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Abstract Highly active catalysts composed of titanocene
complexes and nanometric sodium hydride have been
developed for the hydrogenation of styrene under normal
pressure. The highest initial catalytic activity reached
138 s7! (average value in the first 1 min), which is higher
than previously reported data for the hydrogenation of
styrene. The highest number of catalytic turnover reached
21,700 in 2 h. An effect of steric hindrance of substituents
of titanocene complexes on the catalytic efficiency was
observed.
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1 Introduction

Catalysts for hydrogenation are usually composed of noble
metals. Perfluoroalkylated pyridine—palladium (o) complexes
catalyzed the hydrogenation of styrene in scCO, [1], TOF
(initial turnover frequency) = 0.0653 s~ . HRh (CO) (TPP
MS); catalyzed the hydrogenation of styrene [TPPMS =
(C6H5)2P(m—C6H4503Na)] [2], TOF = 0.0417 S_l. [H3OS4
(CO)y5]™ catalyzed the hydrogenation of styrene in ionic
liquid [ompy][BF,4] [3], TOF = 0.163 s~!. The initial cata-
lytic activity (TOF) of the catalysts composed of nobel metals
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for the hydrogenation of styrene are not satisfactory.
A bicomponent catalyst composed of a titanocene complex
and reducing agent for the hydrogenation of olefins has
attracted much attention. The reducing agents include lithium
alkyls, aluminum alkyls, Grignard reagent, lithium aluminum
hydride, alkali metal and alkali metal hydride [4—12]. Among
them, use of nanometer-size sodium hydride as cocatalyst for
titanocene complexes formed active catalysts for the hydro-
genation of olefins. The initial turnover frequency (TOF) by
the bicomponent catalysts composed of titanocene complexes
and nanometer-size sodium hydride for the hydrogenation of
styrene are 13-31 s~ [12], and it was revealed only terminal
alkenes can be hydrogenated by this catalyst system. But the
effect of substituents of titanocene complexes on the catalytic
efficiency (TO) is not clear. In this paper, we report highly
active catalysts comprised of titanocene complexes with
various substituents and nanometer-size sodium hydride for
the hydrogenation of styrene to ethylbenzene. It provides
useful information for the hydrogenation of olefins with sub-
stituents having big steric hindrance.

2 Experimental

All the substituted titanocene complexes used in the
experiments were prepared in our laboratory. Nanometric
sodium hydride was prepared according to the literature
[13]. BET surface area of NaH is 90 mz/g. A transmission
electron micrograph shows that the average primary par-
ticle size of NaH is 23 nm.

All reaction and operations were carried out under dry
argon using the Schlenk technique. Argon and hydrogen
were dried and deoxygenated by a type SA molecular sieve
column and an activated Cu column at 220 °C. Toluene,
styrene were dried over a type SA molecular sieve, then
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refluxed and finally distilled from sodium and benzophe-
none under argon immediately before use.

Hydrogenation of styrene was carried out in a 50 mL
three-necked jacketed flask closed with a self-sealing sili-
con rubber septum and connected to the vacuum, argon,
hydrogen lines, and to a constant-pressure gas burette.
Temperature of the circulating water passing through the
jacket was maintained by a thermostat. Agitation was
provided by a magnetic stirrer at the rate of agitation of
1,100 r/min. The reaction flask was alternately evacuated
and flushed with argon three times, and sodium hydride
(20 mg) was added. After alternate evacuation and flushing
with hydrogen three times further, 9 mL of toluene, 2 mL
of styrene and 0.5 mL of solution of titanocene complexes
in toluene (4 x 10™* mol/L) were injected through the
silicon rubber septum, and hydrogen uptakes were imme-
diately followed by a constant-pressure gas burette. The
reaction mixture was analyzed by GC in the hydrogenation.

3 Results and Discussion

In a bicomponent catalyst composed of a titanocene com-
plex and reducing agent for the hydrogenation of olefins, it
is generally believed that the breakdown in catalytic
activity is due to the dimerization of active titanium species
in a low valent state [4, 5], and dimerization of all active
titanium species causes deactivation. Increasing the steric
hindrance of substituents of titanocene complexes can slow
the dimerization causing increase of catalytic efficiencies.
But increasing the steric hindrance of substituents of
titanocene complexes can also slow coordination of styrene
and active titanium species causing decrease of catalytic
efficiencies. In order to investigate relation of steric hin-
drance of substituents of titanocene complexes and the
catalytic efficiency, a series of titanocene complexes were
used in hydrogenation of styrene (Scheme 1).

Complexes 13 and 14 did not have catalytic activities,
probably due to coordination of oxygen or nitrogen in
complexes and titanium of active species preventing
coordination of styrene and titanium of active species.
Complexes 1-12 have excellent initial catalytic activities
(TOFjpiga1 » average value in the first 1 min, 62-138 s_l)
and catalytic efficiencies (TO in 2 h, 6,400-21,700), which
was listed in Table 1.

The kinetic curves in Fig. 1 show that catalytic activ-
ities of 3/NaH and 9/NaH decrease rapidly for the first
3 min. The kinetic curves in Fig. 2 show that catalytic
efficiencies of 3/NaH and 9/NaH increase slowly after
rapid increase for the first 3 min, which is consistent with
the rapid decrease of catalytic activities of 3/NaH and 9/
NaH for the first 3 min. However, catalytic activities can
exist in 2 h.
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Table 1 Results of the hydrogenation of styrene”

Catalyst TOFpitiar [mol/(mol s)] TO (mol/mol) (in 2 h)
1/NaH 72 6,400
2/NaH 62 9,500
3/NaH 102 13,700
4/NaH 112 15,500
5/NaH 122 18,500
6/NaH 113 21,700
7/NaH 107 9,400
8/NaH 108 9,700
9/NaH 90 16,000
10/NaH 75 13,300
11/NaH 138 11,000
12/NaH 120 8,900

@ Reaction condition: 1.01325 x 10° Pa, 303 K, 0.2 pmol Ti, 20 mg
NaH, 2 mL styrene, 9 mL toluene, 2 h

The effect of steric hindrance of substituents of titano-
cene complexes employed on the catalytic efficiency is
clear (Fig. 3). In mono(substituted cyclopentadienyl)
titanocene complexes (1, 2, 3, 4, 5, 6), catalytic efficiencies
(TO in 2 h) increase with increase of steric hindrance of
substituents of titanocene complexes. In bis(substituented
cyclopentadienyl) titanocene complexes, catalytic effi-
ciencies (TO in 2 h) firstly increase and then decrease with
increase of steric hindrance of substituents of titanocene
complexes (7, 8, 9, 10, 11, 12). This is probably due to two
roles of bigger steric hindrance of substituents of titano-
cene complexes on catalytic efficiencies: one is that bigger
steric hindrance of substituents of titanocene complexes
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Fig. 1 Catalytic activities-time curves. (a) 3/NaH; (b) 9/NaH
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Fig. 2 Catalytic efficiencies—time curves. (a) 3/NaH; (b) 9/NaH
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Fig. 3 Comparison of catalytic efficiencies of titanocene complexes
employed. (a) Mono(substituted cyclopentadienyl) titanocene com-
plexes; (b) Bis(substituted cyclopentadienyl) titanocene complexes
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Table 2 Effects of temperature on catalytic reaction for titanocene

complex 3*

T UTA0K™Y  TOF jiga (s°)) InTOF  TO (in 2 h)
315 3.17 164 5.10 14,000

303 3.30 146 4.98 13,700

284 3.52 114 474 10,800

275 3.64 100 461 7,900
2565 3.90 55 401 3,600

2 Reaction condition: 1.01325 x 10° Pa, 0.2 pmol Ti, 20 mg NaH,
2 mL styrene, 9 mL toluene, 2 h

can slow dimerization of active titanium species causing
increase of catalytic efficiencies, another is that bigger
steric hindrance of substituents of titanocene complexes
can slow coordination of styrene and active titanium spe-
cies causing decrease of catalytic efficiencies.

The effect of hydrogenation temperature on TOFpga
for complex 3/NaH was investigated. The results are listed
in Table 2. A plot of InTOF versus 1/T (Fig. 4) was made
using data in Table 2, the points representing 315, 303, 284
and 275 K are linear, and the point representing 256.5 K is
down to the line. It indicates that active titanium species
comprise of many components including Ti(Il), Ti(II) and
Ti(IV) species; when hydrogenation temperature is 315,
303, 284 and 275 K, the active titanium species was the
same one; when hydrogenation temperature is 256.5 K, the
active titanium species was not as the same as that in 315,
303, 284 and 275 K causing increase of activation energy
of hydrogenation. The activation energy of hydrogenation
at 275-315 K for complex 3/NaH can be calculated
from the slope of the line as 20.3 KJ/mol according to
Arrhenius equation. The activation energy of hydrogena-
tion of styrene by perfluoroalkylated pyridine—palladium
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Fig. 4 TOF(s™')-temperature curve for 3/NaH in hydrogenation of
styrene
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(o) complexes in scCO, was 25.5 KJ/mol [1]. The activa-
tion energy of hydrogenation of styrene in this paper is
lower than that in literature [1].

In conclusion, highly active catalysts composed of
titanocene complexes and nanometric sodium hydride were
reported for the hydrogenation of styrene. The highest
initial catalytic activity (TOF;,;;a1) reached 138 s~!, which
is higher than previously reported data for the hydrogena-
tion of styrene. The highest catalytic efficiency (TO)
reached 21,700 in 2 h. The effect of steric hindrance of
substituents of titanocene complexes employed on the
catalytic efficiency was observed.

References

1. Kani I, Sisman F (2006) J Mol Catal A: Chem 259:142

2. Baricelli PJ, Baricelli D, Lujano E, Melean LG, Borusiak M,
Lopez-Linares F, Bastidas LJ, Rosales M (2007) J Mol Catal A:
Chem 271:180

12.
13.

. Zhao D, Dyson PJ, Laurenczy G, McIndobe JS (2004) J Mol

Catal 214:19

. Bonds WD, Brubaker CH, Chandrasekaran ES, Gibbons C,

Grubbs RH, Kroll LC (1975) J] Am Chem Soc 97:2128

. Bochmann M (1995) In: Abel EW, Stone FGA, Wilkinson G

(eds) Comprehensive organometallic chemistry «*), Elsevier,
Oxford, p 221

. Scott F, Raubenheimer HG, Pretorius G (1990) J Organomet

Chem C17

. Zhang YP, Liao SJ, Xu Y, Chen SS (1990) J Organomet Chem

382:69

. Demerseman B, Coupance PL, Dixneuf PH (1985) J Organomet

Chem 287:C35

. Smith JA, Brintzinger HH (1981) J Organomet Chem 218:159
10.
11.

Dozzi G, Cucinella S, Mazzei A (1979) J Organomet Chem 164:1
Sloan MF, Matlack AS, Breslow DS (1963) J Am Chem Soc
85:4014

Fan YH, Liao SJ, Xu J, Wang F (2002) J Catal 205:294

Zhang YP, Liao SJ, Xu Y (1993) J Mol Catal 84:211

@ Springer



	Highly Active Catalysts for the Hydrogenation of Styrene
	Abstract
	Introduction
	Experimental
	Results and Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


