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Numerous zirconium ansa�complexes of С2 sym�
metry with different hapto�bound ligands and substit�
uents in them, including heterocycles, which are
excellent catalysts of the polymerization of propylene,
have been synthesized by now [1–10]. Different struc�
tural modifications of the indenyl Me2Si(Ind)2ZrCl2
complex, as well as the use of more available and stable
cocatalysts differing from polymethylalumoxane
(MAO) [10], make it possible to synthesize higher per�
formance catalysts that afford polypropylene (PP) of
higher molecular weight and with stereospecificity
attaining that of industrial samples.

Therefore, the synthesis of new compounds of this
type and study of their structural features and proper�
ties are of undoubtful interest.

EXPERIMENTAL

All the operations in the synthesis of compound I
were performed in a dry argon atmosphere. The sol�
vents used in the work were purified by known meth�
ods [11]. Compound I was synthesized with the use of
Schlenk equipment in compliance with the following
scheme:
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Abstract—A new zirconocene ansa�Me2Si�(2Me�4�p�Tol�cyclopenta[b]indol�3�yl)2ZrCl2 complex (I), in
which the Cp ligand is fused with the indole ring, has been synthesized and studied by X�ray diffraction anal�

ysis. Light brown crystals are triclinic, space group P ; M = 734.92, a = 9.252(2) Å, b = 12.914(3) Å, c =

15.619(3) Å, α = 111.83(3)°, β = 81.03(3)°, γ = 117.77(3)°, V = 1569(3) Å3, Z = 2, ρcalc = 1.525 g/cm3. The
structural parameters of complex I are compared with the known bis�indenyl zirconium complexes:
rac�Me2Si(Ind)2ZrCl2 (II) and rac�Me2Si(2Me�2Ph�1�Ind)2ZrCl2 (III) and analogous substituted
rac�Me2Si(2,5�Me2�3Ph�6�Cp[b]Tp)2ZrCl2 (IV) and rac�Me2Si(2,5�Me2�1Ph�4�Cp[b]Py)2ZrCl2 (V).
Complex I alkylated by the Grignard reagent (MgMe2) in the presence of the Al�iso�Bu3 cocatalyst is an effi�
cient catalyst for the polymerization of propylene into isotactic polypropylene.

DOI: 10.1134/S0036023612010068

1

COORDINATION COMPOUNDS



RUSSIAN JOURNAL OF INORGANIC CHEMISTRY Vol. 57 No. 1  2012

CRYSTAL STRUCTURE 47

The synthesis of the 2�methyl�4�para�tolyl�1�
4dihydrocyclopenta[b]indole ligand (L) was described
in [12].

Synthesis of compound I. A precisely weighed por�
tion of L (4.0 g, 15.6 mmol) was dissolved in toluene
(50.0 mL) with a small tetrahydrofuran (THF) addi�
tive, and to this solution cooled down to –80°С, BuLi
in hexane (9.8 mL, 15.6 mmol, 1.6 M) was slowly
added dropwise. To the solution of the resulting lith�
ium salt, (CH3)2SiCl2 (1.0 mL, 7.8 mmol) was added,
and the reaction mixture was stirred at room tempera�
ture for 24 h. Then, the solution was decanted from a
LiCl precipitate and concentrated by removing the
solvent under vacuum. The product in the form of oil
was dissolved in toluene (50 mL), the solution was
cooled down to –80°С, and another portion of BuLi
in hexane (11.1 mL, 1.6 M) was slowly added. The
mixture was slowly heated to room temperature,
stirred at this temperature for 2 h, and cooled again.
ZrCl4 (1.78 g, 7.8 mmol) was added to the cooled solu�
tion, and the mixture was additionally stirred for 8 h at
room temperature. After removal of the solvent and
recrystallization from diethyl ether, a mixture of the
rac� and meso�forms of compound I was obtained as
orange�brown crystals (3.7 g, 79%). The fractionation
of crystals in an ether/hexane solution gave the pure
rac form (light brown crystals, 1.21 g, 26%) and the
pure meso form (orange crystals, 0.71 g, 16%).

For rac�C40H36Cl2N2SiZr anal. calcd. (%): C,
65.37; H, 4.93; N, 3.81; Cl, 9.64.

Found (%): C, 65.25; H, 4.86; N, 3.94; Cl, 9.51.
X�ray diffraction analysis. The experimental data

for a light brown crystal of compound I were obtained
on an Enraf�Nonius CAD4 automatic four�circle dif�
fractometer (graphite monochromator, MoKα radia�
tion, θ/2θ scanning). The structure was solved by
direct methods with the use of the AREN�88 crystal�
lographic software [13]. Hydrogen atoms were found
from a difference Fourier synthesis. The structure was
refined by the full�matrix least�squares technique in
the anisotropic approximation for non�hydrogen
atoms with the use of the SHELXL�97 software [14].
Absorption was not taken into account.

Selected crystal data and characteristics of X�ray
diffraction experiment for compound I are given in
Table 1, and interatomic distances and bond angles are
listed in Table 2.

Polymerization of propylene was performed in the
presence of complex I in a steel high�pressure reactor
under vigorous stirring of a reaction mixture.

RESULTS AND DISCUSION

The molecular structure of complex I in shown in
the figure. In the complex, the zirconium atom is
placed between two η5(pentahapto) cyclopentadienyl
moieties. The molecule has characteristics typical of
ansa�metallocene complexes with short bridges.

There is no contact between the Zr and N atoms, and
this is also a common characteristic of heteroaromatic
zirconocenes. The molecule lies on the twofold crys�
tallographic axis passing through the silicon and zirco�
nium atoms. The nitrogen atoms in heterocycles are
arranged on the internal ring sides facing the zirco�
nium atom. The N(1)–C(11) bond length in the pyr�
role ring (1.384(6) Å) indicates the contribution of a
double bond and the presence of a positive charge on
the nitrogen atom. This, in its turn, leads to the delo�
calization of a negative charge over the entire molecule
and, in particular, in the Cp ring. The C–C bond
lengths in Cp rings vary within 1.411–1.499 Å,
whereas in analogous bis�indenyl complexes II and
III, they are within 1.410–1.442 Å [1, 3, 4–9]. The
torsion angles between the planes of the Cp and para�
tolyl rings of 56.1° and 54.1° provide minimum steric
and electronic interactions between them. Table 3, in
which selected structural parameters of complex I are
given in comparison with those of complexes II–V,

   
Table 1. Crystallographic data and characteristics of X�ray
diffraction experiment for compound I

FW 734.92

Crystal size, mm 0.2 × 0.3 × 0.4

Symmetry system Triclinic

Space group P 

Unit cell parameters:

a, Å 9.252(2)

b, Å 12.914(3)

c, Å 15.619(3)

α, deg 111.83(3)

β, deg 81.03(3)

γ, deg 117.77(3)

V, Å3 1569(3)

Z; ρcalc, g/cm3 2; 1.525 

μ, cm–1 60.9

F(000) 724

θ range, deg 1.41–29.60 

Index range –11 ≤ h ≤ 11, –16 ≤ k ≤ 15, 
0 ≤ l ≤ 12

Total number of measured 
reflections

5252

Number of reflections with 
I ≥ 2σ(I)

5242 (Rint) = 0.0128

Number of refined parame�
ters

526

GOOF on F2 0.879

R[I ≥ 2σ(I)] R1 = 0.0364, wR2 = 0.0961

R (all data) R1 = 0.0438, wR2 = 0.0991

Residual electron density 
(max/min), e/Å3

0.487/–0.487

1
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Table 2. Selected bond lengths (d) and bond angles (ω) in complex I

Bond d, Å Bond d, Å Bond d, Å Bond d, Å

Zr–C(5) 2.184(3) C(1)–C(2) 1.424(5) C(12)–C(13) 1.287(4) C(25)–C(30) 1.349(4)

Zr–C(2) 2.198(3) C(1)–C(5) 1.499(5) C(13)–C(14) 1.416(6) C(26)–C(27) 1.384(6)

Zr–C(3) 2.201(3) C(2)–C(3) 1.458(4) C(14)–C(15) 1.328(6) C(27)–C(28) 1.337(5)

Zr–C(1) 2.218(3) C(2)–C(18) 1.534(4) C(15)–C(19) 1.524(5) C(28)–C(29) 1.360(5)

Zr–C(4) 2.237(3) C(3)–C(4) 1.411(5) C(15)–C(16) 1.289(6) C(29)–C(30) 1.403(5)

Zr–Cl(1) 2.469(9) C(4)–C(5) 1.423(5) C(16)–C(17) 1.395(6) C(30)–N(2) 1.385(4)

Zr–Cl(2) 2.434(11) C(4)–N(1) 1.424(4) C(20)–C(21) 1.409(4) C(31)–N(2) 1.347(4)

Zr–C(21) 2.544(3) C(5)–C(6) 1.475(4) C(20)–C(24) 1.439(4) C(31)–C(32) 1.301(5)

Zr–C(22) 2.638(3) C(6)–C(7) 1.388(5) C(20)–Si(1) 1.763(5) C(31)–C(36) 1.371(6)

Zr–C(20) 2.610(3) C(6)–C(11) 1.391(5) C(21)–C(22) 1.375(4) C(32)–C(33) 1.314(8)

Zr–C(23) 2.624(3) C(7)–C(8) 1.420(6) C(21)–C(37) 1.511(5) C(33)–C(34) 1.365(8)

Zr–C(24) 2.613(3) C(8)–C(9) 1.439(6) C(22)–C(23) 1.408(4) C(34)–C(38) 1.522(8)

Si–C(20) 1.763(4) C(9)–C(10) 1.365(6) C(23)–C(24) 1.346(4) C(34)–C(35) 1.313(5)

Si–C(39) 1.830(5) C(10)–C(11) 1.426(5) C(23)–N(2) 1.367(5) C(35)–C(36) 1.312(5)

Si–C(40) 1.870(4) C(11)–N(1) 1.384(6) C(24)–C(25) 1.478(4) C(39)–Si(1) 1.830(5)

Si–C(1) 1.912(4) C(12)–N(1) 1.540(6) C(25)–C(26) 1.379(5) C(40)–Si(1) 1.870(5)

Angle ω, deg Angle ω, deg Angle ω, deg Angle ω, deg

C(5)ZrC(2) 63.29(12) C(21)ZrC(20) 30.9(10) C(21)ZrC(22) 30.6(12) C(23)ZrC(24) 32.9(9)

C(5)ZrC(3) 63.22(12) C(22)ZrC(20) 56.3(9) Cl(2)ZrC(22) 108.2(9) C(20)SiC(39) 114.9(3)

C(5)ZrC(1) 39.83(12) C(1)ZrC(21) 83.3(11) C(2)ZrC(23) 120.5(11) C(20)SiC(40) 111.1(3)

C(5)ZrC(4) 37.54(11) C(2)ZrC(21) 112.2(12) C(1)ZrC(23) 117.8(11) C(20)SiC(1) 92.1(10)

C(2)ZrC(3) 38.71(10) C(3)ZrC(21) 148.2(12) C(3)ZrC(23) 150.1(11) C(39)SiC(40) 106.3(2)

C(2)ZrC(1) 37.63(9) C(4)ZrC(21) 131.0(11) C(21)ZrC(23) 54.5(12) C(39)SiC(1) 114.1(2)

C(2)ZrC(4) 62.89(12) C(5)ZrC(21) 94.5(10) C(22)ZrC(23) 33.1(11) C(40)SiC(1) 118.0(2)

C(3)ZrC(1) 64.95(11) Cl(1)ZrC(21) 93.4(8) Cl(2)ZrC(23) 81.1(10) C(2)C(1)C(5) 103.6(3)

C(3)ZrC(4) 37.08(9) C(1)ZrCl(2) 124.8(9) Cl(1)ZrC(23) 111.8(10) C(2)C(1)Si 123.5(3)

C(1)ZrC(4) 64.85(9) C(2)ZrCl(2) 89.0(10) C(5)ZrC(23) 148.1(11) C(2)C(1)Zr 70.4(3)

C(5)ZCl(1) 92.42(9) C(3)ZrCl(2) 80.7(10) C(20)ZrC(23) 53.6(11) SiC(1)Zr 104.1(11)

C(2)ZrCl(1) 145.02(10) C(4)ZrCl(2) 110.5(10) C(4)ZrC(23) 175.2(11) SiC(20)Zr 94.8(3)

C(3)ZrCl(1) 109.06(9) C(5)ZrCl(2) 143.9(10) C(2)ZrC(24) 91.3(10) C(20)C(21)C(22) 106.4(3)

C(1)ZrCl(1) 131.11(9) Cl(1)ZrCl(2) 99.5(4) C(1)ZrC(24) 86.9(10) C(22)C(21)C(37) 123.2(3)

C(4)ZrCl(1) 82.43(7) C(20)ZrCl(2) 118.2(8) C(3)ZrC(24) 125.3(10) C(22)C(21)Zr 78.9(4)

C(1)ZrC(20) 64.1(11) C(21)ZrCl(2) 135.2(9) C(21)ZrC(24) 54.8(11) C(20)C(21)C(37) 130.3(3)

C(2)ZrC(20) 83.7(12) C(1)ZrC(22) 111.5(11) C(22)ZrC(24) 53.7(10) C(20)C(21)Zr 81.1(3)

C(3)ZrC(20) 122.2(11) C(2)ZrC(22) 130.2(11) C(2)ZrC(24) 87.4(9) C(37)C(21)Zr 108.5(4)

C(4)ZrC(20) 127.4(12) C(3)ZrC(22) 165.8(12) Cl(1)ZrC(24) 143.1(7) C(21)C(22)C(23) 108.8(4)

C(5)ZrC(20) 92.3(8) C(4)ZrC(22) 155.7(12) C(5)ZrC(24) 123.1(11) C(21)C(22)Zr 70.4(3)

Cl(1)ZrC(20) 124.3(8) C(5)ZrC(22) 123.8(11) C(20)ZrC(24) 32.7(11) C(23)C(22)Zr 87.3(4)

Cl(2)ZrC(20) 120.4(8) Cl(1)ZrC(22) 83.7(9) C(4)ZrC(24) 150.1(9) C(24)C(23)Zr 79.1(2)
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Table 3. Comparison of the selected structural parameters of compound I and compounds II–V

Parameter I II III IV V

Zr–Cl, Å 2.4420a 2.4314(2) 2.419(1) 2.437(3) 2.443(4)
ClZrCl, deg 99.58(4) 98.76(1) 96.8(1)  98.00(11) 97.86(3)
Zr–Cpb, Å 2.148a 2.2413(1) 2.243(4) 2.251(6)  2.230(4) 
Zr–C(Cp) min, Å 2.184(3) 2.470(1) 2.478(3) 2.484(10) 2.463(3)
Zr–C(Cp) max, Å 2.638(3) 2.659(1) 2.640(4)  2.663(9) 2.650(3)
CpZrCp, deg 126.51(1) 127.81(1) 128.5(3) 128.4(6) 128.7(4)
E1–E2c 58.1 61.94 59.2 59.8 59.9
θd, deg 139.1(9) 132.8 131.4 139.3(9) 141.2(8)
Φe, deg 56.1 44.4 30.7(5) 35.5(34) 

Note: II is rac�Me2Si(Ind)2ZrCl2 [1], III is rac�Me2Si(2Me�4Ph�1�Ind)2ZrCl2 [2], IV is rac�Me2Si(2,5�Me2�3Ph�6�Cp[b]Tp)2ZrCl2,
where Tp is thiophene [3], and V is rac�Me2Si(2,5�Me2�1Ph�4�Cp[b]Py)2ZrCl2, where Py is pyrrole [3].
aAverage value. bCentroid of the Cp rings. cAngle between the averaged planes of the Cp rings. dExo angle between the fused
5/5 and 5/6 rings. eTorsion angle between the planes of the para�tolyl and Cp rings.

Table 2. (Contd.)

Angle ω, deg Angle ω, deg Angle ω, deg Angle ω, deg

C(5)C(1)Si 129.4(3) C(6)C(5)Zr 123.4(3) C(16)C(15)C(19) 125.1(4) C(32)C(33)C(34) 122.6(5)

C(5)C(1)Zr 68.8(3) C(1)C(5)Zr 71.3(3) C(15)C(16)C(17) 120.7(4) N(2)C(23)Zr 125.8(2)

SiC(1)Zr 108.4(12) C(7)C(6)C(11) 117.6(4) C(16)C(17)C(12) 124.0(4) C(22)C(23)Zr 66.4(2)

C(1)C(2)C(3) 110.8(3) C(7)C(6)C(5) 134.5(4) C(21)C(20)C(24) 108.4(3) C(23)C(24)Zr 76.2(2)

C(1)C(2)C(18) 126.0(3) C(11)C(6)C(5) 107.7(3) C(21)C(20)Si 119.0(3) C(20)C(24)Zr 70.3(3)

C(3)C(2)C(18) 124.1(3) C(6)C(7)C(8) 118.5(4) C(21)C(20)Zr 68.0(2) C(25)C(24)Zr 130.5(3)

C(1)C(2)Zr 71.9(2) C(7)C(8)C(9) 122.2(5) C(24)C(20)Si 128.3(2) C(24)C(23)N(2) 108.9(3)

C(3)C(2)Zr 70.7(3) C(8)C(9)C(10) 120.9(4) C(24)C(20)Zr 84.4(3) C(24)C(23)C(22) 109.8(3)

C(18)C(2)Zr 126.2(2) C(9)C(10)C(11) 116.6(4) SiC(20)Zr 100.1(10) N(2)C(23)C(22) 141.2(3)

C(4)C(3)C(2) 107.5(3) C(10)C(11)N(1) 126.6(4) C(26)C(27)C(28) 121.9(3) C(23)C(24)C(20) 106.2(3)

C(4)C(3)Zr 72.8(3) C(6)C(11)N(1) 109.3(4) C(27)C(28)C(29) 117.1(4) C(23)C(24)C(25) 105.5(3)

C(2)C(3)Zr 70.5(10) C(10)C(11)C(6) 123.9(3) C(28)C(29)C(30) 120.6(4) C(20)C(24)C(25) 147.4(3)

C(3)C(4)C(5) 108.3(3) C(11)N(1)C(4) 106.6(4) N(2)C(30)C(25) 106.4(3) C(26)C(25)C(30) 114.7(4)

C(3)C(4)N(1) 138.8(7) C(11)N(1)C(12) 125.5(4) C(29)C(30)C(25) 122.9(3) C(24)C(25)C(30) 108.3(5)

C(3)C(4)Zr 70.0(3) C(4)N(1)C(12) 127.8(3) N(2)C(30)C(29) 130.3(3) C(24)C(25)C(26) 136.6(5)

C(5)C(4)N(1) 112.8(9) C(13)C(12)C(17) 115.5(4) C(31)N(2)C(23) 125.1(4) C(25)C(26)C(27) 122.4(6)

C(5)C(4)Zr 69.1(3) C(13)C(12)N(1) 120.1(4) C(31)N(2)C(30) 124.1(3) C(33)C(34)C(38) 123.1(5)

N(1)C(4)Zr 124.9(3) C(17)C(12)N(1) 124.2(4) C(30)N(2)C(23) 110.6(3) C(33)C(34)C(35) 122.8(5)

C(4)C(5)C(6) 103.3(3) C(12)C(13)C(14) 119.9(4) N(2)C(31)C(32) 114.2(4) C(34)C(35)C(36) 114.3(4)

C(4)C(5)C(1) 109.6(3) C(15)C(14)C(13) 124.2(5) C(32)C(31)C(36) 123.2(4) C(35)C(34)C(38) 129.9(5)

C(4)C(5)Zr 73.2(3) C(14)C(15)C(19) 123.8(4) N(2)C(31)C(36) 122.5(3) C(33)C(36)C(31) 122.4(5)

C(6)C(5)C(1) 146.8(3) C(16)C(15)C(14) 115.4(4) C(31)C(32)C(33) 114.4(4)
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shows that the structural parameters of compound I
insignificantly differ from the literature data. Major
distinctions are observed in the Zr–Cp distances of
bis�indenyl and bis�heterocene zirconium complexes.
Complex I has the shortest Zr–Cp distance of 2.148 Å
in comparison with those of indenyl compounds II
and III (2.241 and 2.243 Å, respectively). This seems
to be a result of the fact that the bis�indenyl complexes
are more sterically strained as compared to fused bis�
heterocene complexes. Complexes II and III exem�
plify that the dihedral angle between the planes of the
indenyl ligands is slightly larger (59.2°–61.94°) than
the pyrrole–Cp dihedral angle in complex I (58.1°).
Complex I has the largest torsion angle ϕ between the
planes of the para�tolyl and Cp rings (56.1°) among

the considered compounds. The other structural char�
acteristics are similar and typical of such complexes.

Complex I is an efficient catalyst for the synthesis
of highly isotactic PP. Synthesis conditions and some
characteristics of the isotactic PP obtained in the pres�
ence of compound I are given in Table 4. The data of
Table 4 show that the presented characteristics of PP
synthesized over the MgMe2 + Al · iso�Bu3 cocatalyst
are highly competitive with the analogous characteris�
tics of PP obtained with the use of MAO at low Al/Zr
molar ratios (500–2000).

Thus, synthesized complex I with a short Me2Si
bridge joining two ligands with the methyl group
located in the 2�position near the silicon bridge and
the tolyl group in the 4�position, which is close to the
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Molecular structure of complex I. 



RUSSIAN JOURNAL OF INORGANIC CHEMISTRY Vol. 57 No. 1  2012

CRYSTAL STRUCTURE 51

Cp ring and comes outside the boundary of the com�
plex, provide the high activity and stereospecificity in
the polymerization of propylene.
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Table 4. Catalytic properties of the system based on complex I

No. Complex I, mol 
×106 Cocatalyst Al/Zr A, kg 

PP/mol Zr h Mη × 10–3 mmmm, %

1 1.128 MAO 2000 5513 224 96

2 1.269 MAO 500 937 144 79

3 2.8 AliBu3 + MgMe2
 500 2814 185 94

4 9.94 AliBu3 + MgMe2 300 2208 215 90

Note: Polymerization conditions are pC3H6
 = 7.0 atm, toluene, T = 70.0°C, τ = 1.0 h, Mη is the viscous molecular mass, and mmmm is

the number of isotactic pentads in a polymer chain and determined by the 13C NMR method.


