Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies.
2024;19(1):39-51 ISSN 2686-7575 (Online)

Chemistry and technology of organic substances
XUMUS 1 TEXHONOMNSA OPraHNYeCKNX BELLLECTB

UDC 54.057+547.791+544.478+66.095.261.4 F@
https://doi.org/10.32362/2410-6593-2024-19-1-39-51

RESEARCH ARTICLE

Synthesis and application of chromium complexes
based on 4,5-bis(diphenylphosphanyl)-H-1,2,3-triazole
ligands to obtain higher C,,-C, 5 olefins

Aleksey A. Senin!*~, Kirill B. Polyanskii!, Aleksey M. Sheloumov!, Vladimir V. Afanasiev!,
Tatiana M. Yumasheva!, Konstantin B. Rudyak!, Stepan V. Vorobyev?

! United Research and Development Center, Moscow, 119333 Russia

2 National University of Oil and Gas (Gubkin University), Moscow, 119991 Russia

™ Corresponding author, e-mail: SeninAA@rdc.rosneft.ru

Abstract

Objectives. To synthesize 4,5-bis(diphenylphosphanyl)-H-1,2,3-triazole ligands and new chromium complexes based on them, in order
to obtain a fraction of higher C,;~C, ¢ alpha-olefins from ethylene.

Methods. The Schlenk technique was used to obtain the target chromium complexes. Diphenylphosphanyl triazole ligands can
be characterized by nuclear magnetic resonance spectroscopy. The composition of the final products was confirmed by elemental
analysis. The liquid phase of the oligomerization reaction was studied by gas chromatography.

Results. L1-L9 ligands were obtained, and K1-K9 chromium complexes were synthesized based on the correspondent ligands using
commercially available chromium (III) trichloride tris(tetrahydrofuran). The K1-K9 complexes thus obtained were tested in the process
of ethylene oligomerization.

Conclusions. Chromium complexes based on 4,5-bis(diphenylphosphanyl)-H-1,2,3-triazoles K1-K9 were produced in high yields using
the Schlenk technique. It was found that systems based on the K4-K7 and K9 complexes enable the ethylene oligomerization process
to be carried out with a sufficiently high level of productivity. It was shown that the introduction of a dialkyl zinc derivative increases the
performance and selectivity of the catalytic system for the target fraction.
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HAYYHAA CTATbA

CuHTE3 KOMMJIEeKCHbIX COeAUHEeHN XpoMa Ha OCHOBe
4,5-onc(pndennndocdanun)-H-1,2,3-Tpua3onbHbIX
NUraHaoB U UX NPUMEeHeHue AJ19 NoJly4eHU s BbICLUMX

onedpuHoB C,,—C,g
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AHHOTaUuS

Heau. Cunresuposars 4,5-6uc(mupenmndocdanmn)-H-1,2,3-Tpua3onbHble JIUTAaHAB X Ha UX OCHOBE HOBBIE KOMIUIEKCHI XpOMa JUIS
nonydenus Gppaxiuuy BeICIIHX anbda-onepunos C,,—C, ¢ u3 sTHIEHA.

Metoapl. [l mOMTydeHHs IENIeBbIX KOMIUIEKCOB XpOMa HCIIONB30BAIN METOABI paboThl B MHEPTHOH atMocdepe (Texnuka lllnenka).
Judenundochanun TprazonbHbIe TUTAHIBl 0XapaKTEPH30BaHbBI METOAMHU CIIEKTPOCKOIIUH SAEPHOTO MAarHUTHOTO pe3oHaHca. CocTas
KOHEYHBIX MPOAYKTOB IMOATBEPKICH C MOMOIIBIO 2IEMEHTHOro aHammsa. JKuakas ¢as3a peakuun OlMroMepH3aniy 0XapaKkTepH30BaHa
METOZIOM Ta30BOi Xpomarorpadum.

Pesyabrarsl. [Tonydenst muranast L1-1L9 v U3 HUX ¢ HOMOIIBI0 KOMMEPYECKH JOCTYITHOTO TPUXJIOPUATPHC(TEeTparuapodypan) Xpo-
ma(Ill) cunresuposansl kommuiekesl xpoma K1-K9. [Toxyuennsie kommtekcsl K1-K9 ncnbiTans! B mpoliecce 0MUroMepu3aliy STHIICHA.
BoiBoabl. C BBICOKUMH BBIXOIAMH TOTyYCHBI HOBBIC KOMILICKCHI XpoMa Ha ocHOBe 4,5-Omc(mudenmipocdanmn)-H-1,2,3-tpuasonos K1-K9.
OOHapyKEHO, YTO CUCTEMBbI Ha 0cHOBE KoMILIekcoB K4—K7 1 K9 mo3BoJisifoT mpoBOIUTE MPOIIECC OJTMTOMEPHU3AIIUH STHIICHA C JI0CTa-
TOYHO BBICOKOH MPOM3BOAUTENBLHOCTBIO. [l0Ka3aHO, YTO BBEICHUE MHAIKMILHOTO MPOU3BOIHOTO I[MHKA MOBBIIIACT MPOU3BOAUTEINb-

KnioueBbie cnoBa

Anga uMTMpPOBaHUNA

4,5-6uc(nudpennndocdannn)-H-1,2,3-Tpruazonsl, KOMIICKCH XpOMa, OJIC(UHBI,
KaTaJuTHYECKasi CUCTEMA, OJIMTOMEPHU3ALIHs STUIICHA, MCTHIIATIOMOKCaH

HOCTB U CEJICKTUBHOCTD KaTaJTUTHUYCCKOW CHCTEMBI 110 ueneBoﬁ (bpalcupm.

28.07.2023
Oopa6oTaHa: 06.12.2023
MpuHsata B neuatb: 25.01.2024

Moctynuna:

Cenun A.A., [onsuckuii K.b., HlenoymoB A.M., AdpanaceeB B.B., IOmamesa T.M., Pynsk K.b., Bopoose C.B. CHHTE3 KOMIUIEKCHBIX
COeMHEHHH XpoMa Ha ocHoBe 4,5-0uc(nudenundocdanmn)-H-1,2,3-Tpra3onbHbBIX JIUTAHIOB U HX IPUMEHEHHUE IS TIOTYYCHHUS BBICIIIIX
onedunos C,,~C . Torkue xumuueckue mexnonoauu. 2024;19(1):39-51. https://doi.org/10.32362/2410-6593-2024-19-1-39-51

INTRODUCTION

Higher alpha-olefins are valuable multipurpose raw
materials for a range of applications. In particular, C,;~C,¢
fractions are used to produce poly alpha-olefins and
additives for lubricants, alcohols for detergents, amines,
amine oxides, nonionic surfactants, hydraulic fluids,
and are also used as components of drilling fluids.
C,,, olefins can be raw materials for the production of
synthetic oils and cutting fluids, and can also be used in
oilfield chemistry. As a rule, the use of individual olefins
is not required in these areas, but the entire fraction of
heavy linear terminal alkenes is [1, 2].

In contrast to the existing highly selective processes
for the di-, tri- and tetramerization of ethylene, to date

selective processes for the production of individual high-
molecular-weight alpha-olefins have not been developed.
According to the generally accepted mechanism [3],
this can be explained by the impossibility of sequential
coordination and cyclization of more than three to four
ethylene molecules during the catalytic cycle. This is due
to steric hindrances and thermodynamic limitations of
the ethylene oligomerization process.

In modern scientific and patent literature, there are
few descriptions of ethylene oligomerization processes
in which the reaction products contain significant
amounts of heavy olefin fractions [4-7]. Fe(Il), Fe(IlI)
complexes, as well as Cr(Ill) complexes containing
a tridentate ligand with benzimidazole and pyridyl
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fragments, activated with methylaluminoxane (MAO)
or with modified MAO (MMAO), can catalyze the
oligomerization of ethylene to form fractions Cg, and
C,o. olefins under mild conditions [8-10]. Catalytic
systems based on chromium complexes with diphosphine
ligands exhibit a high level of activity in the process of
trimerization of ethylene to 1-hexene [11].

The objective of our work was to synthesize
4,5-bis(diphenylphosphanyl)-H-1,2,3-triazole ligands and
the chromium complexes based on them, in order to obtain
a higher alpha-olefin fraction C,,—C, ¢ from ethylene.

EXPERIMENTAL

The synthesis of compounds and the preparation of
catalytic systems were carried out in an inert atmosphere
using the Schlenk technique. The initial solvents
(tetrahydrofuran (THF) (reagent grade, Chimmed,
Russia), toluene (special purity grade, Chimmed), and
hexane (reagent grade, Chimmed)) used for the synthesis
were purified by boiling and distillation over sodium
with benzophenone ketyl at atmospheric pressure in an
argon flow. Diphenyl(chloro)phosphine (95%, Acros
Organics, Belgium) was distilled in a vacuum (boiling
point 7, = 124-126°C at 3 mm Hg). Acetone (special
purity grade, Chimmed), chloroform (reagent grade,
stabilized with 0.6-1.0% EtOH, Chimmed), ethyl
acetate (reagent grade, Chimmed), methanol (Labscan,
HPLC-grade), and methylene chloride (reagent grade,
Chimmed) were used without additional purification.
Chromium(I1T) trichloride tris(tetrahydrofuran)
(Cr(THF);Cly)  (98%, Acros Organics, Belgium),
MAO (10% solution in toluene, Sigma-Aldrich,
USA), diethylzinc (ZnEt,) (1.5 M solution in toluene,
Sigma-Aldrich), n-pentadecane (99%, Sigma-Aldrich),
copper(l)iodide(98%,A4cros Organics),aqueoushydrogen
peroxide (35%, Acros Organics), sodium azide (special
purity grade, Chimmed), trichlorosilane (99%, Acros
Organics), methyl iodide (99%, Sigma-Aldrich), n-butyl
chloride (99%, Sigma-Aldrich), sodium iodide (special
purity grade, Chimmed), n-hexyl iodide (98%), n-octyl
chloride (99%), silica gel (60 A, Sigma-Aldrich),
pyridine (97%, Acros Organics), calcium carbide (98%,
Acros Organics), and triethylamine (99%, Acros
Organics) were used without any additional purification.
Dibromobis(triphenylphosphine)nickel(I) (NiBr,(PPh,),)
was obtained from nickel(Il) bromide (98%, Acros
Organics) and triphenylphosphine (99+%, Acros
Organics) according to the published procedure [12].
Alkyl azides were obtained from the corresponding
commercially available alkyl halides (Sigma-Aldrich).
Ethylene (Mostekhgaz, Russia) was passed through
three series-connected columns filled with activated
carbon (Chimmed) and zeolites (3A and 13X, Chimmed).
High-purity argon (Moscow Gas Processing Plant,
Russia) was further purified by being passed through

three series-connected columns filled with zeolites (3A
and 13X), copper oxide (CuO reduced to Cu, Chimmed),
and a CE35KF polisher (Entegris, USA). This ensured
the residual content of oxygen, water, CO, etc. at the
1 ppb level. The purity of the resulting compounds
was determined by 'H and 3!'P{'H} nuclear magnetic
resonance (NMR) spectroscopy.

"H and 3'P{'H} NMR spectra were recorded by means
of a Bruker AVANCE 400 NMR spectrometer (Bruker
Corporation, USA) at the A.N. Nesmeyanov Institute
of Organoelement Compounds, Russian Academy of
Sciences, using tetramethylsilane as an internal standard
and 85% H,;PO, as an external standard. Elemental
analysis was performed using a FLASH 2000 CHNS/O
analyzer (Thermo Fisher Scientific, United Kingdom).
The melting points were measured by the capillary method
with an Electrothermal 1A 9000 Series (Thermo Fisher
Scientific) digital melting point apparatus. The studies
were carried out at the Analytical Laboratory, United
Research and Development Center, Moscow, Russia.

The liquid phase of the reaction mixture containing
ethylene oligomerization products was analyzed using
a Focus GC gas chromatograph (ThermoFinnigan,
USA) with a flame ionization detector and a DB5 MS
capillary column (length 50 m, diameter 0.2 mm)
at a maximum operating temperature of 340°C. The
contents of individual components in the mixture of
ethylene oligomerization products were determined
by the internal standard method using n-decane as an
internal standard. A 0.2—0.3-uL sample was introduced
using a Hamilton microsyringe (USA).

The column thermostat was programmed as follows:
initial temperature 75°C; isothermal holding at 75°C,
12 min; heating from 75 to 290°C at a rate of 7 deg/min;
isothermal holding at 290°C, 95 min. The vaporizer was
programmed as follows: temperature 280°C; total carrier
gas (helium) flow rate 35 mL/min; split ratio 50 : 1;
constant gas flow rate through the column, 0.7 mL/min.

The general methodology for testing catalytic systems
in the process of ethylene oligomerization was described
earlier [13].

Synthesis of ligands

Method for the synthesis
of 1,2-bis(diphenylphosphanyl)acetylene (1)

A solution of 50.0 g (0.23 mol) of diphenyl(chloro)-
phosphine, 1.30 g (6.81 mmol) of copper(l)
iodide, 57.4 g (0.568 mol) of triethylamine, and
4.0 g (5.68 mmol) of NiBr,(PPh,), in 100 mL of toluene
was stirred at 60°C for 18 h in an atmosphere of dry and
purified acetylene obtained from 73.0 g (1.135 mol)
calcium carbide. Next, the solvent was evaporated, and
1,2-bis(diphenylphosphanyl)acetylene  was isolated
from the residue by chromatography (silica gel; eluent:
chloroform—hexane (1 : 10)).
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Yield: 32.0 g (71%). 'H NMR spectrum (400 MHz,
CDCl,): & (ppm) 7.34-7.46 (13H,m,H,, ), 7.60~7.73 (8H,
m, H, ). 3'P{'H} NMR spectrum (161.98 MHz, CDCl,):
8 (ppm) —32.13 (1P, s). 13C NMR spectrum (101 MHz,
CDCl,): & (ppm) 106.9, 128.7,129.2, 132.6 132.8, 135.7.
C,H,(P,. Calculated (%): C, 79.18; H,5.11. Found (%):
C,79.13; H, 5.19.

Method for the synthesis of acetylene-1,2-
diylbis(diphenylphosphine oxide) (2)

A 35% aqueous solution of hydrogen peroxide
(6.51 mL (76.1 mmol)) was added dropwise with stirring
to a solution (cooled to 5°C) of 10.0 g (25.4 mmol)
of compound 1 in 100 mL of THEF, and the obtained
mixture was then stirred for 30 min. Next, 50 mL of
a saturated aqueous solution of sodium thiosulfate
was added and left to stir for 30 min, after which the
obtained mixture was extracted 3 times with 50 mL of
chloroform. The organic layer was dried over sodium
sulfate, the solvent was evaporated, and acetylene-1,2-
diylbis(diphenylphosphine oxide) was obtained in the
form of a light yellow powder.

Yield: 9.30 g (86%). 'H NMR spectrum (400 MHz,
CDCly): 6 (ppm) 7.45-7.55 (8H, m, H, ), 7.57-7.64 (4H,
m, HAr), 7.73-7.85 (8H, m, HAr). 3'P{'H} NMR
spectrum (161.98 MHz, CDCl,): 8 (ppm) 9.78 (1P, s).
13C NMR spectrum (101 MHz, CDCL,): & (ppm) 99.9,
129.2, 129.7, 131.0, 131.1, 132.2, 133.3. C, H,P,0,.
Calculated (%): C, 73.24; H, 4.73. Found (%): C, 73.18;
H, 4.75.

Method for the synthesis of (2H-1,2,3-triazole-
4,5-diyl)bis(diphenylphosphine oxide) (3)

To a solution of 9.30 g (21.8 mmol) of compound 2 in
75 mL of THF, 1.84 g (28.3 mmol) of sodium azide
was added, and the obtained mixture was stirred at
a temperature of 50°C for 10 h. Then the reaction mass
was evaporated to dryness, and the residue was dissolved
in 100 mL of water and acidified to pH 5. The formed
precipitate was filtered off, washed on the filter with
water 3 times, 30 mL each, and dried in a vacuum.
Yield: 7.80 g (76%). 'H NMR spectrum (400 MHz,
CDCl,): 6 (ppm) 7.45-7.55 (8H, m, H,, ), 7.57-7.66 (84H,
m, H, ), 7.83 (8H, dd, J=13.83, 8.11 Hz, H, ). *'P{'H}
NMR  spectrum (161.98 MHz, CDCl;): & (ppm)
9.18 (1P, s). C,¢H, N;P,0,. Calculated (%): C, 66.53; H,
4.51; N, 8.95. Found (%): C, 66.37; H, 4.49; N, 8.74.

General procedure for the synthesis

of (1-R-1H-1,2,3-triazol-4,5-diyl)-
bis(diphenylphosphine oxides)

To a solution of 9.30 g (21.8 mmol) of compound 2 in

75 mL of THF, 28.3 mmol of azide was added, and the
obtained mixture was stirred at a temperature of 50°C

for 10 h. Then the reaction mass was cooled to room
temperature (20°C), the solvent was evaporated, and the
residue was chromatographed (silica gel; eluent: ethyl
acetate—hexane (3 : 1)).

(1-hexyl-1H-1,2,3-triazol-4,5-diyl)-
bis(diphenylphosphine oxide) (4)

Yield: 8.80 g (73%). '"H NMR spectrum (400 MHz,
dimethyl sulfoxide-d, (DMSO-dj)): 6 (ppm) 0.74-0.84 (3H,
m, CH,), 1.09-1.19 (6H, m, 3 x CH,), 1.75 (2H, q,
J =723 Hz, CH,), 5.05 2H, t, J = 7.31 Hz, CH,),
7.21-7.59 (16H, m, H, ), 7.85-7.91 (4H, m, H, ). *'P{'H}
NMR spectrum (161.98 MHz, CDCl,): 6 (ppm) 18.05 (1P,
s), 21.22 (1P, s). C5,H43N;P,0,. Calculated (%): C, 69.43;
H, 6.01; N, 7.59. Found (%): C, 69.50; H, 6.39; N, 7.44.

(1-(2-octylthioethyl)-1H-1,2,3-triazol-4,5-diyl)-
bis(diphenylphosphine oxide) (5)

Yield: 10.80 g (77%). '"H NMR spectrum (400 MHz,
CD,Cly): & (ppm) 0.92 (3H, t, J = 6.83 Hz, CH,),
1.19-1.61 (12H, m, 6 x CH,), 2.41-2.57 (2H, m,
CH,), 2.87-3.01 (2H, m, CH,), 2.88-3.02 (2H, m,
CH,), 5.25 (2H, t, J = 7.31 Hz, CH,), 7.27-7.58 (16H,
m, H,), 7.83-8.00 (4H, m, H,). 3'P{'H} NMR
spectrum (161.98 MHz, CD,Cl,): 6 (ppm) 17.00 (1P, s),
20.88 (1P, s). C3,H, N;P,0,S. Calculated (%): C, 67.38;
H, 6.44; N, 6.55. Found (%): C, 67.57; H, 6.39; N, 6.45.

General procedure for the synthesis
of (2-(alkyl)-2H-1,2,3-triazol-4,5-diyl)-
bis(diphenylphosphine oxides)

To a solution of 9.30 g (21.8 mmol) of compound 2 in
75 mL of THF, 1.84 g (28.3 mmol) of sodium azide was
added, and the mixture was stirred at a temperature of
50°C for 10 h. Then the reaction mass was cooled to
room temperature (20°C), and the formed precipitate
was filtered off. To the filtrate, 21.8 mmol of alkyl
iodide was added, and the mixture was heated at 70°C
with reflux and stirring for 8 h. Then the reaction mass
was cooled to room temperature, the precipitate was
filtered off, the filtrate was evaporated, and the residue
was chromatographed (silica gel; eluent: ethyl acetate—
hexane (3 : 1)). As a result, compounds 6-11 were
obtained.

(2-(methyl)-2H-1,2,3-triazol-4,5-diyl)-
bis(diphenylphosphine oxide) (6)

Yield: 6.50 g (62%). 'H NMR spectrum (400 MHz,
C¢Dy): 6 (ppm) 4.31 (3H, s, CH,), 7.31-7.75 (20H, m,
H, ). *'P{!H} NMR spectrum (161.98 MHz, C/D,):
d (ppm) 18.65 (1P, s). C,,H,;N,P,0,. Calculated (%):
C, 67.08; H, 4.80; N, 8.69. Found (%): C, 67.00; H, 4.79;
N, 8.64.
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(2-(butyl)-2H-1,2,3-triazol-4,5-diyl)-
bis(diphenylphosphine oxide) (7)

Yield: 7.60 g (66%). '"H NMR spectrum (400 MHz,
CDCly): & (ppm) 0.91 (3H, t, J = 7.31 Hz, CH,),
1.28-1.34 (2H, m, CH,), 1.93 (2H, q, J = 7.15 Hz,
CH,), 4.50 (2H, t,J=7.15 Hz, CH,), 7.31-7.36 (8H, m,
H,,), 7.43-7.50 (4H, m, H, ), 7.67-7.73 (8H, m, H, ).
31P{'H} NMR spectrum (161.98 MHz, CDCI,): & (ppm)
21.81 (1P, s). C4,H,oN;P,0,. Calculated (%): C, 68.56;
H, 5.56; N, 8.00. Found (%): C, 68.47; H, 5.60; N, 7.95.

(2-(hexyl)-2H-1,2,3-triazol-4,5-diyl)-
bis(diphenylphosphine oxide) (8)

Yield: 8.60 g (71%). 'H NMR spectrum (400 MHz,
DMSO-dy): & (ppm) 0.93 (3H, t, J = 6.83 Hz, CH,),
1.31-1.38 (4H, m, 2 x CH,), 1.77-1.87 (2H, m, CH,),
3.17-3.30 (2H, m, CH,), 4.53 (2H, t, J = 6.83 Hz,
CH,), 7.33-7.46 (8H, m, H,), 7.51-7.58 (4H,
m, H, ), 7.62-7.66 (8H, m, H,). 3'P{'H} NMR
spectrum  (161.98 MHz, DMSO-d;): & (ppm)
17.90 (1P, s). C5,H;3N5P,0,. Calculated (%): C, 69.43;
H, 6.01; N, 7.59. Found (%): C, 69.40; H, 6.09; N, 7.57.

(2-(octyl)-2H-1,2,3-triazol-4,5-diyl)-
bis(diphenylphosphine oxide) (9)

Yield: 8.50 g (67%). 'H NMR spectrum (400 MHz,
DMSO-dy): & (ppm) 0.79-0.92 (3H, m, CH,),
1.10-1.35 (4H, m, 2 x CH,), 1.68-1.91 (6H, m, 3 x
CH,), 3.12-3.26 (2H, m, CH,), 4.50 (2H, t, J = 6.99 Hz,
CH,), 7.34-7.47 (8H, m, H, ), 7.45-7.55 (4H,
m, H,), 7.65-7.78 (8H, m, H,). 3'P{'H} NMR
spectrum  (161.98 MHz, DMSO-d;): & (ppm)
17.62 (1P, s). C;,H;,N;P,0,. Calculated (%): C, 70.21;
H, 6.41; N, 7.22. Found (%): C, 70.21; H, 6.45; N, 7.19.

(2-(allyl)-2H-1,2,3-triazol-4,5-diyl)-
bis(diphenylphosphine oxide) (10)

Yield: 8.30 g (75%). 'H NMR spectrum (400 MHz,
CD,CL,): & (ppm) 5.40 (2H, d, J = 6.36 Hz, CH,),
522-535 (2H, m, =CH,), 6.0-6.13 (IH, m,
=CH), 7.35-7.38 (8H, m, H,), 7.48-7.58 (4H,
m, H,), 7.61-7.74 (12H, m, H,). 3'P{'H} NMR
spectrum (161.98 MHz, CD,Cl,): 6 (ppm) 18.37 (1P, s).
C,oH,sN,P,0,. Calculated (%): C, 68.37; H, 4.95; N,
8.25. Found (%): C, 68.29; H, 4.91; N, 8.23.

(2-(hex-5-en-1-yl)-2H-1,2,3-triazol-4,5-diyl)-
bis(diphenylphosphine oxide) (11)

Yield: 7.85 g (65%). '"H NMR spectrum (400 MHz,
DMSO-dy): & (ppm) 1.07-1.30 (2H, m, CH,),
1.77-1.85 (2H, m, CH,), 1.87-1.95 (2H, m, CH,),
4.54(2H,t,J=6.68 Hz, CH,CH=CH,), 4.89-4.96 (2H, m,
CH=CH,), 5.63-5.75 (1H, m, CH=CH,), 7.39-7.48 (8H,

m, H, ) 7.55 (12H, d, J = 11.44 Hz). *'P{'H} NMR
spectrum (161.98 MHz, DMSO-d,): 5 (ppm) 15.82 (1P, s).
C;,H; N4P,0,. Calculated (%): C, 69.68; H, 5.67; N,
7.62. Found (%): C, 69.67; H, 5.59; N, 7.57.

General procedure for the reduction
of diphenylphosphine oxides to obtain
ligands L1-L9

A 250-mL magnetically stirred three-neck round-bottom
flask with an inert gas supply line and a dropping funnel
was charged with 0.014 mol of one of compounds
3—11 and 75 mL of absolute toluene. To the obtained
solution, 11.5 g (0.085 mol) of trichlorosilane and then
20.1 g (0.255 mol) of pyridine were added dropwise in
an argon atmosphere. The reaction mixture was stirred at
90°C for 2 h and next filtered, the filtrate was evaporated,
and the residue was chromatographed (silica gel; eluent:
ethyl acetate—hexane (1:10)). As a result, L1-L9 ligands
were obtained.

4,5-bis(diphenylphosphanyl)-2H-1,2,3-
triazole (L1)

Yield: 2.50 g (41%). Retention factor R.= 0.22 (Sorbfil);
eluent: ethyl acetate-hexane (1 : 2). 'H NMR
spectrum (300 MHz, CDCl,): 8 (ppm) 7.21-7.56 (20H,
m, H, ), 1242 (1H, br. s, NH). 3'P{!H} NMR
spectrum (161.98 MHz, CDCl,): 6 (ppm) —36.26 (1P, s),
—2.49 (1P, s). C,(H, N;P,. Calculated (%): C, 71.39; H,
4.84; N, 9.61. Found (%): C, 71.37; H, 4.79; N, 9.64.

4,5-bis(diphenylphosphanyl)-1-hexyl-1H-1,2,3-
triazole (L2)

Yield: 5.46 g (74%). R;= 0.37 (Sorbfil); eluent: ethyl
acetate—hexane (1 : 2). '"H NMR spectrum (400 MHz,
CDCly): & (ppm) 0.80-0.87 (3H, m, CHy),
1.10-1.23 (6H, m, 3 x CH,), 1.65-1.69 (2H, m, CH,),
4.40 (2H, t, J = 7.63 Hz, CH,), 7.19-7.36 (20H, m,
H, ). 3'P{'H} NMR spectrum (161.98 MHz, CDCl,):
0 (ppm) —36.09 (1P, m). C;,H;;N,P,. Calculated (%):
C, 73.69; H, 6.38; N, 8.06. Found (%): C, 73.87; H,
6.49; N, 7.94.

4,5-bis(diphenylphosphanyl)-1-((2-octylthio)-
ethyl)-1H-1,2,3-triazole (L3)

Yield: 6.50 g (76%). R, = 0.41 (Sorbfil); eluent: ethyl
acetate—hexane (1 : 2). 'H NMR spectrum (400 MHz,
CDCl,):8(ppm)0.84-0.97 (3H, m, CH;), 1.23-1.55(12H,
m, 6 x CH,), 2.38-2.47 (2H, m, CH,), 2.76-2.85 (2H, m,
CH,), 4.66 (2H, t, J = 7.63 Hz, CH,), 7.27-7.41 (20H,
m, H, ). *'P{'H} NMR spectrum (161.98 MHz, CDCl,):
d (ppm) —36.09 (1P, s). C;,H,,N;P,S. Calculated (%): C,
70.91; H, 6.78; N, 6.89. Found (%): C, 70.87; H, 6.79;
N, 6.82.
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4,5-bis(diphenylphosphanyl)-2-(methyl)-2H-
1,2,3-triazole (L4)

Yield: 4.30 g (68%). R, = 0.33 (Sorbfil); eluent: ethyl
acetate—hexane (1 : 2). 'H NMR spectrum (500 MHz,
CDCly): 6 (ppm) 4.23 (3H, m, CH,), 7.24-7.31 (12H,
m, H,), 7.36-7.44 (8H, m, H,). 3'P{H} NMR
spectrum (202 MHz, CDCl,): 8 (ppm) —34.29 (1P, s).
C,,H,;N;P,. Calculated (%): C, 71.83; H, 5.14; N, 9.31.
Found (%): C, 71.85; H, 5.29; N, 9.34.

4 ,5-bis(diphenylphosphanyl)-2-(butyl)-2H-1,2,3-
triazole (LS)

Yield: 4.40 g (64%). R, = 0.35 (Sorbfil); eluent: ethyl
acetate—hexane (1 : 2). 'H NMR spectrum (400 MHz,
CD,Cl,): 8 (ppm)0.90-0.96 (3H, m,CH}), 1.25-1.35(2H,
m, CH,), 1.88-1.96 (2H, m, CH,),4.47 (2H,t,J/=7.13 Hz,
CH,), 7.24-7.30 (12H, m, H, ), 7.37-7.44 (8H, m, H, ).
3IP{'H} NMR spectrum (202 MHz, CDCl,): & (ppm)
—34.10 (1P, s). C;,H,oN;P,. Calculated (%): C, 73.01;
H, 5.92; N, 8.51. Found (%): C, 73.07; H, 5.84; N, 8.50.

4,5-bis(diphenylphosphanyl)-2-(hexyl)-2H-1,2,3-
triazole (L6)

Yield: 5.53 g (75%). R;= 0.37 (Sorbfil); eluent: ethyl
acetate—hexane (1 : 2). 'H NMR spectrum (400 MHz,
CD,Cly): & (ppm) 0.89-0.97 (3H, m, CH,),
1.25-1.36 (6H, m, 3 x CH,), 1.90-2.03 (2H, m, CH,),
450 2H, t, J = 6.99 Hz, CH,), 7.28-7.46 (20H, m,
H,). 3Ip{IHY NMR spectrum (161.98 MHz, CD,Cl,):
8 (ppm) —34.02 (1P, s). C5,H;3N;P,. Calculated (%): C,
73.69; H, 6.38; N, 8.06. Found (%): C, 73.70; H, 6.39;
N, 7.97.

4,5-bis(diphenylphosphanyl)-2-(octyl)-2H-1,2,3-
triazole (L7)

Yield: 5.23 (68%). R, = 0.40 (Sorbfil); eluent: ethyl
acetate—hexane (1 : 2). 'H NMR spectrum (400 MHz,
CD,Cly): o (ppm) 0.88-0.98 (3H, m, CH,),
1.18-1.31 (10H, m, 5 x CH,), 1.87-1.99 (2H, m, CH,),
447 2H, t, J = 6.99 Hz, CH,), 7.25-7.43 (20H, m,
H,). 3IpAIHY NMR spectrum (161.98 MHz, CD,Cl,):
0 (ppm) —34.14 (1P, s). C3,H;,N;P,. Calculated (%): C,
74.30; H, 6.79; N, 7.65. Found (%): C, 74.37; H, 6.89;
N, 7.54.

4,5-bis(diphenylphosphanyl)-2-(allyl)-2H-1,2,3-
triazole (L8)

Yield: 5.00 g (75%). R;= 0.34 (Sorbfil); eluent: ethyl
acetate—hexane (1 : 2). 'H NMR spectrum (400 MHz,
CD,Cl,): 6 (ppm) 5.08-5.35 (4H, m, 2 x CH,),
6.04-6.22 (1H, m, CH), 7.24-7.31 (12H, m, H,),
7.28-7.69 (20H, m, H, ). *'P{'H} NMR spectrum

(161.98 MHz, CD,Cl,): & (ppm) —33.69 (IP, s).
C,oH,5N;P,. Calculated (%): C, 72.95; H, 5.28; N, 8.80.
Found (%): C, 72.94; H, 5.21; N, 8.74.

4,5-bis(diphenylphosphanyl)-2-(hex-5-en-1-yl)-
2H-1,2,3-triazole (L9)

Yield: 5.24 g (71%). Ry = 0.37 (Sorbfil); eluent: ethyl
acetate—hexane (1 : 2). 'H NMR spectrum (400 MHz,
CD,Cl,): 6 (ppm) 1.18-1.48 (3H, m, CH,), 1.90-2.17 (4H,
m, CH,), 451 (2H, t, J = 6.99 Hz, =CHCH,),
4.87-5.17 (2H, m, CH,=CH), 5.79 (1H, ddt, J = 17.05,
10.29, 6.68, 6.68 Hz, CH,=CH), 7.24-7.53 (20H, m,
H,,). 3'P{'H} NMR spectrum (161.98 MHz, CD,CL,):
0 (ppm) —34.00 (1P, s). C5,H;;N;P,. Calculated (%): C,
73.98; H, 6.01; N, 8.09. Found (%): C, 73.97; H, 5.99;
N, 8.07.

General procedure for the synthesis
of chromium complexes

In a 100-mL magnetically stirred Schlenk flask,
3.39 g (9.1 mmol) of the Cr(THF),Cl; complex and
10.1 mmol of the corresponding L1-L9 ligand were
placed. The flask was evacuated and filled with argon. In
a stream of argon, 50 mL of absolute THF was added, the
obtained suspension was degassed and stirred at room
temperature (20°C) for 18 h. The solvent was evaporated,
and the residue was washed with hexane and dried in
vacuum. As a result, K1-K9 complexes were obtained.

(4,5-bis(diphenylphosphanyl)-2H-1,2,3-triazole)-
P,P)-tetrahydrofurantrichlorochrome(lll) (K1)

Yield of the final K1 chromium complex in the form
of a blue-violet powder: 4.30 g (71%). Melting point
T et > 250°C. C5,H,4Cl,CrN;OP,. Calculated (%): C,
53.97; H, 4.35; N, 6.29. Found (%): C, 53.66; H, 4.26;
N, 6.44.

(4,5-bis(diphenylphosphanyl)-
1-hexyl-1H-1,2,3-triazole)-P,P)-
tetrahydrofurantrichlorochrome(lll) (K2)

Yield of the final K2 chromium complex, in the form
of a blue-violet powder: 5.60 g (82%). T, > 250°C.
C;6H,4,C1,CrN,OP,. Calculated (%): C, 57.52; H, 5.46;
N, 5.59. Found (%): C, 56.37; H, 5.29; N, 5.94.

(4,5-bis(diphenylphosphanyl)-1-(2-
octylthio)ethyl)-1H-1,2,3-triazole-P,P)-
tetrahydrofurantrichlorochrome(lil) (K3)

Yield of the final K3 chromium complex in the form
of a blue-violet powder: 5.90 g (77%). T, > 250°C.
C4oH,47CL,CrN;OP,S. Calculated (%): C, 57.34; H, 5.61;
N, 5.02. Found (%): C, 56.88; H, 5.91; N, 5.18.
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(4,5-bis(diphenylphosphanyl)-2-
(methyl)-2H-1,2,3-triazole)-P,P)-
tetrahydrofurantrichlorochrome(lll) (K4)

Yield of the final K4 chromium complex in the form
of a dark blue powder: 4.35 g (70%). T, ., > 250°C.
C;,H;,Cl,CrN,OP,. Calculated (%): C, 54.62; H, 4.55;
N, 6.16. Found (%): C, 53.79; H, 4.24; N, 6.12.

(4,5-bis(diphenylphosphanyl)-2-
(butyl)-2H-1,2,3-triazole)-P,P)-
tetrahydrofurantrichlorochrome(lll) (K5)

Yield of the final K5 chromium complex in the
form of a blue powder: 4.50 g (68%). T, > 250°C.
C;,4H;,CL,CrN;OP,. Calculated (%): C, 56.43; H, 5.12;

N, 5.81. Found (%): C, 55.89; H, 5.04; N, 5.88.

(4,5-bis(diphenylphosphanyl)-2-
(hexyl)-2H-1,2,3-triazole)-P,P)-
tetrahydrofurantrichlorochrome(lll) (K6)

Yield of the final K6 chromium complex in the
form of a blue powder: 5.82 g (85%). T, > 250°C.

C;¢H,,CI,CrN;OP,. Calculated (%): C, 57.52; H, 5.46;
N, 5.59. Found (%): C, 57.37; H, 5.29; N, 5.44.

(4,5-bis(diphenylphosphanyl)-2-
(octyl)-2H-1,2,3-triazole)-P,P)-
tetrahydrofurantrichlorochrome(lll) (K7)

Yield of the final K7 chromium complex in the form
of a blue-violet powder: 5.34 g (75%). T, > 250°C.
C44H,5CL,CrN,OP,,. Calculated (%): C, 58.53; H, 5.78;
N, 5.39. Found (%): C, 58.31; H, 5.56; N, 5.54.

(4,5-bis(diphenylphosphanyl)-
2-(allyl)-2H-1,2,3-triazole)-P,P)-
tetrahydrofurantrichlorochrome(lll) (K8)

Yield of the final K8 chromium complex in the
form of a blue powder: 5.89 g (76%). T, > 250°C.
C4;H4;C1,CrN,OP,,. Calculated (%): C, 56.01; H, 4.67;
N, 5.94. Found (%): C, 56.20; H, 4.51; N, 5.98.

(4,5-bis(diphenylphosphanyl)-2-(hex-
5-en-1-yl)-2H-1,2,3-triazole)-P,P)-
tetrahydrofurantrichlorochrome(lll) (K9)

Yield of the final K9 chromium complex in the form
of a blue-violet powder: 4.93 g (72%). T, > 250°C.
C56H39CL,CrN;OP,. Calculated (%): C, 57.67; H, 5.21;

N, 5.60. Found (%): C, 57.29; H, 5.16; N, 5.54.

RESULTS AND DISCUSSION

L1-L9 ligands were synthesized according to
Schemes 1 and 2. 4,5-Disubstituted 1,2,3-triazoles were
obtained by reacting activated alkynes with various
azides[13,14]. Acetylene-1,2-diylbis(diphenylphosphine
oxide) (2), a key compound for the synthesis of
a whole series of ligands, was produced by reacting
diphenylchlorophosphine with acetylene in the presence
of copper and nickel salts. This was followed by
oxidation of diphenylphosphanylacetylene with an
aqueous solution of hydrogen peroxide.

To synthesize NH-triazole L1, the corresponding
diphenylphosphine oxide was obtained from acetylene-
1,2-diylbis(diphenylphosphine oxide) and sodium azide.
It was then reduced in the trichlorosilane—pyridine
system.

In order to obtain L2 and L3, acetylene-1,2-
diylbis(diphenylphosphine oxide) was reacted with
alkyl azides, and then the intermediate dioxo derivative
thus formed was reduced in the trichlorosilane—pyridine
system.

In the synthesis of L4-L9 ligands, the sodium triazole
salt obtained was treated with the corresponding alkyl
halide. As a result, after chromatographic separation,
the resulting diphenylphosphine oxides were reduced.
4,5-disubstituted triazoles easily form complexes with
various metals [14—17], due to which the reaction can
occur under mild conditions.

K1-K9 complexes were synthesized from the
corresponding L1-L9 ligands and a commercially
available chromium source Cr(THF),Cl; with yields of
up to 85% (Schemes 1 and 2).

K1-K9 chromium complexes are paramagnetic
compounds and NMR spectroscopy cannot directly
confirm their structure. However, NMR spectroscopy
data on their precursors, diphosphine ligands L1-L9,
as well as elemental analysis data on K1-K9 make
it possible for their structure and composition to be
unambiguously determined.

Chromium complexes based on polydentate
heteroatomic  ligands in  combination  with
organoaluminum compounds as activators are
highly efficient catalytic systems for ethylene
oligomerization [18, 19]. The resulting KI1-K9
complexes were tested for activity in the process of
ethylene oligomerization using methylaluminoxane as
an initiator. Table 1 presents the characteristics of the
process of oligomerization in toluene at an operating
temperature of 95°C and a pressure of 2.0 MPa. It
was previously shown that chromium complexes
with polydentate organic ligands demonstrate the
highest performance under these conditions [11]. The
process of ethylene oligomerization using K1-K9
complexes is nonselective. The productivity ranges
from 2.0 to 51.0 kg/g,-h, depending on the compounds
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‘ Scheme 2. Synthesis of L2—-L9 ligands and K2—-K9 complexes

used. The amount of the polymer by-product also varies
significantly (Table 1). For all the systems being studied,
the main olefin fraction is the C,,~C, fraction (from
27.0 to 47.0 wt %). The content of the C,,~C;, heavy
olefin fraction in the oligomerization products ranges
from 4.4 to 13.0 wt %. The selectivity of the process
for the final product (individual higher alpha-olefin or
alpha-olefin fraction) is determined both by the process

conditions and, to a large extent, by the structure and
electronic properties of the organic ligands included
in the metal complex catalysts. In this regard, three
groups can be distinguished among the tested catalytic
systems: based on K1-K3, K4-K8, and K9 complexes.
The process of ethylene oligomerization with the
participation of the first group is characterized by low
productivity and selectivity for C,;~C,, fractions, as
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well as high polymer content, making it inefficient.
Systems based on K4-K8 enable the process to
be carried out with a fairly high productivity from
11.0 to 43.0 kg/g-,-h and a moderate content of the
polymer product (no more than 3.1 wt %). The best
performance of the process is demonstrated by the
system based on the K9 complex with the ligand
4,5-bis(diphenylphosphanyl)-2-(hex-5-en-1-yl)-2H-
1,2,3-triazole. This ensures selectivities for the C,,—C ¢
and C,;-C,, olefin fractions in products of 47.4 and
13.0 wt %, respectively, with a productivity of more
than 50 kg/g, h.

The literature shows that the use of additives of
organozinc compounds to the catalytic system for
ethylene oligomerization, Cr(PNP)Cl;/MAO (PNP =
= Ph,PN(i-Pr)PPh,), helps to increase the productivity
and selectivity of the process for the fraction of
C,y~C,, oligomers (35-60 wt %). It also reduces the
amount of the polyethylene by-product and its molecular
weight [5]. In view of this, we used a diethylzinc solution
as a coactivator for the catalytic system based on the K7
complex and MAO (Table 2) at a temperature of 95°C
and a pressure of 2.0 MPa, in order to increase the

productivity of the process and reduce the yield of the
polymer product. As a result, it was shown that increasing
the ratio of diethylzinc in the composition of the catalytic
system to the molar ratio [Cr] : [MAO] : [ZnEt,] =
=1 : 850 : 300 leads to a decrease in the content of
the polymer product to 0.2 wt %, and to an increase in
selectivity for the C,,—C, 4 fraction to 49.1 wt % with an
increase in productivity to 57.9 kg/g.-h.

We studied the effect of temperature on the
oligomerization process for the catalytic system
with the component ratio [Cr] : [MAO] : [ZnEt,] =
=1 : 850 : 300 (Table 3). As a result, it was shown
that reducing the temperature to 45°C leads to an
increase in the yield of the polymer by-product, as well
as a decrease in selectivity for the C,,~C,¢ fraction
to 46.3 wt %, and a drop in process productivity by
a factor of 2.5. An increase in temperature to 110°C
also leads to a decrease in the selectivity of the process
for C,,—C,q fractions, whereas the productivity
decreases to 14.4 kg/g-,-h. This shows that the optimal
temperature regime for the oligomerization process
using the K7 complex activated by methylaluminoxane
and diethylzinc is 95°C.

Table 1. Results of testing of catalytic systems based on K1-K9 complexes activated by methylaluminoxane in the reaction

of oligomerization of ethylene

Selectivity, wt %
Complex Prﬁggi‘./;lty’

Polymer Cy Cs Cy CioCis | Co0Cso | Caon
K1 5.0 53 16.7 | 13.4 | 143 40.2 9.1 1.0
K2 2.0 10.5 28.5 13.3 13.9 29.4 44 -
K3 3.0 18.9 152 | 10.0 | 18.5 27.0 10.5 -
K4 43.0 1.4 104 | 16.6 | 15.5 46.8 8.8 0.5
K5 17.0 3.1 9.3 149 | 142 46.4 11.2 0.9
K6 28.0 1.9 108 | 172 | 16.0 46.9 6.8 0.4
K7 21.0 1.7 9.5 149 | 148 46.7 11.7 0.7
K8 11.0 1.6 114 | 139 | 146 44.7 12.2 1.6
K9 51.0 1.9 8.5 146 | 14.6 474 13.0 -

Experimental conditions: 75-mL autoclave with magnetic stirrer; solvent: toluene (25.0 mL); loading of chromium complexes K1-K9,
0.85 umol; activator, MAO; molar ratio [Cr] : [MAO] = 1 : 850; temperature, 95°C; pressure, 2.0 MPa; duration of the experiment, 0.5 h.
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Table 2. Effect of diethylzinc as a coactivator of the catalytic system of ethylene oligomerization based on the K7 complex
Selectivit t 9
Molar ratio Productivity, clectivity, wt %
Cr] : [MAO] : [ZnEt kg/g-h
[Cr]: [MAO] - [ZnEr,] ¥ecr Polymer | C, | Co | G | C,gCis | CpCso | Cape
1:850:0 21.0 1.7 9.5 149 | 148 46.7 11.7 0.7
1:850:100 54.7 1.3 9.0 164 | 154 50.5 7.1 0.3
1:850:300 57.9 0.2 10.0 | 16.7 | 147 49.1 8.8 0.5
1:850: 600 44.5 - 11.5 182 | 15.1 47.5 7.3 0.4

Experimental conditions: 75-mL autoclave with magnetic stirrer; solvent, toluene (25.0 mL); loading of chromium complexes K7,
0.85 umol; activator, MAO; coactivator, ZnEt,; temperature, 95°C; pressure, 2.0 MPa; duration of the experiment, 0.5 h.

Table 3. Parameters of the process of ethylene oligomerization based on the K7 complex activated by a mixture of methylaluminoxane

and diethylzinc at various temperatures

.. Selectivity, wt %
o Productivity,
Temperature, °C K i

i Polymer C, Cs Cq CiiCis CyiCsy Cyos
45 20.9 0.7 128 | 19.1 15.5 46.3 5.5 0.1
75 443 0.5 11.3 17,3 15.0 48.4 7.2 0.3
95 57.9 0.2 10.0 | 16.7 | 147 49.1 8.8 0.5
110 14.4 - 12.8 | 18.8 | 143 47.1 6.8 0.2

Experimental conditions: 75-mL autoclave with magnetic stirrer; solvent, toluene (25.0 mL); loading of chromium complex K7, 0.85 umol,
activator, MAO; molar ratio [Cr] : [MAO] : [ZnEt,] = 1 : 850 : 300; pressure, 2.0 MPa; the duration of the experiment, 0.5 h.

CONCLUSIONS

The study proposed a method for the preparation
of L1-L9 bis(diphenylphosphanyl)triazole ligands
from commercially available compounds. This allows
the introduction of alkyl and alkenyl substituents
with different carbon chain lengths into the triazole
fragment. This also improves the solubility of chromium
complexes in the reaction medium, and affects the
steric and electronic properties of ligands which control
the catalytic activity and selectivity of the ethylene
oligomerization process. New chromium complexes
K1-K9 based on 4,5-bis(diphenylphosphanyl)-H-1,2,3-
triazoles were synthesized (with yields of 69-85%).
The process of ethylene oligomerization using catalytic
systems based on them was also studied. It was determined
that systems based on the K4-K7 and K9 complexes
enable the process of ethylene oligomerization to be
carried out with a fairly high level of productivity (up to
51.0 kg/gc, h). The maximum selectivity for C,;~C ¢ and
C,;—C5, olefins was observed for the catalytic system

based on the K9 complex with a hexenyltriazole ligand.
It was shown that the introduction of diethylzinc as
a coactivator of the catalytic system based on the
K7 complex leads to an increase in the productivity of
the system and an increase in selectivity for the heavy
olefin fraction. Further study of catalytic systems based
on 4,5-bis(diphenylphosphanyl)-H-1,2,3-triazoles is
promising with regard to determining the characteristics
of the oligomerization process, as well as in creating
catalysts for the production of linear alpha-olefins with
a high level of selectivity for the fraction of higher alpha-
olefins intended for the synthesis of synthetic oils and
fuel additives.
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