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The ability of methylaluminoxane (MAO) to cationize Group 4 
metallocenes thus forming active olefin polymerization catalysts 
was discovered almost simultaneously together with the effects 
of the bridging group connecting the two cyclopentadienyl rings1 
(such complexes are often referred to as ansa-metallocenes). The 
bridging group provides fixation of mutual orientation of the 
cyclopentadienyl rings thus allowing for precise design of the 
steric surrounding of the active pocket (defined by substituents at 
the ligand) and the accessibility of the metal center (determined 
by the properties of the bridge). Further research on ansa-
metallocenes was predominantly focused on the development of 
stereoselective propylene polymerization catalysts, either 
isoselective (typically metallocenes of C2-symmetry with one-
atom bridge between positions 1 of two indenyls)2,3 or 
syndioselective (Cs-symmetrical fluorenyl-cyclopentadienyl 
metallocenes).4 Nonetheless, on industrial scale, metallocene 
catalysts are extensively used in copolymerization processes 
such as production of linear low-density polyethylene, where 
stereoselectivity is not among the target parameters of the 
catalyst. Consequently, in this application field, in addition to the 
Cs-5 or C2-symmetrical metallocene catalysts,6 there is interest in 
industry and academia in ansa-metallocenes of C1

7,8 and C2v 
symmetry with the latter being represented by a number of 
metallocenes with a one-atom bridge connecting positions 2 of 
the indenyl moieties.9–14 This being said, sulfur-bridged 
metallocenes remain almost unexplored.14

Here, we report on the development of synthetic approach to 
di(2-indenyl) sulfide ligands, preparation of the respective 
metallocenes, and studies of their performance in ethylene 
homopolymerization, ethylene/1-octene copolymerization, and 
1-decene oligomerization. The only previously described 
pathway to di(2-indenyl) sulfide14 implying reaction of 

2-indanone with the Lawesson’s reagent can be hardly expanded 
to other analogs due to a limited accessibility of substituted 
2-indanones. Alternatively, Landini and Rolla15 successfully 
used sodium sulfide nonahydrate in the presence of a phase-
transfer catalyst to produce dialkyl sulfides in more than 80% 
yields starting from primary and secondary alkyl halides. In this 
work, available indenes 1a–c were  converted to the corresponding 
indane bromohydrins 2a–c that were reacted with Na2S to afford 
thiobis(indanols) 3a–c (Scheme 1). The latter reaction (see 
Scheme 1, step ii) can be performed under phase-transfer 
catalysis conditions, however, we found it more convenient to 
conduct it in 96% ethanol without a phase-transfer catalyst and 
using a different form of sodium sulfide hydrate. The following 
acid-catalyzed elimination of water from hydroxy sulfides 
afforded pro-ligands, di(2-indenyl) sulfides 4a–c, in 62–79% 
yields (cf. ref. 16). 

Direct synthesis of zirconocene dichloride 6a from dilithium 
salt of 4a and ZrCl4 was unsuccessful, so alternative routes via 
diamides 5a–c were attempted. Reaction of Zr(NMe2)4 with 
neutral pro-ligands 4a and 4c gave the corresponding diamide 
zirconocenes 5a (36% yield) and 5c (43% yield). The same 
reaction with 4b led to formation of unbridged indenyl complexes 
(3-H-4,7-Me2-2-Ind)–S–(4,7-Me2-2-Ind)–Zr(NMe2)3 and 
(Me2N)3Zr–(4,7-Me2-2-Ind)–S–(4,7-Me2-2-Ind)–Zr(NMe2)3 
rather than 5b. Therefore, complex 5b was prepared via reaction 
of Zr(NMe2)2Cl2(THF)2 with dilithium salt of 4b in 39% yield. 
Further treatment of diamides 5a–c with Me2SiCl2 afforded 
dichlorides 6a–c in 82, 63, and 80% yields, respectively.

Single crystal study was performed for complex 6b.† As 
expected, the molecular structure of 6b exhibits C2v symmetry 
(Figure 1), analogously to symmetrically substituted bis(2-
indenyl) zirconocenes with one-atom bridge.9,11,12
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A series of sulfur-bridged bis(2-indenyl) zirconocenes 
were  synthesized and tested for ethylene/1-octene co-
polymerization and 1-decene oligomerization. Zirconocene 
bearing two 5,6-positioned methyl substituents in indenyl 
moieties, distant from the metal center, appeared to be an 
active catalyst producing 1-decene oligomers with high 
content of unsaturated vinylidene end groups, which is 
preferable for post-functionalization.
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Bridging group nature is one of the key factors influencing 
the structural parameters of metallocene catalyst important for 
the polymerization performance. It is responsible for the ‘bite 
angle’, i.e. the angle between the mean planes of two 
cyclopentadienyl rings. Comparison of the bite angle in a series 
of one-atom bridged bis(2-indenyl) zirconocenes (Table 1) 
reveals that, qualitatively, it correlates inversely with the atomic 
radii of the bridging atoms, with the bite angle in 6b (73.0°) 
being in between those of the H2C- and ButP-bridged 
metallocenes (76.9 and 68.2°, respectively). Calculated charge 
of the ZrCl2 fragment in 6a (0.353) was higher than that in 

Me2Si-bridged bis(2-indenyl) zirconocene dichloride (0.310) 
and hypothetical unbridged complex of the geometry mimicking 
6a but with two hydrogen atoms instead of sulfur in indenyls 
(0.306). Consequently, sulfur was found to be an electron 
withdrawing bridging group, and possible back electron transfer 
from sulfur to vacant p*-indenyl orbitals is likely inefficient.

Further, the three synthesized metallocenes 6a–c were 
preliminary tested in ethylene homopolymerization and 
ethylene/1-octene copolymerization in the presence of methyl
aluminoxane17 (Table 2). Expectedly, 6a with unsubstituted 
2-indenyls behaved similarly to the previously described bis(2-
indenyl) zirconocene catalysts with one-atom bridge,7,9,12 i.e. 
afforded oligomers with Mn of few kDa. Surprisingly, 
introduction of methyl groups in the distant (with respect to the 
metal atom) 5,6-positions of the 2-indenyls in 6c increased the 
polymerization activity by an order of magnitude, while 
molecular weight capability remained almost unchanged. 
Introduction of two methyl substituents at positions 4 and 7 of 
the indenyls increased Mn by ca. 20–40 times with the activity 
being only slightly affected, analogously to what was observed 
earlier by Resconi12 for the similarly substituted pair of  
H2C-bridged bis(2-indenyl) zirconocenes in ethylene homo
polymerization. As a result, the overall performance of 6b/MAO 
in (co)polymerization of ethylene (including the activity and 
comonomer incorporation) appeared to be comparable to 
the  reference catalyst 7/MAO (7 = rac-Me2Si(2-methyl-1-
indenyl)2ZrCl2).

Interestingly, the effect of 4,7-substitution on the molecular 
weight capability was stronger than placement of methyl groups 
at (seemingly close to the metal) positions 1 and 3 of two 
2-indenyls in Me2Si-bridged bis(1,3-dimethyl-2-indenyl) 
zirconocene which was still only able to produce oligomers7 
like  its unsubstituted homolog,18 as descried earlier. Another 
comparison with the literature data on Me2Si-bridged catalysts 
suggests that switching from bis(2-methyl-1-indenyl) to bis(2-
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Scheme  1  Reagents and conditions: i, NBS, DMSO–H2O, 20 °C; ii, Na2S · 9 H2O, Oct3NMe+Cl–, H2O or Na2S (· n H2O, ³60% purity, scales), EtOH; 
iii, TsOH, PhMe; iv, Zr(NMe2)4, PhMe (for 5a,c); v, LDA, THF, then Zr(NMe2)2Cl2(THF) (for 5b); vi, Me2SiCl2, PhMe.

†	 Crystal data for 6b. Data were collected on a Bruker SMART 1000 
CCD diffractometer with MoKa radiation (l = 0.71073 Å) using the j- 
and w-scan techniques. The structures were solved and refined by direct 
methods using SHELXTL. Data were corrected for absorption effects 
using the multi-scan method (SADABS). All non-hydrogen atoms were 
refined anisotropically using SHELXTL. The coordinates of the 
hydrogen  atoms were calculated from geometrical positions. The 
crystal  of C22H20Cl2SZr is monoclinic, space group C2/c, 
a = 15.6854(8),  b = 9.3958(5) and c = 13.7831(7) Å, b = 107.727(10)°, 
V = 1934.86(17) Å3, Z = 4, reflections collected 9645, of which 2323 
unique reflections (Rint = 0.0268) were used in all calculations. The final 
parameters are R1 = 0.0290, wR2 = 0.0724 [I > 2s(I )] and R1 = 0.0312, 
wR2 = 0.0741 (all data). GOOF = 1.012. Completeness 100%.
	 CCDC 2350110 contains the supplementary crystallographic data for 
this paper. These data can be obtained free of charge from The Cambridge 
Crystallographic Data Centre via https://www.ccdc.cam.ac.uk.
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Figure  1  Crystal structure of 6b. Displacement ellipsoids are shown at the 
50% probability level. Hydrogen atoms are omitted for clarity. Selected 
bond lengths (Å) are Zr(1)–Cl(1) 2.4225(5), Zr(1)–C(1) 2.479(2), 
Zr(1)–C(2) 2.4642(19), Zr(1)–C(3) 2.489(2), Zr(1)–C(3A) 2.6568(19), 
Zr(1)–C(7A) 2.6462(18), S(1)–C(2) 1.778(2).

Table  1  Comparison of bite angles in one-atom bridged bis(2-indenyl) 
zirconocenes.

Zirconocene
Bite angle/ 
deg

Covalent atomic  
radius

Reference

H2C(4,7-Me2-2-indenyl)2ZrCl2 76.9   76 12
S(4,7-Me2-2-indenyl)2ZrCl2 (6b) 73.0 105 this work
ButP(2-indenyl)2ZrCl2 68.2 107 11
Me2Si(2-indenyl)2ZrMe2 63.9 111 CCDC 

1413171
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indenyl) backbone reduces the comonomer affinity of 
zirconocene catalysts by ca. 7 times (e.g. 5.4 mol% of 
incorporated 1-hexene at 5% level of 1-hexene in the feed7 vs. 
1.5 mol% at 10% level,18 respectively). At the same time, catalyst 
6b provides only ~1.5-fold lower 1-octene incorporation in 
comparison with the reference Me2Si-bridged bis(2-methyl-1-
indenyl) catalyst 7. This fact can be explained by the larger bite 
angle of the sulfur-bridged catalyst making steric access of the 
a-olefin to the metal center easier. 

The latter consideration together with the low molecular 
weight capability makes zirconocenes 6a–c potentially 
interesting catalysts for the synthesis of poly(a-olefins).19 
Oligomers of higher α-olefins (such as 1-decene) after 
hydrogenation of unsaturated end groups find use as base stock 
of synthetic oils of premium quality. On the other hand, 
unsaturated end groups can be transformed in a number of ways, 
including further oligomerization of the α-olefin oligomers,20 
halogenation, epoxidation, introduction of hydroxy groups 
through hydroboration–oxidation,21 phenolic groups via the 
Friedel–Crafts alkylation of phenols,22 succinic anhydride 
groups via maleation,23 diarylamino- and thioether groups.24 The 
end groups are classified based on the substitution pattern, 
namely, vinyl (H2C=CHR), 1,2-disubstituted vinylene (cis- or 
trans-HR1C=CHR2), trisubstitued vinylene (R1R2C=CHR3), and 
vinylidene (R1R2C=CH2). For certain functionalization reactions, 
such as maleation, Friedel–Crafts alkylation of phenols21 and 
diarylamines,24 high content of vinylidene end groups is 

preferable due to their higher reactivity towards the 
functionalization reagents. 

Thus, metallocenes 6a–c were tested for 1-decene 
homopolymerization (Table 3) in the presence of borate 
activator AB (PhNHMe2

+[B(C6F5)4]–), the dichloride complexes 
were alkylated prior to the polymerization with 
triisobutylaluminum. Molecular weight and end group 
distributions were determined by 1H NMR. Conventional 
silicon-bridged zirconocene 8 [rac-Me2Si(1-IndH4)2ZrCl2] was 
used as a reference. Unsubstitued bis(2-indenyl) zirconocene 
6a and its 4,7-subtituted homolog 6b appeared to be inferior to 
both 5,6-disubstituted 6c and reference catalyst 8 in terms of 
activity. However, all of them provided higher content of 
vinylidene end groups than 8 with 6c being most selective in 
the series, and higher average molecular weight. This is 
important as high content of 1-decene dimer is associated with 
lower viscosity index of the hydrogenated oil base stock.25 At 
85 and 110 °C, complex 6c was also considerably more active 
than 8.

Overall, the preliminary results show that 6c is already a 
catalyst that can be competitive in synthesis of practically useful 
polyolefins, and that the family of sulfur-bridged bis(2-indenyl) 
metallocenes studied herein deserves further efforts aimed at 
improvement of the performance in synthesis of poly(a-olefins), 
in the first place, via tuning of the distant 5,6-substituents. Easy 
synthesis of the bridged ligand from readily available precursors 
is another benefit of this family.

Table  2  Ethylene polymerization and ethylene/1-octene copolymerization data (0.025 μmol metallocene, 500 equiv. MAO, 4.9 ml toluene, 80 °C).

Zirconocene precatalyst Pethylene /bara Voctene /μlb Activityc,d Mn/kDad Mw/kDad PDId,e Noctene (wt%)d, f Tm/Cd

6a   6.2     0   17     3.9     7.6 2.0   – 126.6
6b   6.2     0   13   87 209 2.4   – 134.9
6c   6.2     0 120     5.7   10.7 1.9   – 126.9
7   6.2     0   39 277 425 1.5   – 135.4
6a   6.2 100   20     3.7     6.7 1.8   –g 113.7
6b   6.2 100   19   67 159 2.4   9.2 111.4
6c   6.2 100 112     4.3     8.8 2.0   –g 112.3
7   6.2 100   57 184 275 1.5 13.3 116.3
6a 14.8 100   29     3.4     6.1 1.8   –g 117.9
6b 14.8 100   16 140 291 2.1   4.8 120.3
6c 14.8 100 336h     4.6     8.7 1.9   –g 121.4
7 14.8 100   28 187 277 1.5   6.9 125.4
a Ethylene partial pressure. b Volume of 1-octene in the polymerization medium. c In kgpolymer mmol–1

catalyst bar–1
ethylene h–1. d Mean values for at least three runs. 

e Polydispersity index PDI = Mw/Mn. f Content of incorporated 1-octene in the polymer in wt%, determined by FTIR spectroscopy. g Values were outside the 
calibration range for the FTIR. h Shortest quench times of all experiments due to the high initial activity; an average activity after longer polymerization times 
can be somewhat lower.

Table  3   Polymerization of 1-decene.a 

Metallocene precatalyst Tp/°Cb Activityc,d

Content of unsaturated chain ends of different types (mol%)e

Mn/kDad

vinyl vinylene trisubstituted vinylene vinylidene

6a   60 1.28 0.7   7.3   4.1 87.9 0.63

6b   60 0.43 2.0   4.5 22.2 71.3 1.97

6c   60 4.4 0.3   4.3   1.9 93.6 0.54

8   60 9.1 9 23 27 41.0 0.37

6c   85 9.0 0.2   3.0   2.6 94.2 0.45

8   85 4.0 9 21 25 44.0 0.36

6c 110 4.3 0.3   3.1   3.0 93.6 0.44

8 110 1.19 8 20 24 48.0 0.34
a Reaction conditions: metallocene (0.080 μmol) prealkylated with Bui

3Al (20 equiv.), activator AB (PhNHMe2
+[B(C6F5)4]–, 1.1 equiv.), 1-decene (2 ml), 

isohexane (2.8 ml), toluene (0.2 ml), scavenger Oct3Al (0.2 or 0.6 μmol), 60 min. b Polymerization temperature. c In kgpolymer mmol–1
cat h–1. d Mean values for 

two runs. e Measured by 1H NMR.
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