1; thermal conduc-
tivity detector; helium as the carrier gas; temperature of the column thermostat 160 °C, temperature of
the detector and vaporizer thermostat 220 °C. Content of isomeric 2-aminopropyltriethoxysilane equaled
1.2 %. To analyze liquid fractions, obtained after distillation of oligomers under vacuum, the column
0.3x200 cm was used, filled by solid support Chromaton-N-AW with 5 % liquid phase SE-30; thermal
conductivity detector; helium as the carrier gas; temperature of the column thermostat 200 °C, tempera-
ture of the detector and vaporizer thermostat 250 °C.

Reaction of APTES with TPP. APTES and TPP in molar ratio 1:1, 2:1 or 3:1 (Table 1) were
placed at room temperature into a round-bottom flask with a stirrer and a reflux condenser.

Table 1
The reaction products of APTES with TPP
Weight of the collected liquid fractions, g Weicht
Quantity Quantity TPP, (mas. %) of fi fe d
Ne APTES, g g (b. p., 0.05 mm Hg d

(x10* mol) (x10* mol) 1 2 3 rest ui}g
(50-100°C) | (100-180°C) | (180-250°C) | (™as-70)

I 9.52 (4.30) 14.00 (4.30) 3.06 (13) 10.58 (45) 4.70 (20) 5.18 (24)
11 9.52 (4.30) 7.00 (2.15) 1.65 (10) 8.93 (54) 2.48 (15) 3.46 (21)
111 9.52 (4.30) 4.70 (1.45) 1.14 (8) 8.68 (61) 1.71 (12) 2.70 (19)

The reaction mixture was heated in an oil bath up to 200 °C, then it was constantly stirred at this
temperature for 8-10 h. After TPP was melted at 40-50 °C, the mixture became homogeneous, it time its
viscosity increased. On completion of the process the viscous yellow liquids were obtained. Color inten-
sity and viscosity decreased with increasing APTES content. The obtained products were distilled under
vacuum in glass ampoules with attached side outlets. The ampoules were slowly heated up to 300 °C at
the pressure 0.05 torr in a cylinder furnace with controlled output, and were kept at these conditions for
2 h. The temperature was registered with the use of a thermometer placed in the furnace. In Table 1 the
distillation temperature intervals for corresponding fractions are shown, as well as the masses calculated
in proportion to the initial amounts of reactants. All collected liquids were transparent and practically
colorless, except fraction I-3 of yellowish color. The first fraction was condensed in the trap, cooled by
liquid nitrogen, two others were collected into the side outlet and then detached. At 250 °C the mixture
of oligomers began foaming. On completion of distillation and cooling to room temperature the formed
yellowish foams were easily broken with a glass rod, turning into powders, insoluble in water and organ-
ic solvents.

All liquid fractions were analyzed by gas-liquid chromatography and chromato-mass spectrometry.
In consequence of high-boiling components of the second and, especially, the third fraction transition
into the gas phase and separation in the chromatographic column were hampered. The greater part of
oligomeric products were not recorded by the given methods. In mass spectra phenol, APTES and sev-
eral isomeric products, containing fragments of silicon alkoxides NHCH,CH,CH,Si(OEt),(OPh),_,, were
determined unambiguously. Those compounds were contained in all distilled liquids, but the ratio was
different. The first fraction included phenol with no more than 5 % admixtures of APTES derivatives. It
was also demonstrated by IR spectroscopy data and the fact that the liquid, collected in the trap, har-
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dened at room temperature (phenol m.p. 41 °C). The second fraction contained scarcely any phenol,
while the third one was again enriched by phenol due to decomposition of the solid product.

Thermal decomposition of the solid product of APTES-TPP reaction. The weighed sample 1.0—
1.5 g of the powder was placed in an ampoule, connected with a pump through a trap, kept under va-
cuum for 30 min and heated for 4 h at 400-420 °C. At that temperature the powder color changed from
yellow to dark brown. In the side outlet, cooled by liquid nitrogen, gaseous products of pyrolysis were
collected. The walls of the trap and the cold part of the apparatus were covered by white deposit. After
cooling to room temperature the ampoule outlet was detached, the darkened powder was weighed. The
loss of mass equaled 30-35 %. The gaseous decomposition products were refrozen through a connector
under vacuum into an ampoule with a silicone stopper for chromato-mass spectrometry analysis. Those
gases, representing not less than 70 % from the mass loss in the given stage, were the mixture of isomer-
ic unsaturated hydrocarbons C;—Cg. The white deposit from the outlet walls was dissolved in methylene
chloride and also analyzed with the use of chromato-mass spectrometer. It consisted of phenol ¢ 10 %
admixture of elemental phosphorus P,.

After thermal treatment of the powder under vacuum the subsequent heating was carried out under
nitrogen flow. The weighed samples 0.1-0.2 g of the powder obtained in the previous stage were placed
in quartz boats 7x100 mm into a wide horizontal quartz tube, and nitrogen was blown through it for 1 h.
Then they were heated in electric furnace at 600, 800, and 1000 °C, were allowed to stand for 5 h and
cooled to room temperature. At 600 and 800 °C black powders were obtained, the loss of mass in those
stages equaled not more than 5 %. Pyrolysis at 1000 °C led to formation of greyish sintered samples, the
mass decreased by 40-50 %. In all those cases at the beginning of heating yellow-brown vapors were
carried from the hot zone, with increasing temperature they carbonized.

In a similar way heating was carried out for the powder, obtained in the reaction of APTES with
TPP, under oxygen flow at 1000 °C. The loss of mass equaled 45 %, practically colorless sintered ma-
terial with greyish inclusions was obtained.

Results and Discussion

The reaction of APTES with TPP proceeds slowly only at heating up to 180-200 °C. Excess of
APTES and short-term (3 h) heating at 150 °C does not result in interaction. In order to achieve higher
conversion degree, it is necessary to heat at 180-200 °C during 10 h. The reaction mixture looks like a
low-viscous liquid of pale yellow color. Phenol and ethyl alcohol have been found among low-boiling
products by gas-liquid chromatography and IR spectroscopy.

Fig. 1 (curve 1) shows the IR spectrum of the products obtained after evaporation of alcohol and
phenol under vacuum. The characteristic feature of the spectrum is the wide absorption band of high
intensity, in the range from 3070 to 2200 cm ', consisting of stretching vibrations of N-H bond in cation
PhH,N"-, together with superposition of less intensive absorption bands of stretching vibrations of C—H
bonds of phenyl (3063, 3043 cm™') and alkyl (2978, 2930, 2980 cm ") groups. Deformation vibrations of
N-H are represented as the shoulder 1620 cm™. Presence of phenoxy groups (PhOP, PhOSi) is proved
by the series of intensive bands caused by stretching (1595, 1493 cm ') and out-of-plane deformation
(691 cm™") vibrations of the bonds C=C and C—H (shoulder 810 cm™' and band 759 cm™' of the doublet
759, 772 cm') [4]. The groups SiOEt are characterized by the series of bands 1161, 1094, 961 u 772
cm ' [5]. The doublet 1246, 1212 cm ™' is related to vibrations of C—O and P—O bonds, respectively [6].
Widening of the band v(C-0) is caused by the simultaneous presence of groups POPh, SiOPh, SiOEt.
Two bands of medium intensity 1452 and 1392 cm ' are related to deformation vibrations of C—H bonds
in —CH,— and —CHj; groups.

The IR spectroscopy data attest the presence in the reaction mixture of amine phenylphosphate salts Ia,b;
which are formed through transfer of one or two phenyl groups from TPP to APTES nitrogen atom. Trie-
thoxysilyl groups of these compounds are transetherifized by phenol, produced in the reaction (Scheme 1,
reaction 5). Diamine phenylphosphate salt Ib can be obtained both at the interaction of la with APTES
(Scheme 1, reaction 2) and as the result of Ia disproportionation (reaction 3), which is specific to organo-
phosphoric acids (RO),P(O)OH and their derivatives [7]. Phenol evolving suggests that Ia, b transform into
phenyldiamidophosphate 1I, which then condenses into oligomeric amidophosphates III. Their identification
becomes possible after distillation of the reaction mixture under vacuum at maximum underpressure and at
temperature as high as 300 °C. At that amine salts Ia,b move into the vapor phase and are distilled only in a
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minimal amount, which is attested by the IR spectroscopy data (Fig. 1, curves 3, 4). High temperature pro-
motes reactions 46 and distillation of oligomers III. By and large their chemical nature is identical to 3-
triethoxysilylpropylamidophosphate (EtO);SiCH,CH,CH,NHP(O)(OPh), (IV), that we have synthesized

earlier [1].

4000 3000 2000 1000 v, eM !

Fig. 1. FTIR spectra of the reaction products of equimolar quantities of APTES with TPP:
1 — a reaction mixture after removal of a great bulk of ethanol and phenol; 2 — fraction I-1;
3—-fraction I-2, 4 - fraction I-3 (liquid films)

H,NR N
(PhO);P=0  —>  [(PhO),P(O)OJ[PhH,NR] (1

Ia
la [PhOP(0)O,]* [PhH,NR],* (2)
Ib
200°C
21a Ib + (PhO);P=0 3)
Ib — PhOP(O)(NHR), + 2PhOH (4)
11
SiOEy; 229 _§i(0Et) (OPh), )
- EtOH

nii 220°C RNH[P(O)YOPh)NR],P(O)OPh)NHR) + 1/nRNH, (6)
I
R = CH,CH,CH,Si(OEt) (OPh);_,

Scheme 1
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Fig. 1 represents IR spectra of three fractions separated in the result of distillation of the reaction
mixture APTES : TPP =1 : 1. The first fraction (curve 2) constitutes the mixture of phenol with APTES.
In two high-boiling fractions (curves 3 and 4) accumulation of PhO groups takes place, at that they are
bonded not only to the phosphorus atom, but also to the silicon atom. The consequence is the intensity
decrease of the most characteristic band (1083—1103 cm™') of Si(OEt); fragment vibrations in relation to
the stretching vibration band of C—O bonds (1246 cm ™).

The intensity of bands v(C—H) of phenoxy radicals (3066, 3040 cm') in relation to v(C—H) of ali-
phatic radicals increases significantly. The most high-boiling fraction contains the greater part of the
product completely transetherifized by phenol and the unreacted TPP. The character of the spectrum in
the range 3500-3100 cm ' attests that the band v(N—H) in oligomers is of low intensity. The observed
wide band of medium intensity at 3300 cm ' corresponds to stretching vibrations of the phenol hydroxyl
group, which is admixed to all the fractions.

The possibility of transetherification has been examined by the example of phenol reaction with
APTES. Heating of their equimolar mixture at 180—190 °C for 3 h has led to consumption of initial reac-
tants and to formation of one main high-boiling compound (according to gas-liquid chromatography da-
ta), which constitutes 3-aminopropyldiethoxyphenoxysilane.

Thus, the reactions represented in scheme 1 include not only the initial APTES, but also its transe-
therifized derivatives. Their formation is most probable when reaction proceeds with an excess of
APTES.

The "H NMR spectroscopy data also suggest increasing the content of phenoxy radicals in high-
boiling oligomers obtained by high-temperature vacuum rectification. Comparison of the "H NMR spec-
tra for the reaction mixture APTES : TPP = 2 : 1 before distillation, as well as the second and third frac-
tions, to the spectrum of the model compound amidophosphate IV, shows the following results. In the
amidophosphate IV spectrum there are three groups of lines with equal intensity: 0.47-0.55, 1.49-1.56,
2.97-3.03 ppm, that characterize three methylene fragments between the atoms of silicon and nitrogen
SiCH,CH,CH,N. Ethoxy substituents are represented by the intensive triplet at 1.12 ppm (CH3) and the
quadruplet 3.74 ppm (CH,). The proton resonance of phenoxy groups at the phosphorus atom appears as
the multiplet in the range 7.08—7.25 ppm. Formation of SiOPh fragments in the reaction mixture leads to
significant complication of the 'H NMR spectrum. First of all, two new multiplets appear, which are
positioned to the right of the similar group of lines belonging to the PhOP fragment. The triplet of the
methyl fragment and the quadruplet of the methylene fragment of ethoxy groups transform into multip-
lets owing to appearance of the mixed (ethoxy)(phenoxy)silyl groups Si(OEt),(OPh);.,. Three groups of
lines of the fragment SiCH,CH,CH,N in compound I are supplemented by the multiplet 0.97—-1.07 ppm,
which is related to the methylene fragment —CH,-Si(OEt),(OPh);_ (influence of electron-accepting PhO
groups, transmitted by the silicon atom). In the spectra of distilled fractions these differences are streng-
thened. Even greater increase of the proton resonance intensity for phenyl groups, bonded to the silicon
atom, takes place, and proportional decrease of intensity for bands related to ethoxysilyl substituents. In
the most high-boiling fraction the content of SiOEt groups becomes minimal, which follows from very
low intensity of signals at 1.1-1.3 ppm. Appearance of two resonances at 5.47 and 5.55 ppm is observed
in the second fraction, they are probably related to the hydrogen atoms of the terminal amidophosphate
groups —P(O)-NH—. They are not located in the third the most high-boiling fraction. According to
scheme 1, in the reaction mixture without rectification quaternary ammonium base PhH,N'-
CH,CH,CH,-Si(OR); should be present. It is known [8] that the resonances of the methylene fragment
N'-CH, in the compounds of such kind are located near 3.7 ppm, that is, they are superimposed by the
signals of SiIOCH, group. Indirect confirmation of amine salt existence follows from the intensive wi-
dening and splitting of the multiplet band related to the central methylene group. The new band with the
center at 1.77 ppm appears because of electron-accepting influence of the group PhH,N -CH,—. In the
second fraction quaternary amine salt is practically absent, and the proton resonances of the central me-
thylene fragment appear as one widened band with the center at 1.68 ppm. In the third fraction accumu-
lation of electronegative groups Si(OPh); [compared to Si(OEt);] once again leads to widening and split-
ting of this band. Overintensity of the multiplet 2.5-2.8 ppm, belonging to the fragment —CH,-N, engag-
es our attention. Presumably other organic amines, besides the silicon-containing one, are present in the
mixture; they are produced as the result of its high-temperature treatment both during the synthesis
process itself and during its rectification.
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The changes of "H NMR spectrum for the reaction mixture APTES : TPP = 1 : 1 and the fractions
isolated from it are similar to the above, as a whole. The 'H and *'P NMR spectroscopy data demonstrate
that the greater part of TPP remains unreacted, whereas APTES is consumed comparatively fast and to
the fullest extent. The presence of unreacted TPP attests that reactions 1-4 (scheme 1), leading to com-
pounds Ib and II with the ratio Si: P =2 : 1, proceed easier than the following condensation and forma-
tion of oligomers I1I (reaction 6), in which the ratio Si : P approaches one. The transetherification of trie-
thoxysilyl groups by phenol proceeds with efficiency, the appearance of ethylphosphate fragments can
be observed. In the spectra of 2- and 3-fractions there are the signals of the group CH;-CH,-OP(O) pro-
tons at 1.3 ppm (multiplet) and 4.3 ppm (triplet).

The differences in the 'H NMR spectra changes for the products of the APTES—TPP reaction, car-
ried out at the ratio 3:1, are determined by the greater rate of phenol consumption for the use in transe-
therification of APTES that is in excess. The formed phenoxylated organosilicon amines are of less reac-
tivity concerning TPP. Because of this in excess conditions the initial APTES reacts first of all, while
the evolving phenol is expelled from the process mostly in the form of phenoxylated APTES derivative.
Thus, the rate of oligoamidophosphate phenoxylation decreases, if there is an excess of organosilicon
amine in the reaction.

Association of phenol with amidophosphate groups does not allow to separate it by rectification
completely. Effective decrease of its concentration in oligomers is reached by treatment of APTES-TPP
reaction products by hexamethyldisilazane at heating. Ammonia evolves intensively and phenoxytrime-
thylsilane forms, which has been isolated, purified by rectification and identified by gas-liquid chroma-
tography and IR spectroscopy [9].

Additional information about the composition of the liquid products is provided by *'P NMR spec-
troscopy data. Table 2 presents the relative intensity of the signals for oligomers before distillation and
in two high-boiling fractions. The signal 6 = —10 ppm is contained in the spectra of all the products. In
the spectra of distilled fractions the second signal appears 6 =—11 ppm. It is also present in the spectrum
of the product of APTES : TPP = 1:1 before distillation.

Relative intensity of signals in 31P NMR spectra of oligomers obtained in reaction APTES with TPP Table 2
. Relative intensity of signals
Oligomers 6=-10 ppm o=-11 p};m ;l 0 =-16.5 ppm
Before destillation 1.0 0.1 0.03
| Fraction I-2 1.0 0.8 0.6
Fraction I-3 1.0 1.9 0.3
Before distillation 1.0 — —
II Fraction II-2 1.0 0.5 —
Fraction II-3 1.0 0.7 —
Before destillation 1.0 — —
II1 Fraction III-2 1.0 0.1 —
Fraction III-3 1.0 0.2 -

Only in the latter and in two fractions obtained from it the signal 6 =—16.5 ppm is observed, it is re-
lated to the unreacted TPP. The relative intensity of the signal 8 = —11 ppm is maximal at the ratio
APTES : TPP = 1:1, it decreases with increasing APTES content. Furthermore, its contribution is always
greater in the most high-boiling fraction. On the basis of qualitative patterns concerning correlation be-
tween the chemical shifts of *'P nuclei and the nature of substituents in various phosphorus—nitrogen
compounds [10, 11], the signal 6 = —10 ppm can be correlated with the phosphorus atoms in —
NHP(O)(OPh)- groups, which the signal 6 =—11 ppm with those in -NRP(O)(OPh)- groups.

The data presented in Table 2 involve the following conclusions.

When the reaction is carried out at ratio 1:1, not all TPP reacts. The APTES excess leads to its com-
plete consumption.

In the process of high-temperature vacuum rectification oligomers with formula III (Scheme 1) are
accumulated. Their content decreases at dilution of the initial mixture by 3-aminopropyltriethoxysilane.
The latter circumstance is connected to the lower phenoxylation degree of oligomers, and, consequently,
to the significantly lower temperatures necessary for completion of rectification process. If organosili-
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con amine is in excess, the evolving phenol is largely consumed for the APTES phenoxylation, during
rectification process it is distilled in the form of its derivatives. The formed amidophosphate oligomers
contain smaller amount of Si(OEt)(OPh);, groups. As a consequence, in the process of vacuum rectifi-
cation they move into the vapor phase and are distilled away at relatively low temperature (under 250
°C), which is nevertheless sufficient to start the condensation process described by equation 6 in
Scheme 1. High temperatures (up to 300 °C) are necessary to distil maximally phenoxylated oligomers
that are produced in the reaction of APTES : TPP = 1:1. In this connection they contain greater amount
of condensed oligomers, that is also expressed in their greater viscosity.

In addition to three main signals (=10, —11, —16.5 ppm) in the *'P NMR spectra of the isolated frac-
tions there is a series of low-intensive signals, attesting to complication of the mixture composition dur-
ing the process of high-temperature rectification ((250-300 °C / 0.05 torr). The formed admixtures are
not recorded in the original products before distillation. The complication of the composition during the
rectification process is observed to a lesser extent for the products of the reaction with reactant ratio 2:1;
it is absent for the products of the process with the reactant ratio 3:1. The observed pattern is connected
to decreasing temperature during rectification of the products for the reactions, carried out with an
excess of APTES. The low-intensive signals, recorded by *'P NMR method, are related to the mixed
structures, in which fragments —[OP(O)(OPh)O]-, —-[OP(O)(OPh)NR]-, —-[OP(O)(OPh)NH]-, and —
[OP(O)(OPh)OSi(OR),]- alternate.

After the liquid products have been distilled away under vacuum, at the temperature increasing up
to 300 °C the yellow-brown foam is left in the apparatus; it is easily broken with a glass rod into a
powder that is insoluble in water and organic solvents. The mass of the powder equals up to 24 % of the
mass of the reaction mixture taken for distillation. The nature of the solid product of the APTES-TPP
reaction has been established by thermogravimetric analysis, IR spectroscopy, chromato-mass spectro-
metry, X-ray phase analysis, and elemental analysis.

Fig. 2 presents the thermogravimetric curves of the obtained powder. The main loss of mass takes
place in the temperature range 400—450 °C. The products of thermal decomposition, according to chro-
mato-mass spectrometry data, are the mixture of gaseous unsaturated hydrocarbons C;—Cs, phenol and
elemental phosphorus. Hydrocarbons form as the result of decomposition of the fragments
NCH,CH,CH,Si. Phenol evolves at condensation of phenylphosphate and amidophosphate groups.

(@) (@)
I I 't

—F—OPh + HVII’ —> _pN-P- + PhOH

Phosphorus is the product of high-temperature reduction of amidophosphate derivatives by car-
bon components [12]. The next stage of the mass loss at temperature higher than 450 °C is related to
increasing reduction efficiency of the phosphorus derivatives and removing it in the form of P, possi-
bly also as NPO [13]. Besides thermogravimetric analysis the powder has been thermally treated in
stages at 400, 600, 800, and 1000 °C in an argon atmosphere, in order to establish the nature of the
thermal decomposition products. The powder color have changed from yellow to dark brown (400
°C), black (600 and 800 °C), and grayish white (1000 °C). Transition from the intermediate black
(caused by amorphous carbon) to the final pale color of the pyrolysis products (SiO, and NPO) is in
accordance with the reduction of phosphates by carbon, known from the literature [12]. All ignited
samples are amorphous. The change of IR spectra at thermal transformation, shown in Fig. 3, fits the
processes described above.

In the IR spectrum of the original product (Fig. 3, curve 1) the bands of phenyl groups are observed:
stretching vibrations C—H (shoulder at 3070 cm ™), planar stretching vibrations (1594, 1489 cm™") and
out-of-plane deformation vibrations of the bonds C=C (690 cm ') and C-H (768 cm'). Likewise, the
spectrum includes the bands of stretching vibrations (wide absorption 3500-3200 cm™') and deformation
vibrations (1628 cm') of the bond N—H. In the range 1250-900 cm ' badly defined bands are concen-
trated, they correspond to the fragments P(O)N (1212 cm ') and SiOR (1073, 1026, 921 cm ). In the IR
spectra of all heated samples absorption of PhO and EtO groups is absent. With increasing temperature
the intensity of the bands related to vibrations of the bond N—H decreases.
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Fig. 2. Integral (1) and differential (2) curves of the solid product of reaction APTES with TPP
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Fig. 3. Transformation of FTIR spectrum of the solid product of reaction APTES with TPP on heating:
1 - the initial sample, 2 — 400 °C, 3 - 600 °C, 4 — 800 °C, 5 — 1000 °C (suspensions in Nujol)

The IR spectrum of the sample, thermally treated at 1000 °C in argon, matches the superposition of
the amorphous SiO, and NPO spectra (Fig. 3, curve 5). Even at 400 °C the well-defined, though low-
intensive, band of symmetrical stretching vibrations of the fragment SiOSi appears at 800 cm . Its in-
tensity sharply increases after thermal treatment at 1000 °C. The band of symmetrical stretching vibra-
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tions of SiOSi at 465 cm™' appears also at 400 °C. It is widened and highly intensive. Heating at 1000 °C
causes decrease in width and further increase in intensity.

The IR spectrum of amorphous silica, according to data [14, 15], includes 6 absorption bands: de-
formation vibrations of the absorbed water H-O—H 1635 cm '; stretching vibrations of the bond Si—O in
Si—OH groups 1214 cm'; LO-mode of asymmetrical stretching vibrations of the fragment Si-O—Si 1100
cm '; TO-mode of asymmetrical stretching vibrations of the fragment Si—~O-Si 970 cm '; symmetrical
stretching vibrations of Si-O-Si 805 cm™'; symmetrical deformation vibrations Si—O-Si 470 cm . The
band 1100 cm™' is the most intensive. All the bands except 1214 cm™" are usually well-defined.

It is known [16] that in the IR spectrum of amorphous phosphorus oxynitride three wide absorption
bands are present: at 1500 — 1250, 1150 — 900, and 450 — 550 cm ' with centers at 1350, 1000, and
1500 cm ™.

The resultant spectrum (Fig. 3, curve 5) resembles the spectrum of amorphous silica to a great ex-
tent. The differences, that are explained by the presence of the amorphous phase NPO, are expressed in
widening of the most intensive band 1100 cm . The intensity of the band related to symmetrical defor-
mation vibrations of SiOSi at 470 cm™' is enlarged compared to pure silica, with the sacrifice of the re-
spective band 450550 cm™', which is the most intensive in the spectrum of phosphorus oxynitride. Vi-
brations of the bond P=0 are represented by absorption at 1337 cm . The final product (Fig. 3, curve 5)
is weakly hydrated, which is corroborated by the low-intensive band of stretching vibrations of the bond
O-H at 3442 cm . Markedly lower component of NPO compared to SiO,, registered by IR spectrosco-
Py, is the consequence of significant loss of phosphorus at pyrolysis. The intermediate and final spectra,
presented in Fig. 3, do not correlate to the spectra of phosphosilicates [17, 18], which could in principle
have been produced at thermal decomposition of the solid product of the APTES-TPP reaction.

Annealing the solid product of the APTES—TPP reaction under oxygen flow, as expected, has led to
formation of the mixture of crystal and amorphous phosphosilicates. X-ray phase analysis (Fig. 4) has
shown that the annealed sample represents the mixture of three crystal modifications: hexagonal
SisO(POy)s, monoclinic and cubical SiP,O5; it also includes noticeable amount of amorphized compo-
nent.
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Fig. 4. X-ray patterns of the reaction product of APTES with TPP thermally treated on 1000 °C
in argon (1) and in oxygen (2)
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The elemental analysis data for the solid products of the APTES-TPP reaction, heated under va-

cuum at 300 °C, are shown in Table 3.

Table 3
The element analysis of solid residue from reaction APTES with TPP
Starting Content of elements, mas. %
proportion .
of APTES:TPP C H N P Si
1:1 24.43 4.24 4.37
2:1 23.56 5.21 4.00 15.24 12.59
3:1 23.29 543 4.12

It follows that the composition of the products changes but insignificantly with the ratio of initial
reactants. It should be mentioned that in the powder obtained at the ratio APTES : TPP = 1:1 the content
of carbon is somewhat greater, while the content of hydrogen is lower. The ratio Si : P is still 1:1, in
spite of the fact that APTES has been taken in excess. Based upon the data of elemental and X-ray phase
analysis, as well as the IR spectroscopy data, the obtained product can be described as the cross-linked
polymer, containing structural fragments OP(O)N(CH,);Si(OEt)O, P(O0)OO0, Si(OEt),0, Si(OEt)(OPh)O
to the ratio 1 : 0.6 : 0.5 : 0.1.

The factual findings are in agreement with the data in the literature [7, 19, 20] about thermal trans-
formations of amidophosphates.

Thus, the interaction between APTES and TPP proceeds only at high temperature and leads to pro-
ducing phenol, ethyl alcohol and liquid amodophosphate oligomers. Phenol is consumed in transetherifi-
cation of triethoxysilyl groups to a large extent. In the process of high-temperature vacuum rectification
of the oligomers the solid insoluble cross-linked polymer is formed, which is structurally more or less
related to the liquid products. Thermal decomposition of the cross-linked polymer (400—1000 °C) in the
inert atmosphere gives the amorphous mixture composed of silicon dioxide and phosphorus oxynitride.

The APTES-TPP reaction paths and the properties of the obtained products are cardinally different
from the data found earlier by us [3], concerning the similar reaction between APTES and trimethyl-
phosphate. The interaction of APTES with TMP and TPP begins with the transfer of organic radical (Me
or Ph) from the group POR to the nitrogen atom of organosilicon amine and formation of the amine salt
of dimethyl- or diphenylphosphoric acid, which disproportionates into the salt of methyl-(phenyl-
)phosphoric acid. In the course of the APTES-TMP reaction the acid-base properties of the mixture
change from basic (because of APTES) to neutral to acidic, which is explained by formation of free me-
thylphosphoric acids (MeO),P(O)OH and MeOP(O)(OH),. In the APTES—TPP reaction the basic me-
dium, due to the presence of organosilicon amine, is still weakly basic to the end of the reaction. This
indicated the absence of free phenylphosphoric acids (PhO),P(O)OH and PhOP(O)(OH), in the reaction
mixture. To summarize, the key point that distinguishes two similar processes (APTES-TMP and
APTES-TPP) is the presence of free methylphosphoric acids in the first case and the absence of phenyl-
phosphoric acids in the second case. Methylphosphoric acids interact with APTES and its methylated
derivative according to the reaction path of substitution of OEt group at the silicon atom and the forma-
tion of methylphosphosiloxane, which easily polymerizes at medium (100-120 °C) temperature. Owing
to the absence of free phenylphosphoric acids, the similar reaction with Si(OEt); group cannot be rea-
lized, as a consequence, the amine salt of phenylphosphoric acid transformation into diamidophosphate
and phenol becomes preferential.

Scheme 2 shows the main directions of the APTES reactions with TMP and TPP (without going in-
to detail).

Different nature of the obtained compounds predetermines their following thermal transformations.
Polymethylphosphosiloxane, containing the structural fragments Si—O-P, produces crystalline phospho-
silicates, which polyamidophosphate, containing the P-N groups, gives the mixture of amorphous SiO,
and NPO.

Previously in papers [21-23] it has been shown that the mixture of oligomers, obtained as the result
of the APTES—TPP reaction, can be used in the capacity of fast-cured lacquer, forming colorless trans-
parent photo- and heat-resistant coatings. The results of the present study make it possible to evaluate
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the chemical composition of the coatings generated from organophosphorus-silicon oligomers after
high-temperature treatment.

g g
(Me0);P=0 + NH,—> 1/n—fP-0-Si-OFt— + 2FEtOH + MeOH

MeO
NHMe

i

(PhO),P=O + NH, —> 1/n —[-]i’—N—]n— +  2PhOH

PhO 2

Si(OEt), Si(OEt),

Si(OEt),

Scheme 2
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PEAKUUNA 3-AMUHOMNPONMUNTPUITOKCUCUTTAHA
C TPUOEHUTTIPOCDHDATOM

B.B. CemeHos8
UHcmumym memarnnoopeaHudeckol xumuu um. [ A. Pa3zysaesa PAH, HuxHuti Hogeopod

Baumoneiicteue 3-amuHonpormatpudTokcucmiana RNH,; [R = (EtO);SiCH,CH,CH,] ¢
tpudpenunpocparom (PhO);P=0O nporekaer npu temmneparype 180-200 °C u npHBOAHUT K
00pa30BaHMIO YETBEPTHUHON aMHHHON comu (erunpocdoproii kucaorsl [PhOP(0)0,]*
[PhH,NR]*", koTOpas B yCIOBHSAX BHICOKOH TEMIIEPaTyphl TPEBPAIIACTCS B KUIKHE KPEM-
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Huiiconepxkaiue oxuroamunodocdarst RNH[P(O)(OPh)NR],P(O)(OPh)NHR u ¢enoa. Ilo-
CIIeIHU nepe3TepupUIUPyeT UCXOHBIH 3-aMHHOIPONUITPUITOKCUCHIIAH U MTOTYYAaIOIINECs
HNPOXYKTHL. METOZ0M BBICOKOTEMIIEPATYPHOI BAKYYMHOH peKTH(UKAIIMN BbIACICHBI KUIKHE
OJIUTOMEPHI U CHIMTHIM TBepAbId monumep. Harpesanue TBepaoro momumepa go 1000 °C B
HHEpPTHOM atMocdepe maet amopdHyo ¢a3sy, cocrosinyio u3 SiO, u NPO. [IposeaeHo cpas-
HEeHHUE peakiuil 3-aMHHOIPONMITPUITOKCUCHIIaHA ¢ TpudeHnnpochaTom 1 ¢ TpUMETHIPOC-
¢daTom.

Knrouesvie cnosa: 3-amunonponunmpusmoxcucunan, mpugenungocgam, mpumemu-
Gocgham, onucomepul, mepmuueckue npeepauyeHus..
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SYNTHESIS AND STRUCTURE OF IRIDIUM COMPLEX
[Ph,Sb(DMSO)]*[IrCl,(DMSO),]

V.V. Sharutin, vvsharutin@rambler.ru

O.K. Sharutina, sharutinao@mail.ru

V.S. Senchurin, senvi@rambler.ru

South Ural State University, Chelyabinsk, Russian Federation

Iridium complex [PhySb(DMSO)] TIrCl4(DMSO),] (1) has been synthesized by interac-
tion of tetraphenylstibonium chloride with sodium hexachloroiridate(IIl) in water. From X-
ray diffraction analysis data, two types of crystallographically independent cations
[Ph,Sb(DMSO)]" and anions [IrCl,(DMSO),]  exist in the crystal. The antimony atoms in ca-
tions have distorted trigonal-bipyramidal surroundings with O-dimethyl sulphoxide ligand in
axial position (equatorial angles CSbC 113.6(2)°—121.2(2)°, axial angles CSbO 178.33(18)°,
176.47(18)°, bond lengths Sb—C,q 2.106(6)-2.119(6) A, Sb—C,, 2.126(6), 2.130(6) A, Sb-O
2.545(4), 2.465(4) A). In mononuclear octahedral anions the equatorial positions are occupied
by chlorine atoms (angles ClIrCl-trans178.69(7)°—179.56(7)°, SItS-trans 178.35(7)°,
175.88(7)°; dimethyl sulfoxide ligands are coordinated with iridium atoms through sulfur
atoms (Ir-S 2.2958(16)-2.3148(17) A), bond lengths Ir—Cl vary in the range 2.3407(19)-
2.3681(17) A. The structural organization in the crystal is determined by interionic hydrogen
bonds (H-+C12.80-2.94 A and H--0 2.56-2.71 A).

Keywords: tetraphenylstibonium chloride, sodium hexachloroiridate(Ill), dimethyl sul-
foxide, (dimethylsulfoxido)tetraphenylstibonium bis(dimethylsulfoxido)tetrachloroiridate(Ill),
synthesis, X-ray diffraction analysis, structure.

Introduction

Ionic complex compounds of iridium with anions of the type [IrHal,(S—DMSO),] are described in
the literature as single examples [1-4]. Note that both organic cations and tetraorganylphosphonium ca-
tions [4] can act as counterions in the crystals of these compounds, at this the structural organization of
iridium complexes is determined by the presence of solvent molecules in their structure. In the present
paper the synthesis of (dimethylsulfoxido)tetraphenylstibonium bis(dimethylsulfoxido)tetrachloroiridate
(IIT), the characteristic features of its structure are examined.

Results and Discussion

In order to synthesize new iridium complexes we studied the reactions of tetraphenylstibonium
chloride with sodium hexachloroiridate(Ill) in aqueous solution.

It has been found that after addition of sodium hexachloroiridate(Ill) in water to the aqueous solu-
tion of tetraphenylstibonium chloride in equimolar amount, followed by solvent evaporation and recrys-
tallization of the solid precipitate from dimethyl sulfoxide, yellow crystals are formed; it is (dimethylsul-
foxiodo)tetraphenylstibonium bis(dimethylsulfoxido)tetrachloroiridate(III) [Ph,Sb] [IrClL,(DMSO),] (1):

1. H,O

Ph,SbCl + Na;IrCly [Ph,Sb(DMSO0)]’ [IrCl(DMSO),] + 3 NaCl

2. DMSO 1

According to X-ray diffraction analysis, two types of crystallographically independent cations
[Ph,Sb(DMSO)]" and anions [IrCl,(DMSO),]  coexist in the crystal. The antimony atoms in cations have
distorted trigonal-bipyramidal surroundings with O-dimethyl sulphoxide ligand in axial position (equa-
torial angles CSbC 113.6(2)°—121.2(2)°, axial angles CSbO 178.33(18)°, 176.47(18)°, bond lengths Sb—
Ceq 2.106(6)-2.119(6) A, Sb—C,, 2.126(6), 2.130(6) A, Sb-0 2.545(4), 2.465(4) A) (Fig. 1).
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Fig. 1. The structure of compound 1

In mononuclear octahedral anions the equatorial positions are occupied by chlorine atoms (angles
ClIrCl-trans 178.69(7)°—179.56(7)°, SIrS-trans 178.35(7)°, 175.88(7)°; dimethyl sulfoxide ligands are
coordinated with iridium atoms through sulfur atoms (Ir-S 2.2958(16)-2.3148(17) A), bond lengths
Ir-Cl vary in the range 2.3407(19)-2.3681(17) A. The structural organization in the crystal is deter-
mined by interionic hydrogen bonds (H---C1 2.80-2.94 A and H--O 2.56-2.71 A), the strongest ones are
shown in Fig. 2. Cations and anions are packed in stacks oriented along crystallographic axis a.

X-ray diffraction analysis of the complex 1 crystal was performed on the Bruker D8 QUEST au-
tomatic four-circle diffractometer (Mo K ,-emission, A = 0.71073 A, graphite monochromator). The data
were collected and analyzed, the unit cell parameters were refined, and the absorption correction was
applied using the SMART and SAINT-Plus programs [5]. All calculations for structure determination
and refinement were performed using the SHELXL/PC programs [6]. The structure 1 was determined by
the direct method and refined by the least-squares method in the anisotropic approximation for non-
hydrogen atoms. The main crystallographic data and refinement results for structure 1 are listed
in Table 1, the selected bond lengths and bond angles are given in Table 2.

The full tables of atomic coordinates, bond lengths, and bond angles were deposited with the
Cambridge  Crystallographic  Data  Centre (CCDC  1048264;  deposit@ccdc.cam.ac.uk;
http://www.ccdc.cam.ac.uk).
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Fig. 2. Interionic bonds in the crystal of compound 1

Table 1
Crystallographic data and the experimental and structure refinement parameters for compound 1
Parameter Value
Empirical formula Cs006S6ClgSb,Ir,H76
Formula weight 1997.07
T,K 296(2)
Crystal system Triclinic
Space group P-1
a, A 9.5963(6)
b, A 19.2090(14)
¢, A 19.5688(14)
a, deg 91.109(3)
B, deg 90.549(2)
v, deg 90.095(3)
7N 3606.4(4)
Z 2
p(caled.), g/em’ 1.839
u, mm”' 4.935
F(000) 1944.0
Crystal size, mm 0.11 x0.18 x 0.24
20 Range of data collection, deg 5.98 —41.32°
Range of refraction indices -9<h<9,-19<k<19,-19<I<19
Measured reflections 67394
Independent reflections 7363
Riy 0.0325
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Table 1 (end)

Parameter Value
Refinement variables 769
GOOF 1.026

R factors for F* > 26(F?)

R, =0.0237, wR, = 0.0533

R factors for all reflections

R, =0.0286, wR, = 0.0560

Residual electron density (min/max), e/A’

1.12/-0.93

Table 2
Selected bond lengths and bond angles in the structure of compound 1
Bond d, A Angle o, deg
Ir(1)-S(3) 2.2958(16) S(3)Ir(1)S(4) 178.35(7)
Ir(1)-S(4) 2.3002(15) S(3)Ir(1)CI(3) 90.09(8)
Ir(1)-CI(3) 2.3407(19) S(3)Ir(1)Cl(4) 87.48(6)
Ir(1)-Cl(4) 2.3529(16) S(3)Ir(1)CI(5) 92.21(6)
Ir(1)—CI(5) 2.3500(17) S(3)Ir(1)CL(6) 90.33(7)
Ir(1)—CI(6) 2.3681(17) S(4)Ir(1)CI(3) 91.55(7)
Ir(2)-S(5) 2.311(2) S(4)Ir(1)Cl(4) 92.71(6)
Ir(2)-S(6) 2.3148(17) S(4)Ir(1)CI(5) 87.62(6)
Ir(2)-CI(7) 2.3493(18) S(4)Ir(1)CI(6) 88.03(6)
Ir(2)-CI(8) 2.3498(17) CI(3)Ir(1)CI1(4) 90.30(8)
Ir(2)—CI1(9) 2.3546(17) CI3)Ir(1)CI(5) 88.89(8)
Ir(2)-C1(10) 2.3396(17) CI(3)Ir(1)CI(6) 179.56(7)
Sb(1)-0(1) 2.545(4) CI(H)Ir(1)CI(6) 89.60(7)
Sb(1)-C(1) 2.117(6) CI(5)Ir(1)CI1(4) 179.14(7)
Sb(1)-C(11) 2.106(6) CI(5)Ir(1)CI(6) 91.20(8)
Sb(1)-C(21) 2.106(6) S(5)Ir(2)S(6) 175.88(7)
Sb(1)-C(31) 2.126(6) S(5)Ir(2)CI(10) 91.53(8)
Sb(2)-0(2) 2.465(4) CI(NIr(2)CI(9) 179.22(7)
Sb(2)-C(51) 2.106(6) CI(10)Ir(2)C1(8) 178.69(7)
Sb(2)-C(71) 2.130(6) CI(10)Ir(2)C1(9) 90.30(8)
Sb(2)-C(41) 2.111(6) C(1)Sb(1)O(1) 77.93(19)
Sb(2)—-C(61) 2.119(6) C(1)Sb(1)C(31) 100.4(2)
0(4)-S(4) 1.459(5) C(11)Sb(1)0O(1) 78.92(18)
0(6)-S(6) 1.464(5) C(11)Sb(1)C(1) 116.7(2)
S(1)-0(1) 1.457(5) C(11)Sb(1)C(21) 113.6(2)
S(1)—C(38) 1.739(10) C(11)Sb(1)C(31) 102.2(2)
S(1)-C(37) 1.785(11) C(21)Sb(1)O(1) 80.45(19)
S(2)-0(2) 1.517(4) C1D)Sb(1)C(1) 119.2(2)
S(2)-C(77) 1.763(8) C(21)Sb(1)C(31) 100.2(2)
S(2)-C(78) 1.753(9) C(31)Sb(1)O(1) 178.33(18)
S(3)-0(3) 1.450(5) C(51)Sb(2)0(2) 82.50(18)
S(3)—C(84) 1.779(9) C(51)Sb(2)C(71) 98.7(2)
S(3)—C(83) 1.758(8) C(51)Sb(2)C(41) 114.4(2)
S(4)—C(81) 1.764(6) C(51)Sb(2)C(61) 121.2(2)
S(4)-C(82) 1.769(7) C(71)Sb(2)0(2) 176.47(18)
S(5)—C(86) 1.676(11) C(41)Sb(2)0(2) 83.41(18)
S(5)-0(5) 1.477(6) C(41)Sb(2)C(71) 99.0(2)
S(5)—C(85) 1.678(11) C(41)Sb(2)C(61) 117.3(2)
S(6)—C(88) 1.765(7) C(61)Sb(2)0(2) 77.58(18)
S(6)—C(87) 1.770(7) C(61)Sb(2)C(71) 99.0(2)
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Conclusion

The structure of iridium complex [Ph,Sb(DMSO)] [IrCl4(DMSO),], obtained from tetraphenylsti-
bonium chloride and sodium hexachloroiridate (III) in water, followed by recrystallization from dime-
thyl sulfoxide, has been established by X-ray diffraction analysis.
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CUHTE3 U CTPOEHUE KOMIMIEKCA UPUOUS
[Ph,Sb(DMSO)]*[IrCl,(DMSO),]

B.B. lllapymuH, O.K. llapymuHa, B.C. CeH4YypuH
FOxHo-Ypanbsckuli 2cocydapcmeeHHbIl yHugepcumem, 2. HensbuHCkK

BsaumopeticteueM xiopuaa teTpadeHmICTHOOHUS ¢ rekcaxiopoupunarom(Ill) Harpus
B BOJIE CHHTE3MpOBaH KoMIuieke upuaus [PhySb(DMSO0)] [IrCly(DMSO0),] (1). Ilo nanusIM
PCA B xpucraie npucyTCTBYIOT MO JIBa THIIa KPUCTALIOTPa(UUecKr HE3aBUCHMBIX KaTHO-
HoB [Ph,Sb(DMSO)]" u anuonos [IrCly(DMSO),] . ATOMBI CypbMBI B KATHOHAX UMEIOT HC-
Ka)KEHHOE TPUTOHAIBHO-OUNUPaMHUJATBHOE OKPY)KEHHE C aKCHAJIbHO PAaCIOI0KEHHBIM
O-muMeTIICyTb(HOKCHIHBIM JTHTaHaoM, (3kBatopuanbHble yriiel CSbC 113.6(2)°-121.2(2)°,
akcuanbHele yrosl CSbO 178.33(18)°, 176.47(18)°, mmune! cesseit Sb-C, 2.106(6)-2.119(6) A,
Sb—Cyy 2.126(6), 2.130(6) A, Sb—0 2.545(4), 2.465(4) A). B MOHOSAIEPHBIX OKTAdAPUUCCKUX
aHHOHAX JKBATOPHAJIBHBIC TMOJIOKCHMs 3aHHUMaioT arombl xiopa (yrusl ClIrCl-mpanc
178.69(7)°—179.56(7)°, SirS-mpanc 178.35(7)°, 175.88(7)°; mumeTwicymb(OKCHIHBIC JH-
raHabl  KOOPAMHHUpYIOTCS ¢ aromamu Ir  mocpenctBom  atomoB  cepbl  (Ir-S
2.2958(16)-2.3148(17) A), nmunmr cesaseit Ir—Cl usmenstoTcs B uHTepBanax 2.3407(19)—
2.3681(17) A. CrpykTypHas opraHuzanus B KpHcTaiie oOycOBIeHa MEKHOHHBIMH BOJIO-
ponubivu cBszsivu (H--C12.80-2.94 A u H-0 2.56-2.71 A).

Kniouesvie cnosa: xaopud mempagenurcmubonus, eexcaxiopoupuoam(lll) nampus,
oumemuacynoghoxcuo, ouc(oumemuncyavporcudo)mempaxropoupudam(lll) (Oumemuncyno-
doxcuoo)mempagpernuncmubonus, cuHmes, peHmeeHOCMpPYKMYPHbIll AHAIU3, CIPOCHUE.
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SYNTHESIS AND STRUCTURE
OF TRI- AND TETRAPHENYLANTIMONY AROXIDES:
Ph3Sb[0C6H3(Br2'2,6)(Me'4)]2 AND Ph4SbOC6H3Br2-2,6, Me-4

V.V. Sharutin, vvsharutin@rambler.ru

O.K. Sharutina, sharutinao@mail.ru

V.S. Senchurin, senvi@rambler.ru

South Ural State University, Chelyabinsk, Russian Federation

Interaction of pentaphenylantimony with 2,6-dibromo,4-methylphenol or with bis(2,6-
dibromo,4-methylphenoxy)triphenylantimony (1) leads to formation of 2,6-dibromo,4-
methylphenoxytetraphenylantimony (2). In molecules of compounds 1 and 2 the antimony
atoms have distorted trigonal-bipyramidal coordination with the oxygen atoms in axial posi-
tions (OSbO 179.20(15)° (1), OSbC 179.7(9)° (2)). The bond lengths Sb—C and Sb—O equal
2.090(5), 2.101(5), 2.110(5) and 2.088(4), 2.088(4) A (1), 2.11(2), 2.11(2), 2.11(2), 2.17(3)
and 2.234(18), 2.234(18) A (2), respectively.

Keywords: pentaphenylantimony, triphenylantimony, 2,6-dibromo,4-methylphenol, tert-
butyl hydroperoxide, bis(2,6-dibromo,4-methylphenoxy)triphenylantimony, (2,6-dibromo,
4-methylphenoxy)tetraphenylantimony, molecular structure, X-ray diffraction analysis.

Introduction

It is known that redistribution of organic radicals between pentaphenylantimony and symmetrical
derivatives of antimony with the general formula Ph;SbX, leads to formation of the single organoanti-
mony compound with the general formula PhsSbX, yielding up to 99 % [1-6].

PhsSb + Ph3SbX2 — 2 Ph4SbX
X =F, Cl, Br, NO;, OC(O)R, OSO,Ar, SCN, ONCRR’, OAr

This reaction is of universal character, since it is valid for compounds containing substituents
(X) of various nature, but for tetraphenylantimony aroxides it has been demonstrated by one exam-
ple only [5].

In the course of research on characteristic features of ligand redistribution we have studied the reac-
tions of pentaphenylantimony with bis(2,6-dibromo,4-methylphenoxy)triphenylantimony (1) and 2,6-
dibromo,4-methylphenol. The structures of the products have been established by X-ray diffraction
analysis.

Experimental

Synthesis of bis(2,6-dibromo,4-methylphenoxy)triphenylantimony (1). The mixture of 0.353 g
(1.00 mmol) triphenylantimony, 0.532 g (2.00 mmol) 2,6-dibromo,4-methylphenol and 0.129 g 70%
solution of tert-butyl hydroperoxide in 10 mL ether stood for 18 h at 24 °C. After slow evaporation of
the solvent, large crystals 1 with melting point 214 °C were formed to yield 0.786 g (89%). Found, %:
C 43.37; H 2.99. Calculated for Cs,H,50,Br4Sb, %: C 43.49; H 2.83.

Interaction of pentaphenylantimony with bis(2,6-dibromo,4-methylphenoxy) triphenylanti-
mony. The mixture of 0.250 g (0.50 mmol) pentaphenylantimony, 0.441 g (0.50 mmol) bis(2,6-
dibromo,4-methylphenoxy)triphenylantimony and 2 mL toluene in glass ampoule was heated in boiling
water bath for 1 hour. The progress of the reaction was controlled by thin-layer chromatography. The
solution was decanted from the crystals, and the solvent was evaporated. Formation of large crystals 2
with decomposition temperature 224 °C was observed. IR spectrum (v, cm™): 3048, 2917, 2361, 2342,
1577, 1447, 1434, 1302, 1291, 1240, 1176, 1069, 1020, 996, 849, 799, 730, 692, 570, 563, 491, 467,
458, 447. Found, %: C 54.43; H 3.71. Calculated for C;;H,s0Br,Sb, %: C 53.54, H 3.60.

Interaction of pentaphenylantimony with 2,6-dibromo,4-methylphenol. The mixture of 0.25 g
(0.49 mmol) pentaphenylantimony, 0.131 g (0.49 mmol) 2,6-dibromo-4-methylphenol and 2 mL toluene
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in glass ampoule was heated in boiling water bath for 1 hour. The solution was decanted from the crys-
tals, the solvent was evaporated. Colorless crystals with decomposition temperature 224 °C were formed
to yield 0.274 g (80%). IR spectrum is identical to the IR spectrum of the compound obtained by the
abovementioned procedure.

IR spectra were recorded on the Fourier-transform spectrometer Bruker Tensor 27 in KBr pellets.

The X-ray diffraction analyses of crystals 1 and 2 were performed on the Bruker D8 Quest diffrac-
tometer (Mo K -emission, A = 0.71073 A, graphite monochromator). The data were collected and ana-
lyzed, the unit cell parameters were refined, and the absorption correction was applied using the
SMART and SAINT-Plus programs [7]. All calculations for structure determination and refinement
were performed using the SHELXL/PC [8] and OLEX2 programs [9]. The structures were determined
by the direct method and refined by the least-squares method in the anisotropic approximation for non-
hydrogen atoms. The main crystallographic data and refinement results for the structures are listed in
Table 1, the selected bond lengths and bond angles are given in Table 2.

The full tables of atomic coordinates, bond lengths, and bond angles were deposited with the Cam-
bridge Crystallographic Data Centre (CCDC 1043497, 1009712; deposit@ccdc.cam.ac.uk;
http://www.ccdc.cam.ac.uk).

Crystallographic data and the experimental and structure refinement parameters for compounds 1, 2 Table
Parameter Value
1 2
Empirical formula C;,H,50,Br,Sb C;,H,50Br,Sb
Formula weight 882.91 695.08
T,K 273.15 273.15
Crystal system triclinic orthorhombic
Space group P-1 Pnma
a, A 10.1942(6) 16.3869(9)
b, A 11.0622(6) 11.6579(6)
c, A 15.3136(8) 14.5305(7)
o, deg 87.547(3) 90.00
B, deg 78.460(3) 90.00
Y, deg 69.703(3) 90.00
7N 1586.28(15) 2775.9(2)
Z 2 4
p(caled.), g/em’ 1.848 1.663
p, mm’ 5.934 3.894
F(000) 848.0 1360.0
Crystal size, mm 0.35x0.18 x 0.09 0.68 x 0.45 x 0.43
26 Range of data collection, deg 5.56 — 53.02° 6.08 — 52.9°
Range of refraction indices 12<h<12,-13<k<13,-19<1<19 -20<h <20, 71412 k<14,-18<I<
Measured reflections 31896 67786
Independent reflections 6504 2998
Rine 0.0801 0.0474
Refinement variables 354 184
GOOF 1.018 1.050
R factors for F* > 26(F?) R, =0.0477, wR, = 0.1073 R, =0.0324, wR, = 0.0785
R factors for all reflections R, =0.0857, wR, =0.1236 R, =0.0419, wR, =0.0881
Re“?;?ﬁ:gj"e‘ &e}n“ty 1.35/-0.91 0.60/-0.83
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Table 2
Selected bond lengths and bond angles in the structure of compounds 1, 2
Bond | d, A | Angle | o, deg
1
Sb(1)-0O(1) 2.088(4) O(1)Sb(1)0O(2) 179.20(15)
Sb(1)-0(2) 2.089(4) O(1)Sb(1)C(1) 89.6(2)
Sb(1)-C(1) 2.110(5) O(1)Sb(1)C(11) 89.39(18)
Sb(1)-C(11) 2.101(5) O(1)Sb(1)C(21) 92.17(19)
Sb(1)-C(21) 2.090(5) O(2)Sb(1)C(1) 89.6(2)
Br(1)-C(32) 1.892(6) O(2)Sb(1)C(11) 91.17(19)
Br(2)-C(36) 1.892(6) 0O(2)Sb(1)C(21) 88.0(2)
Br(3)-C(46) 1.886(7) C(11)Sb(1)C(1) 121.3(2)
Br(4)-C(42) 1.894(6) C(21)Sb(1)C(1) 116.9(2)
O(1)-C(31) 1.338(7) C(21Sb(1)C(11) 121.8(2)
0(2)-C(41) 1.339(7) C(31)0O(1)Sb(1) 130.1(3)
Sb(1)---Br(4) 3.914(4) C(41)0(2)Sb(1) 130.3(3)
Sb(1)---Br(2) 3.984(4) C(2)C(1)Sb(1) 119.2(4)
2
Sb(1)-0O(1) 2.234(18) C(1)Sb(1)01 179.7(9)
Sb(1)-C(1) 2.17(3) C(31)Sb(1)01 85.0(6)
Sb(1)-C(31 l) 2.11(2) C@31)Sb(1)C1 95.2(7)
Sb(1)-C(31) 2.11(2) C(31)Sb(1)C21 122.7(6)
Sb(1)-C(21) 2.11(3) C(311)Sb(l)C2l 122.7(6)
Br(1)-C(12) 1.90(2) C(21)Sb(1)01 84.2(9)
O(1)-C(11) 1.31(3) C(21)Sb(1)C1 95.4(11)
Symmetry operations: | +x, 1/2—y, +z

Results and Discussion

The way of synthesis of antimony compounds with the general formula Ph,SbX by ligand redistri-
bution reaction is particularly attractive due to easy isolation and high yield of the target product, the
amount of which reaches two moles for one mole of initial pentaphenylantimony amount. The similar
reaction with the use of pentaphenylantimony and triphenylantimony diaroxides was previously studied
on the single example of tetraphenylantimony 4-nitrophenoxide [5].

It has been suggested that this disproportionation reaction proceeds through formation of the inter-
mediate labile complex of ionic structure with tetraphenylstibonium cation and an anion containing two
electronegative groups X, apart from four phenyl ligands. The following transition of electronegative
group X to tetraphenylstibonium cation is accompanied by formation of the target product Ar,SbX. It is
obvious that aryl compounds of antimony easily enter into disproportionation reactions with groups X,
whose electronegativity is high enough.

We have studied the possibility of radical redistribution reaction between pentaphenylantimony and
bis(2,6-dibromo,4-methylphenoxy)triphenylantimony (1).

The reaction was carried out in toluene solution (1 h, 100 °C). The progress of the reaction was con-
trolled by thin-layer chromatography (Silufol UV-254, o-xylene as eluent). The reaction was considered
completed after the disappearence of the spot peculiar to pentaphenylantimony. It has been established
that the interaction between the abovementioned reactants proceeds with formation of (2,6-dibromo,4-
methylphenoxy)tetraphenylantimony (2).

PhsSb + PhySb(OAr), —> 2 PhySbOAr
Ar= C6H2BI'2-2,6,MC-4

Tetraphenylantimony aroxide 2, obtained by the radical redistribution reaction, was identical in its
characteristics (melting point, IR spectrum) to the compound synthesized from pentaphenylantimony
and 2,6-dibromo,4-methylphenol.
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The parent antimony compound 1 was obtained by triphenylantimony oxidation with the use of tret-
butyl hydroperoxide in the presence of 2,6-dibromo,4-methylphenol, according to the procedure de-
scribed in [6]:

Ph;Sb + 2 HOC¢H;Br,-2,6,Me-4 + +-BuOOH — Ph;Sb(OC¢H;Br,-2,6,Me-4), + +-BuOH + H,O

From the X-ray analysis data it follows that in molecule 1 the antimony atoms have distorted tri-
gonal-bipyramidal coordination with aroxyl ligands in axial positions (Fig. 1).

Fig. 1. The structure of compound 1

The axial angle OSbO measures 179.20(15)°, the sum of angles CSbC in equatorial plane equals 360°.
The angles between axial and equatorial bonds OSbC vary in the range 88.0(2)—92.17(19)°. The lengths
of equatorial bonds Sb—C (2.090(5), 2.101(5), 2.110(5) A) exceed the values of axial distances Sb—O
(2.088(4), 2.089(4) A) and the sum of antimony and oxygen covalent radii (2.07 A [10]). In 1 the close
intermolecular contacts between the central atom and one of bromine atoms of aroxyl ligand are ob-
served (Sb---Br(2) 3.984(6), Sb---Br(4) 3.914(6) A, while the sum of Van der Waals radii of antimony
and bromine is 4.15 A [10]). The structural organization of the crystal is formed with the participation of
weak hydrogen bonds of the type H---O (2.61 A) and H---Br (3.02-3.03 A).

Geometrical characteristics of compound 2 (Fig. 2) differ from those found in 1, obviously because
of the presence of different ligands in axial positions.

For example, the axial angle OSbC equals 179.7(9)°, while the sum of angles CSbC in equatorial
plane (357.5°) differs from the ideal value of 360°. The lengths of equatorial bonds Sb—C (2.11(2),
2.11(2), 2.11(3) A) are less than the values of axial distances Sb—O (2.234(18) A) and Sb—C (2.17(3) A).
Intra- and intermolecular interactions H---Br in crystal 2 are nonexistent, though the structure-forming
contacts H---O (2.53 A) are stronger than in 1.
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Fig. 2. The structure of compound 2

Conclusions

To summarize, the ligand redistribution reaction with participation of pentaphenylantimony and
bis(2,6-dibromo,4-methylphenoxy)triphenylantimony, leading to formation of (2,6-dibromo,4-
methylphenoxy)tetraphenylantimony, confirms the general character of the abovementioned reaction. In
the molecules of bis(2,6-dibromo,4-methylphenoxy)triphenylantimony and (2,6-dibromo,4-
methylphenoxy)tetraphenylantimony the antimony atoms have distorted trigonal-bipyramidal coordina-
tion with aroxyl ligands in axial positions. The compound 1 is characterized by short axial bonds Sb—O
(2.088(4), 2.089(4) A), intramolecular contacts Sb---Br (3.914(6), 3.984(6) A).
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CUHTE3 N CTPOEHUE APOKCHUOOB
TPU- U TETPAD®EHWUJICYPbMBbI:
Ph3Sb[OC6H3(Br2'2,6)(Me'4)]2 7 Ph4SbOC6H3Br2-2,6, Me-4

B.B. lWapymuH, O.K. llapymuHa, B.C. CeHYypuH
FOxHO-Ypanbckuli 2ocydapcmeeHHbIlU yHusepcumem, 2. YenssbuHck

B3aumoneiictBuemM neHTadeHWICYPbMBI ¢ 2,6-1u0poM,4-MeTHIIHEeHOIOM Uil ¢ 6uc(2,6-
qubpom,4-metundenokcu)rpudenmwicypemoit (1) monydena 2,6-nudpom,4-MeTuindeHOKCH-
terpadenmicypsma (2). B Mosekynax 1 1 2 aTOMbI CypbMbl HMEIOT HCKa)KEHHYIO TPUTOHAIb-
HO-OUNUpaMHUIAIbHYI0 KOOPJHMHAIMIO C aTOMaMHU KHCJIOPOJA B aKCHAIBHBIX IOJIOMKESHUIX
(OSbO 179.20(15)° (1), OSbC 179.7(9)° (2)). Amunst cBszeit Sb—C u Sb—O cocTaBusgOT
2.090(5), 2.101(5), 2.110(5) u 2.088(4), 2.088(4) A (1), 2.11(2), 2.11(2), 2.11(2), 2.17(3) u
2.234(18), 2.234(18) A (2) cooTBeTCTBEHHO.

Knioueswie cnosa: nenmaghenuncypoma, mpugenuncypoma, 2,6-oubpom,4-memuagpenon,
mpemoymun2uOponepoKcuo, ouc(2,6-oubpom,4-memunperoxcu)mpu-enuncypoma, (2,6-
oubpom, 4-memungenoxcu)mempagpenuicypbma, MONEKVIAPHASL CMPYKMYPA, DPEeHMEeHo-
CMPYKMYPHBIU AHATU3.
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SYNTHESIS AND STRUCTURE
OF TRI(META-TOLYL)ANTIMONY BIS(BENZENESULFONATE)

V.V. Sharutin, vvsharutin@rambler.ru

O.K. Sharutina, sharutinao@mail.ru

V.S. Senchurin, senvi@rambler.ru

South Ural State University, Chelyabinsk, Russian Federation

Tri(meta-tolyl)antimony bis(benzenesulfonate) m-Tol;Sb(OSO,C¢Hs), (1) has been syn-
thesized by interaction of tri(meta-tolyl)antimony with benzenesulfonic acid in the presence
of tert-butyl hydroperoxide (mole ratio 1:2:1) in ether solution. Antimony atoms in 1 have
trigonal-bipyramidal coordination with arenesulfonate substituents in axial positions (OSbO
171.05(11)°, CSbC 116.21(19)°, 117.38(18)°, 126.40(15)°). The Sb—C and Sb—-O distances
equal 2.091(4), 2.098(4), 2.115(4) u 2.105(2), 2.116(3) A. Intermolecular contact (Sb---O
3.421(3) A) occurs between the central atom and the oxygen atom of sulfonate group.

Keywords: tri(meta-tolyl)antimony, benzenesulfonic acid, tert-butyl hydroperoxide, mo-
lecular structure, X-ray diffraction analysis.

Introduction

In the course of research on the synthesis and structure of quingevalent antimony arenesulfonates
[1-4] we have studied the reaction of tri(meta-tolyl)antimony with benzenesulfonic acid in the presence
of tert-butyl hydroperoxide in ether. The structure of the obtained product has been established by X-ray
diffraction analysis.

Experimental

Tri(meta-tolyl)antimony bis(benzenesulfonate) synthesis. The mixture of 0.250 g (0.63 mmol)
tri(meta-tolyl)antimony, 0.200 g (1.26 mmol) benzenesulfonic acid and 0.057 g 70% aqueous solution of
tert-butyl hydroperoxide in 10 mL ether stood for 24 h at room temperature. The obtained crystals were
recrystallized from toluene. The yield is 0.386 g (86%) of colorless crystals 1 with decomposition tem-
perature 152 °C. Found, %: C 55.23, H 4.34. Calculated for C33H;,04S,Sb, %: C 55.87, H 4.37. IR spec-
trum, (v, cm™): 1320, 1140, 1140 (SO,).

IR spectra were recorded on the Fourier-transform spectrometer Bruker Tensor 27 in KBr pellets.

The X-ray diffraction analyses of crystal 1 were performed on the Bruker D8 Quest diffractometer
(Mo K ,-emission, A = 0.71073 A, graphite monochromator). The data were collected and analyzed, the
unit cell parameters were refined, and the absorption correction was applied using the SMART and
SAINT-Plus programs [5]. All calculations for structure determination and refinement were performed
using the SHELXL/PC [6] and OLEX2 programs [7]. The structures were determined by the direct me-
thod and refined by the least-squares method in the anisotropic approximation for non-hydrogen atoms.
The main crystallographic data and refinement results for the structures are listed in Table 1, the selected
bond lengths and bond angles are given in Table 2.

The full tables of atomic coordinates, bond lengths, and bond angles were deposited with the Cam-
bridge Crystallographic Data Centre (CCDC 1057589, deposit@ccdc.cam.ac.uk;
http://www.ccdc.cam.ac.uk).

Table 1
Crystallographic data and the experimental and structure refinement parameters for compound 1
Parameter Value
Empirical formula Cs33H;3,06S,Sb
Formula weight 709.45
T,K 296
Crystal system Monoclinic
Space group P2,/c
a, A 14.4831(6)
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Table 1 (end)

Parameter Value
b, A 12.7730(5)
c, A 17.7157(7)
o, deg 90.00
B, deg 99.4680(10)
Y, deg 90.00
v, A’ 3232.6(2)
YA 4
p(calcd.), g/em’ 1.458
g, mm’! 1.024
F(000) 1440.0
Crystal size, mm 0.68 x 0.38 x 0.26
20 Range of data collection, deg 6.54 —51.4°
Range of refraction indices -17<h<17,-15<k<15,-21 <1<21
Measured reflections 40302
Independent reflections 6147
R 0.0288
Refinement variables 382
GOOF 1.081
R factors for F* > 26(F?) R, =0.0387, wR, = 0.0866
R factors for all reflections R, =0.0513, wR, =0.0973
Residual electron density (min/max), e/A’ 0.80/-0.49

Table 2
Selected bond lengths and bond angles in the structure of compound 1
Bond d, A Angle o, deg
Sb(1)-0(1) 2.116(3) C(11)Sb(1)O(1) 94.96(14)
Sb(1)-C(11) 2.091(4) C(11)Sb(1)C(1) 117.38(18)
Sb(1)-C(1) 2.098(4) C(11)Sb(1)0O(4) 93.68(14)
Sb(1)-0(4) 2.105(2) C(11)Sb(1)C(21) 116.21(19)
Sb(1)-C(21) 2.115(4) C(1)Sb(1)O(1) 85.33(13)
S(1)-0(1) 1.499(3) C(1)Sb(1)O(4) 92.74(12)
S(1)-0(2) 1.402(4) C(1)Sb(1)C(21) 126.40(15)
S(1)-0(3) 1.407(4) 0(4)Sb(1)0(1) 171.05(11)
S(1)-C(31) 1.772(4) 0O(4)Sb(1)C(21) 85.13(14)
S(2)-0(5) 1.411(3) C(21)Sb(1)O(1) 88.98(15)
S(2)—0(6) 1.425(3) Oo(HS(H)C@31) 100.53(19)
S(2)-0(4) 1.523(3) O(2)S(1)O(1) 109.9(2)
S(2)-C(41) 1.765(4) 0(2)S(1)0(3) 118.3(3)
C(11)-C(12) 1.371(7) 0(2)S(1)C(31) 108.9(2)
C(11)-C(16) 1.377(7) 0(3)S(1)O(1) 109.1(2)
C(12)-C(13) 1.393(8) 0(3)S(1)C(31) 108.7(2)
C(13)-C(14) 1.394(14) 0(5)S(2)0(6) 118.2(2)
C(13)-C(17) 1.489(12) 0(5)S(2)0(4) 107.14(18)
C(14)-C(15) 1.339(14) 0(5)S(2)C(41) 108.9(2)
C(15)-C(16) 1.391(9) 0(6)S(2)0(4) 109.74(17)
C(31)-C(32) 1.362(6) 0(6)S(2)C(41) 108.1(2)
C(31)-C(36) 1.367(7) 0(4)S(2)C(41) 103.88(17)
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Results and Discussion

It is known that oxidation of tri(meta-tolyl)antimony by hydrogen peroxide in the presence of ben-
zenesulfonic acid leads to formation of tri(meta-tolyl)antimony bis(benzenesulfonate) with 72% yield
[4].

We have established that the oxidative addition reaction with the use of tri(mefa-tolyl) antimony,
benzenesulfonic acid and fert-butyl hydroperoxide leads to formation of the target product with 86%
yeild:

Et,O
m-Tol;Sb + 2 HOSO,C¢Hs ++-BuOOH — m-Tol;Sb(OSO,Ph), + H,O + ~BuOOH

Note that compound 1, obtained by this reaction, has higher melting point (152 °C), than that ac-
cording to the procedure with the use of hydrogen peroxide (145 °C [4]).

From the X-ray analysis data it follows that the antimony atoms in tri(meta-tolyl)antimony
bis(benzenesulfonate) have trigonal-bipyramidal coordination with arenesulfonate substituents in axial
positions (Fig. 1).

Fig. 1. The structure of compound 1

The value of axial angle OSbO equals 171.05(11)°, the angles between equatorial phenyl substitu-
ents are unequivalent: 116.21(19)°, 117.38(18)°, 126.40(15)° (Table 2). Their sum (359.99°) is practi-
cally consistent with the theoretical value. This fact testifies that the antimony atoms and three carbon
atoms, bonded to them, are coplanar. The distances Sb—C equal 2.091(4), 2.098(4), 2.115(4) A, the
bonds Sb—0 (2.105(2), 2.116(3) A) are of covalent character.

As viewed from the maximal equatorial angle CSbC the close intermolecular contact between the
central atom and the oxygen atom O(6) of the sulfonate group is observed (Sb---O 3.421(3) A), which is
less than the sum of Van der Waals radii of antimony and oxygen atoms (3.7 A [8]). The structural or-
ganization of the crystal is formed with the participation of weak hydrogen bonds of the type O---H
(2.525,2.650 A).
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Conclusions

Thus, tri(meta-tolyl)antimony is oxidized by tert-butyl hydroperoxide in the presence of benzene-
sulfonic acid in ether to obtain tri(meta-tolyl)antimony bis(benzenesulfonate). In its molecule one sulfo-
nate group is characterized by monodentate bonding type, the other one is of bidentate type.
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CUHTE3 U CTPOEHMUE
BUC(BEH3OJICYJIb®OHATA) TPU(META-TOJIUN)CYPbMbI

B.B. WapymuH, O.K. llapymuHa, B.C. CeH4yypuH
FOxHO-Yparnbckul 2ocyOapcmeeHHbIU yHusepcumem, 2. YenssibuHck

B3aumonelicTBueM Tpu(mema-TOIUI)CypbMbI ¢ O€H30J1CYTH(GOHOBON KHCIOTON B TPH-
CyTCTBUH mpemOyTunaruaponepokcuaa (1:2:1 MoipH.) B pacTBope 3¢upa CHHTE3UPOBAH
6uc(benzoncynbdonar) Tpu(mema-ronun)cypbmsel (m-Tol;Sb(OSO,CeHs), (1). AToMBI Cypb-
MBI B 1 MMEIOT TPUTOHAIBHO-OUNUPAMUAAIBHYIO KOOPAUHALUIO ¢ apeHCYIb()OHATHHIMU 3a-
MECTUTEIIIMA B akchuajbHBIX mojoxeHusx (OSbO 171,05(11)°, CSbC 116,21(19)°,
117,38(18)°, 126,40(15)°). Paccrosiuuss Sb—C u Sb—O pasubr 2,091(4), 2,098(4), 2,115(4)
u 2,105(2), 2,116(3) A. Mexny neHTpaabHBIM aTOMOM M aTOMOM KHMCJIOPOJa CYIb()OHATHOI
IPYIIIB MMEET MECTO BHYTPUMOJIEKYIAPHBIH KoHTakT (Sb---O 3.421(3) A).

Kniouesvie cnosa: mpu(mema-monun)cypoma, 0eH301CYIbHOHO8ASE KUCIOMA, Mpen-
OymuneuoponepoKcuod, MONEKYIAPHAS CIMPYKMYPA, PEeHM2eHOCMPYKIYPHbIU AHATU3.
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SYNTHESIS AND STRUCTURE OF GOLD COMPLEXES
[p-Tol,Sb][p-TolAuCl;] AND [p-Tol,Sb][AuCl,]

V.V. Sharutin, vvsharutin@rambler.ru

O.K. Sharutina, sharutinao@mail.ru

V.S. Senchurin, senvi@rambler.ru

South Ural State University, Chelyabinsk, Russian Federation

Gold complexes [p-Tol,Sb]'[p-TolAuCl;]” (1) and [p-Tol,Sb]'[AuCl,]” (2) have been
synthesized by interaction of tetra-para-tolylstibonium chloride and aurichlorohydric acid te-
trahydrate in acetone. In 1 the tetra-para-tolylstibonium cations are tetrahedral (Sb-C
2.091(7)-2.097(6) A, CSbC 106.1(3)°-112.7(3)°), the [p-TolAuCl;]” anions have square-
planar structure (Au-Cl 2.286(2)-2.389(2) A, Au-C 2.028(7) A, C1AuCI 89.92(9)°, 92.42(9)°,
176.68(8)°, CAuCl 88.27(18)°, 89.57(18)°, 175.59(19)°). In crystal 2 the geometrical charac-
teristics of cations (Sb-C 2.076(7)-2.097(9), CSbC 106.5(3)°-111.5(4)°) and [AuCl,]” square-
planar anions (Au-Cl 2.248(3)-2.278(3) A, CIAuCl 89.17(9)°-90.74(13)°, 177.24(16)°,
177.61(13)°) are similar to those in 1.

Keywords: synthesis, structure, gold compounds, X-ray diffraction analysis.

Introduction

Synthesis and structure of complex compounds of gold, containing [AuHal,]” anions in their com-
position, were mentioned in the literature [1-5]. In the present paper the synthesis and structure of gold
complexes [p-Tol,Sb][AuCly] and [p-Tol,Sb][p-TolAuCl;] are described.

Experimental

Synthesis of [p-Tol,Sb][p-TolAuCly]” (1). Tetra-para-tolylantimony chloride 0.250 g (0.48 mmol)
and aurichlorohydric acid tetrahydrate 0.197 g (0.48 mmol) were dissolved in 10 mL acetone, then 5 ml
toluene was added. The solution was left to stand for 12 h at 20 °C. After evaporation of the solvent
0.287 g (68%) of tetra-para-tolylantimony para-tolyltrichloroaurate was obtained (mp 156 °C). IR spec-
trum (v, cm™'): 484, 587, 800, 1007, 1072, 1194, 1305, 1401, 1492, 1588, 1627, 1905, 2926. Found, %:
C 47,38, H 4,03. Calculated for C;5H;5AuCls, %: C 47,72, H 3,98.

Synthesis of [p-Tol,Sb]" [AuCly] (2). a) The mixture of tetra-para-tolylantimony chloride 0.137 g
(0.26 mmol) and and aurichlorohydric acid tetrahydrate 0.108 g (0.26 mmol) in 10 mL acetone stood for
24 h at room temperature. The solvent was evaporated. The yield is 0.205 g (95%) of tetra-para-
tolylantimony tetra-para-chloroaurate with decomposition temperature 148-150 °C. IR spectrum (v,
cm™'): 483, 529, 585, 633, 697, 809, 1101, 1040, 1066, 1123, 1190, 1212, 1313, 1396, 1444, 1493, 1589,
1708, 2863, 2918, 2953, 3045. Found, %: C 40.52, H 3.49. Calculated for CpsH,sSbAuCly, %: C 40.75,
H 3.40.

b) The mixture of penta-para-tolylantimony 0.181 g (0.31 mmol) and aurichloric acid tetrahydrate
0.129 g (0.31 mmol) in 10 mL acetone stood for 24 h at room temperature. The solvent was evaporated.
The yield is 0.232 g (90%) of pale yellow tetra-para-tolylantimony tetrachloroaurate, the melting point
and IR spectrum coincide with tetra-para-tolylantimony tetrachloroaurate obtained according to method
a. Found: %: C 40.54, H 3.52. Calculated for C,sH,3SbAuCly, %: C 40.75, H 3.40.

IR spectra were recorded on the Bruker Tensor 27 in KBr pellets.

The X-ray diffraction analyses of crystals 1 and 2 were performed on the Bruker D8 QUEST au-
tomatic four-circle diffractometer (Mo K ,-emission, A = 0.71073 A, graphite monochromator). The data
were collected and analyzed, the unit cell parameters were refined, and the absorption correction was
applied using the SMART and SAINT-Plus programs [6]. All calculations for structure determination and
refinement were performed using the SHELXL/PC programs [7]. The structures were determined by the
direct method and refined by the least-squares method in the anisotropic approximation for non-
hydrogen atoms.
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The main crystallographic data and refinement results for the structures are listed in Table 1. The
selected bond lengths and bond angles are given in Table 2.
The full tables of atomic coordinates, bond lengths, and bond angles were deposited with the Cam-
bridge Crystallographic Data Centre (CCDC 1000139 for 1, CCDC 1000140 for 2; depo-
sit@ccdc.cam.ac.uk; http://www.ccdc.cam.ac.uk).

Table 1
Crystallographic data, the experimental and structure refinement parameters for compounds 1, 2
Value
Parameter I )
M 880.70 825.02
Crystal system Monoclinic Monoclinic
Space group P2,/n P2,/n
a, A 12.748(5) 12.7962(5)
b, A 14.941(5) 14.8701(5)
¢, A 18.19 8(10) 16.1167(5)
a, Tpaj 90.00 90.00
f, rpan 102.87(4) 101.8270(10)
7, rpan 90.00 90.00
N 3379(3) 3001.59(18)
Z 4 4
p(calcd.), r/em’ 1.731 1.826
u, mm’’ 5.395 6.153
F(000) 1704.0 1576.0
Crystal size, mm 0.54 x 0.36 x 0.34 0.99 x 0.61 x0.5
20 Range of data collection, deg 4.48 - 62.1° 6.16 — 60.1°
—-18<h <18, —-17<h <13,
Range of refraction indices -16 <k <21, -20<k<7,
—25<1<26 —22<1<20
Measured reflections 38599 7733
Independent reflections 10659 (R, = 0.0819) 5051 (R, = 0.0298)
Refinement variables 366 311
GOOF 1.011 0.993
R-factors for F* > 26(F?) R, =10.0653, wR, =0.1145 R;=0.0416, wR, =0.0913
R-factors for all reflections R, =0.1352, wR, =0.1342 R, =0.1046, wR, =0.1137
Residua}l electron de3nsity 2.06/-0.82 0.55/-0.85
(min/max), e/A

Table 2
Selected bond lengths (d) and bond angles (®) in the structures of compounds 1, 2
Bond d, A | Angle o, deg
1
Au(1)—CI(1) 2.286(2) CI(1)Au(1)CI(2) 176.68(8)
Au(1)—CI(2) 2.292(2) C(41)Au(1)CI(3) 175.59(19)
Au(1)—CI(3) 2.389(2) C(1)Sb(1)C1(1) 110.6(3)
Au(1)-C(41) 2.028(7) C(1)Sb(1)C(21) 106.1(3)
Sb(1)-C(1) 2.094(6) C21)Sb(1)C(11) 112.7(3)
Sb(1)-C(11) 2.097(6) C(31)Sb(1)C(1) 111.3(3)
Sb(1)-C(21) 2.095(7) C(31)Sb(1)C(11) 108.1(3)
Sb(1)-C(31) 2.091(7) C(31)Sb(1)C(21) 108.0(3)
2
Au(1)—CI(1) 2.266(3) CI(1)Au(1)CI(2) 90.74(13)
Au(1)—CI(2) 2.269(3) CI(1)Au(1)CI(3) 89.58(13)
Au(1)—CI(3) 2.278(3) C1(2)Au(1)CI(3) 177.61(13)
Au(1)—-Cl(4) 2.248(3) Cl(4)Au(1)CI(1) 177.24(16)
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Table 2 (end)

Bond d, A Angle o, deg
Sb(1)-C(1) 2.076(9) Cl@)Au(1)CI(2) 89.17(13)
Sb(1)-C(11) 2.095(8) Cl@)Au(1)CI(3) 90.62(13)
Sb(1)-C(31) 2.097(9) C(DHSb(HC1(1) 109.5(3)
Sb(1)-C(21) 2.086(8) C(HSb(1C(31) 111.5(4)
C(1)-C(2) 1.391(13) C(1)Sb(1)C(21) 109.4(3)
C(1)-C(7) 1.370(12) C(11)Sb(1)C(31) 106.5(3)
C(2)-C(3) 1.375(16) C2DHSb(C(11) 111.2(3)
C(4)—C(5) 1.501(16) C1)Sh(1)C(31) 108.6(4)

Results and Discussion

It is known that the product of pentaphenylantimony reaction with aurichlorohydric acid (hydrogen
tetrachloroaurate (III)) at 20 °C in acetone is tetraphenylantimony tetrachloroaurate, separated from the
reaction mixture with 84 % yield [2].

We have found that in similar conditions the interaction of aurichlorohydric acid, obtained by dis-
solving jewelry gold in aqua regis, with tetra-para-tolylantimony chloride runs with formation of tetra-
para-tolylantimony para-tolyltrichloroaurate (1):

p-Tol,SbCl + H[AuCl,] + TolH — [p-Tol,Sb]'[p-TolAuCl;]

If chemically pure aurichlorohydric acid is used, such an unusual transmetalation reaction between
antimony and gold compounds is not observed. In this case the formation of tetra-para-tolylantimony
tetrachloroaurate (2) occurs:

p-Tol,SbCl + H[AuCl,] - 4 H,O — [p-Tol,Sb] [AuCL]” + HCIl +4 H,0
Complex 2 has also been obtained from penta-para-tolylantimony and aurichlorohydric acid:
p-TolsSb + H[AuCl,] - 4 H,O — [p-Tol4Sb] [AuCL]” + TolH + 4 H,0O

It is obvious that the presence of impurities in the initial jewelry gold and, consequentially, in the
used acid affects the direction of the chemical reaction between aurichlorohydric acid and tetra-para-
tolylantimony chloride.

According to the X-ray analysis data, the crystal of complex 1 consists of tetra-para-tolylstibonium
tetrahedral cations and [p-TolAuCls]™ square-planar anions (Fig. 1).

c(17)

C(14)
c(15) C(

13)

C(39) \fcuz)

'c(16) =

S C(36) é

SO D
g c@37)

60(34)

C(31)

Fig. 1. The structure of the molecule of compound 1
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In crystal 1 tetra-para-tolylstibonium tetrahedral cations (Sb-C 2.091(7)-2.097(6) A, CSbC
106.1(3)°—112.7(3)°) are present, as well as [p-TolAuCl;]” anions of square-planar structure (Au—Cl
2.286(2)-2.389(2) A, Au-C 2.028(7) A, CIAuCI 89.92(9)°, 92.42(9)°, 176.68(8)°, CAuCl 88.27(18)°,
89.57(18)°, 175.59(19)°). In crystal 2 the geometric characteristics of cations (Sb—C 2.076(7)-2.097(9),
CSbC 106.5(3)°~111.5(4)°) and [AuCl,]” square-planar anions (Au—Cl 2.248(3)-2.278(3) A, ClAuCl
89.17(9)°—90.74(13)°, 177.24(16)°, 177.61(13)°) (Fig. 2, Table 2) are similar to those found in 1.

Ci4)

Fig. 2. The structure of complex 2

The structural organization in crystals I and II is caused by weak interionic hydrogen bonds. At that
in I the single interionic contact is observed: ortho-Hpy(16)--CI(1) (2.92 A). In complex II each anion is
bonded with four cations through Cl---H bonds, formed with the use of all four chlorine atoms and ortho-,
meta- and methyl hydrogen atoms of tolyl substituents (2.81-2.88 A) (Fig. 3).

Fig. 3. Interionic hydrogen bonds in the crystal of complex 2
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Conclusions

Thus, the ionic complexes of gold with tetra-para-stibonium tetrahedral cation and [p-TolAuCls;]™ and
[AuCly]” square-planar anions have been synthesized and structurally described for the first time. The first
example of transmetalation reaction with the use of antimony and gold compounds has been described.
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CUHTE3 U CTPYKTYPA KOMMIEKCOB 30/10TA
[p-Tol,Sb][p-TolAuCl;] AND [p-Tol,Sb][AuCl,]

B.B. WWapymuH, O.K. llapymuHa, B.C. CeHYypuH
FOxHo-Ypanbckuli 2ocydapcmeeHHbil yHusepcumem, 2. HensbuHck

BzaumonelicTBueM  xjopuaa — TeTPa-napa-TOMWICTUOOHHMS  C  TETParupaTom
30JIOTOXJIOPHCTOBOAOPOAHON KHCIOTHI B aleTOHE CHHTE3HPOBAaHBI KOMIUIEKCHI 30JI0Ta
[p-TolySb] [p-TolAuCli]™ (1) u [p-Tol,Sb][AuCl,]” (2). B 1 xatuoHsl TeTpa-napa-
tomwictubonus terpasapuueckue (Sb-C 2.091(7)-2.097(6) A, CSbC 106.1(3)°-112.7(3)°),
arnons! [p-TolAuCl;]” uMeror miockoksampaTHoe crpoenue (Au-Cl 2.286(2)-2.389(2) A,
Au-C 2.028(7) A, CIAuCI 89.92(9)°, 92.42(9)°, 176.68(8)°, CAuCl 88.27(18)°, 89.57(18)°,
175.59(19)°). B xpuctamie 2 TeoMeTpHYSCKUE XapaKTepUCTHKH KaTHOHOB (Sb-C 2.076(7)-
2.097(9), CSbC 106.5(3)°-111.5(4)°) m mmockokBampatHelx aHuoHOB [AuCly]” (Au-Cl
2.248(3)-2.278(3) A, CIAuCl 89.17(9)°-90.74(13)°, 177.24(16)°, 177.61(13)°) 6Gmm3ku
K HalgeHHbIM B 1.

Kniouesvie cnosa: cunmes, cmpoenue, coeOuHeHus 3010Md, CMPOEHUE, PEHMEeHOCHI-
PYKMYPHbLIL AHATU3.
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