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B3zaumooeiicmeuem mempaxnopuoa yupkoHus c xaopuoamu mpughenunopzanungocgo-
HUA 8 ayemoHumpuie 6nepevle CUHMEIUPOSAansl u oxapaxkmepuzosanvt memooamu UK-, IMP-cnek-
mMpPOCKORUU U PEHM2ZEeHOCMPYKIMYPHO20 AHAIU3A 2eKCAXA0PUUPKOHambl mpuenun(dym-2-enun)gho-
coponusn (1la) u mpugpenunmemoxcumemungpocgponusn (1b). B HK cnexmpax cunmeszuposannwix co-
eOuHenull Haubo1ee UHMEHCUBHBIMU ABIAIOMCA HONIOCHL, OMHOCAUUECA K 8A/ICHIMHBIM KONeOAHUAM
CAr-H u CAr-CAr ceazeit apomamuueckux Koney mpugenunopzanuipocghonuesvix kamuonos. B
cnexmpax *C SIMP uccnedyemuix Komniexcos nabnrodaemes xapakmepuoe ona ocgpopcooepaica-
WAUX OP2AHUYECKUX COCOUHEHUIl PACUieNIEHUE CUSHATI08 AN OMO8 Y21epo0a apoMamuyecKux Koey
U anKUBHBIX ZPYNn 3a cuem e3aumoodeiicmeuii ¢ amomom **P, KCCB amomos yenepooa, nenocpeo-
CmMeeHHo cea3annvlx ¢ ocghopom cocmasnaiom 48—85 I'u. Ilo oannvim PCA coeounenue la kpu-
Cmaniu3yemcs 8 MOHOKIUHHOU KPUCMAIUYECKOI peulemKe (RpOCMPAHCMEEHHAsA ZPYRNA CUMMEH -
puu P21/c), ona zecaxnopyupkonama 10 xapaxmepna mpukiuHHas KPUCMAIUYECKAA PEUENKA U
npocmpancmeennas zpynna cummempuu — P-1. Kpucmann coedounenun 1a xapakmepusyemcs menee
NIOMHOU YRAKOBKA MOJIEKYl 6 KPUCHALIUYECKOU pellemKe RO CPagHenulo ¢ coeounenuem Ib, evi-
wucnennas niomHocms Ona Oanunvix cmpykmyp cocmasnsem 1,355 2/em® 1,466 2/cm® coomeem-
cmeenno. CmpyKkmypnasa op2anu3ayusa KOMniaeKkco8 8 Kpucmaniax 00ycioeiena oopa3zoeanuem 6o-
00POOHBIX CBA3€I MEIHCOY AMOMAMU XT10PA AHUOHA U 6000P00A (PeHUTbHBIX U ANKUTLHBIX ZDYRA Ka-
muonos. Amomut ghocgpopa 6 kamuonax mpughenunopzanungochonus umerom UCKaAICEHHYIO Men-
paropuueckyto koopounauuto (yeivt CPC cocmasnsiom 107,01(4)°-114,10(6)° ons 1a, 107,38(9)°-
112,06(7)° A onsa 1b, onunvt ceaseii P-C pagnwvr 1,790(14)-1,865(14) A ona 1a, 1,7838(12)-1,8293(18)
A ona 1b). B yenmpocummempuunbix OKmMazopuueckux 2eKcaxaiopyupKoHamuulX aHUOHax (Mpamc
CIZrCl 180° paccmoanua Zr-Cl cocmasnaiom 2,4654(15)-2,4952(17) A ona la u 2,4641(14)-
2,4711(12) A ona Ib.

KuroueBble ci10Ba: reKcaxJIopIUpKOHAThI TpUQeHIIopranmihochoHus, KpucTajumyueckas ctpykrypa, PCA
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Triphenylbut-2-enyl- (1a) and triphenylmetoxymethylphosphonium (1b) hexachlorozir-
conates have been synthesized by the reactions of zirconium tetrachloride with the triphenyl-
alkylphosphonium chlorides in acetonitrile for the first time and characterized by the IR, NMR
spectroscopy and X-ray analysis. The most intensive bands in IR spectra correspond to the valence
vibrations of the CAr-H and the CAr-CAr bonds in the triphenylalkylphos honium cations. The
splitting of carbon atoms signals is observed due to the presence of **C — 3P coupling. SSCC for
carbon atoms directly connected with phosphorus are about 48-85 Hz. According to the X-Ray
data, compound 1a crystallizes in the monoclinic crystal lattice (the P21/c space symmetry group).
Hexachlorozirconate 1b forms the triclinic crystals belong to the P-1 space symmetry group. Crys-
tals of compound 1a is characterized by the less dense molecular packing in the crystal lattice in
comparison with compound 1b. Calculated densities for the structures 1a,b are 1.355 g/cm?® and
1.466 g/cm?®, respectively. Structural organization of the complexes in crystals is caused by the for-
mation of hydrogen bonds between chlorine atoms of the anion and hydrogens of phenyl and alkyl
groups of the cations. The phosphorus atoms in the triphenylalkylphosphonium cations have dis-
torted tetrahedral coordination (CPC 107.01(4)°-114.10(6)° for la, 107.38(9)°-112.06(7)° for 1b,
the P-C bonds are 1.790(14)-1.865(14) A for 1a, 1.7838(12)-1.8293(18) A for 1b). In centrosym-
metric octahedral anions [ZrCl6]2— (trans-ClZrCl 180°) the Zr-Cl distances are 2.4654(15)-

2.4952(17) A for 1a and 2.4641(14)-2.4711(12) A for 1b.

Key words: tetraalkylphosphonium hexachlorozirconates, crystal structure, X-Ray analysis
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INTRODUCTION

Many achievements in the field of organic
chemistry are associated with the use of transition
metal complexes. Among them, zirconium compounds
have been described as effective catalysts for transfor-
mation of unsaturated hydrocarbons and organometal-
lic compounds [1]. Zirconium (V) complexes exhibit
high catalytic activity in the polymerization reactions
of ethylene [2-9], hydrogenation of olefins [10] and en-
antioselective alkylation of aromatic compounds [11, 12].
Furthermore, the reactions of stereoselective carbalu-
mination of alkenes and alkynes with participation of
zirconium complexes (ZACA-reactions) are widely
applied [13-21]. It is also worth noting that ZrCl, itself
is widely used in catalysis [22]. On the other hand,
moisture-resistant hexachlorozirconate complexes, for
example tetraalkylphosphonium hexachlorozirconates,
can be used to prepare multicomponent catalysts.
Among them only bis(tetraphenylphosphonium) hexa-
chlorozirconate has been structurally characterized
[22-25]. In the present study the zirconium complexes
[Ph3PR]+2[ZrCI6]2*, R = CH,CH=CHCH: (la),
CH,OMe (1b) have been synthesized and structurally
characterized for the first time.

2 [PhsPR]C' + ZrCly; — [PthR]z[ZrC|6]

R = CH,CH=CHMe (1a), CH.OMe (1b)

EXPERIMENTAL

IR-spectra of complexes 1a and 1b were ob-
tained with the use of a IR-Fourier spectrometer Shi-
madzu IR Affinity-1S in the KBr pellets.

The 'H NMR and *C NMR spectra were
recorded on a Bruker Avance-500 500 and 126 MHz
apparatus (TMS as an internal standard).

X-ray diffraction study. Diffraction data of
la and 1b were collected on a Bruker D8 QUEST dif-
fractometer with graphite-monochromated Mo Ka ra-
diation (A = 0.71073 A). Collection, data editing and
refinement of element cell parameters, as well as ab-
sorption record were carried up on programs SMART
and SAINT-Plus [26]. All calculations on determina-
tion and definition of structures were performed using
the SHELXTL/PC [27], OLEX2 programs [28]. The
structure was solved by direct methods and refined by
least-squares method in anisotropic approximation for
non-hydrogen atoms. The main crystallographic data
and results of structure refinement are presented in Ta-
ble 1, and main bond distances and valent angles are
presented in Table 2. Full tables of atomic coordinates,
bond lengths, and valence angles are deposited in the
Cambridge Crystallographic Data Centre (CCDC
1587676 (for l1la) and CCDC 1587677 (for 1b)
www.ccdc.cam.ac.uk/data_request/cif).
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General procedure of synthesis

To the solution of 0.86 mmol triphenylbut-2-
enylphosphonium chloride (or (methoxymethyl)tri-
phenylphosphonium chloride) in 15 mL acetonitrile
(MeCN) 100 mg (0.43 mmol) ZrCls was added under
stirring. Colorless crystals were observed during
slowly concentrating the clear solution to 3 mL. They
were filtered and dried.

[PhsPCH.CH=CHCHa]"2[ZrCl¢] (1a). 351 mg
(87%) (colorless transparent crystals, mp (decomp.)
244.8-245.7 °C). IR-spectra (v, cm™): 509 (s), 690 (s),
719(s), 1111 (s), 1437 (Ph), 1483 (m), 1587 (m), 2897 (m),
2937 (m) 3026 (Car-H), 3057 (Ca-H). *H NMR
(DMSO-d6): 1.59 (6H, t, 3J =5.99 Hz, CH3); 4.61 (4H, dd,
8] =16.02 Hz, ®J = 7.17 Hz, PCHy); 5.34 (2H, m, =CH-);
5.74 (2H, m, =CH-); 7.74-7.84 (24 H, m, CHa.); 7.88—
7.94 (6H, m, CHa.). *C NMR (DMSO-d6): 17.92 (2C, d,
4J=2.68 Hz, CHs); 25.52 (2C, d, J = 48.80 Hz, PCH>);
116.3 (2C, d, % = 9.91 Hz, -CH=) 118.40 (d, *J = 85.30
Hz, 6Car); 130.20 (d, 2] = 12.44 Hz, 12Ca;); 133.80 (d,
3] = 9.88 Hz, 12Ca); 134.90 (d, *J = 2.65 Hz, 6Car);
135.9 (2C, d, 2 =13.72 Hz, -CH=). Found, %: C 56.21,
H 4.73. C44H44ClgP2Zr. Calculated, %: C 56.29, H 4.69.

[PhsPCH,OMe]*[ZrCls]- (1b) 359 mg
(91%) (colorless transparent crystals, mp (decomp.)
232.6 —233.4°C). IR-spectra (v, cm™): 501 (s), 530 (s),
688 (s), 1112 (s), 1437 (Ph), 2827 (w), 2929 (w), 3055
(Car-H), 3080 (Car-H). *H NMR (DMSO-d6): 3.49
(3H, d, *J = 0.6 Hz, OCH3); 5.72 (2H, d, 2] = 4.9 Hz,
PCHy); 7.70-7.87 (12H, m, CHa:); 7.89-7.98 (3H, m,
CHa). BC NMR (DMSO-d6): 61.82 (d, J = 13.0 Hz,
OCHj3); 64.50 (d, 1J = 66.9 Hz, PCH); 116.78 (d, *J =
85.6 Hz, 3Car); 130.31 (d, 2J = 12.6 Hz, 6Car); 133.95
(d,%J =10.2 Hz, 6Ca); 135.32 (d, J = 2.8 Hz, 3Ca.).
Found, %: C 52.16, H 4.41. C4H4oClsO:P2Zr. Calcu-
lated, %: C 52.29, H 4.36.

Table 1
Crystal data, experimental parameters and structure
refinement parameters for 1a and 1b
Taénuya 1. Kpucraniuyeckue JaHHbIe, JKCTIEPUMEH-
TAaJbHbIC MAPAMETPLI U MapaMeTPbl YTOUYHCHUS CTPYK-
Typsl aiist 1am 1b

la 1b
M 938.65 918.58
T, K 293(2) 293(2)
Crystal system Monoclinic Triclinic
Space group P2i/c P-1
a, A 11.233(10) 10.240(5)
b, A 16.284(12) 10.493(6)
c, A 12.691(10) 10.805(6)
a, deg 90 80.19(3)
B, deg 97.60(4) 69.35(2)
7, deg 90 73.96(2)
V, A3 2301(3) 1040.6(10)

38

Z 2 1
plcalc.), glsm® 1.355 1.466
w, mm 0.686 0.760
F(000) 960 468
Crystal size, mm | 0.78x0.41x0.40 | 0.35x0.24x0.13
20 Range of data | ¢ o5 7 g 5.96-94.04
collection, deg
Range of refrac- -18<h <18, -21 <h <20,
tion indices 27<k<27, 21<k<21,
21<1<21 -22<1<22
Measured reflec- 86799 163988
tions
Independent re- 11147 (Rine = 18779 (Rint =
flections 0.0386) 0.0392)
Reflr)ement 358 254
variables
GOOF 1.042 1.050
R factors for F? > |R; = 0.0411, wR; =|R; = 0.0477, Ry =
26(F?) 0.0815 0.1113
R factors for all |R; =0.0666, wR; =|R; =0.0891, wR; =
reflections 0.0925 0.1367
Residual electron
density (min/max),l] —0.679/0.679 -0.998 /0.824
e/A3
Table 2

Selected bond lengths and valent angles in 1a and 1b
Tab6uya 2. BoiopanHble JJUHBI CBsI3eil U BaJeHTHBIX
yrjios B lau 1b

Bond d, A Angle o, grad
la
Zr(1)_CI(3) | 2.4654(15) |CI(3)Zr(1)CI(3)"| 180.0
Zr(1)-CI(3)"| 2.4654(15) |CI(3)Zr(1)CI(1)"| 90.13(6)
Zr(1)_CI(1)"|  2.4785(15) |CI(3)"Zr(1)CI(1)] 89.87(6)
Zr(1)-CI(1) | 2.4785(15) | CI(3)Zr(1)CI(1) | 89.87(6)
Zr(1)-CI(2)"| 2.4951(17) |CI(3)'Zr(1)CI(1)]90.13(6)
Zr(1)CI(2) | 2.4952(17) |CI(2)"Zr(1)CI(2)| 180.0
P(1)-C(27B)| 1.790(14) | CI(3)Zr(1)CI(1) | 89.87(6)
P(1)-C(11) | 1.7973(19) |CI(3)'Zr(1)CI(1)]90.13(6)
P(1)-C(1) 1.806(2) | CI(3)Zr(1)CI(2) | 90.53(5)
P(1)-C(21) | 1.808(2) |CI(3)'Zr(1)CI(2)]89.47(5)
P(1)-C(27A)| 1.865(14) | CI(1)Zr(1)CI(2) | 90.25(4)
Symmetry codes: *) -x+1, -y+1, -z+2
1b
Zr(1)-CI(3) | 2.4641(14) |CI(3)Zr(1)CI(3)"[180.00(2)
Zr(1)-CI(3)"| 2.4642(14) |CI(3)Zr(1)CI(2)"| 90.59(4)
Zr(D)CI(2)"| 2.4673(10) |CI(3)'Zr(1)CI(2)7 89.41(4)
Zr(1)CI(2) | 2.4673(10) | CI(3)Zr(1)CI(2) | 89.41(4)
Zr(1)CI(1) | 2.4711(12) |CI(3)'Zr(1)CI(2)]90.59(4)
Zr(D)-CI(1)"| 2.4711(12) |CI2)Zr(1)CI(2)| 180.0
P(1)-C(1) | 1.7838(15) | CI(3)Zr(1)CI(1) | 90.01(4)
P(1)-C(21) | 1.7872(15) |CI(3)'Zr(1)CI(1)]89.99(4)
P(1)-C(11) | 1.7927(16) |CI(2)'Zr(1)CI(1)]90.12(4)
P(1)-C(7B) | 1.8293(18) | CI(2)Zr(1)CI(1) | 89.88(4)
P(1)-C(7A) | 1.8293(18) |CI(3)Zr(1)CI(1)"|89.99(4)
Symmetry codes: *) -x+1, -y, -z+2
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RESULTS AND DISCUSSION

Complexes 1a,b have been synthesized from
zirconium tetrachloride and triphenylalkylphospho-
nium chlorides in MeCN, wherein zirconium chloride
was added to an acetonitrile solution of triphenyl-
alkylphosphonium chloride:

2 [PhsPR]CI + ZrCls — [PhsPR]2[ZrCls]

R = CH,CH=CHMe (1a), CH.OMe (1b)

The formation of large colorless crystals of the
desired product was observed during the slow evapo-
ration of the solution.

According to the X-ray data, the crystals con-
sist of tetrahedral cations of triphenylalkylphospho-
nium (the CPC angles 107.01(4)°-114.10(6)° for 1a,
107.38(9)°-112.06(7)° for 1b, the P—C bonds are
1.790(14)-1.865(14) A for 1a, 1.7838(12)—1.8293(18)
A for 1b) and the centrosymmetric hexachlorozir-
conate anion, with ideal octahedral shape (trans-
ClZrCl angles are 180°), in which the Zr—CI distances
are 2.4654(15)-2.4952(17) A for 1a and 2.4641(14) —
2.4711(12) A for 1b (Figs. 1 and 2). It is slightly larger
than the sum of the covalent zirconium and chlorine
semidiameters (2.44 A [34]).

The crystals of compounds 1a,b are character-
ized by the presence of statistical disorder. In the crys-
tal the cation of compound 1a contains the disordered
butenylic fragment, in which the probability of occu-
pancy of positions A and B is 47% and 53%, respec-
tively. The cation in the crystal of compound 1b con-
tains disordered methoxymethylic fragment, in which
the probability of occupancy of positions A and B is
62% and 48%, respectively.

The structural organization of the crystals la
and 1b is caused by intermolecular hydrogen bonds
Cl--H (2.73-2.89 A and 2.80-2.92 A, respectively)
(Figs. 3 and 4).

CI3

Cclz2«

Fig. 1. The structure of complex 1a
Puc. 1. Crpoenue xommiekca la

CI(3)

w
Fig. 2. The structure of complex 1b
Puc. 2. Crpoenue komiuiekca 1b

Fig. 3. The intramolecular hydrogen bonds of compound 1a
Puc. 3. BuyTpumoneKkysipHble BOJOPOAHBIC CBS3H coeiMHeHus 1a

d d N
Fig. 4. The intramolecular hydrogen bonds of compound 1b
Puc. 4. BHyTprMOJIeKy IsIpHbIE BOJOPOIHBIE CBSI3H coennneHust 1h

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2019. V. 62. N 6 39



V.V. Sharutin, O.K. Sharutina, N.M. Tarasova, E.V. Lobanova, P.V. Andreev

CONCLUSION
Thereby, the [PhsPR]*2[ZrCle]> complexes

have been synthesized by the reaction of triphenyl(meth-
oxymethyl)phosphonium and triphenyl(but-2-enyl)phos-
phonium chlorides with ZrCla. The structures of the ob-
tained compounds are fully characterized by spectral
methods and the X-ray analysis. According to the ob-
tained results, the crystals consist of tetrahedral tri-
phenylalkylphosphonium cations and centrosymmetric
octahedral ZrCls™ anions. Alkylphosphonium cations
are characterized by the presence of statistical disorder
in the butenylic and methoxymethylic fragments.
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