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Abstract Primary products of the interaction of terminal

olefins C5–C8 with Re2O7/Al2O3 catalysts are established.

The rupture of the C=C bond of the olefin occurs with

formation of a carbene localized at a rhenium ion, with the

alkylidene fragment in the produced carbene being the

CH2=group of the terminal alkene molecule. Thus M=CH2

species and lower normal a-olefins are formed.
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1 Introduction

Quite intensive studies of the theoretical and experimental

aspects of olefin metathesis became the basis of the wide

application of this reaction in organic synthesis and

petrochemistry [1, 2].

Homogeneous or heterogenized metal complexes

(Schrock or Grubbs systems) are known as active metathesis

catalysts [3]. Heterogeneous catalysts are also know in the
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art, including diverse Mo-, W- and Re-supported systems

based on different oxide carriers, with alumina being the

most abundant one [4]. Rhenium-containing heterogeneous

catalysts are typically most active among the heterogeneous

analogs. [5] The formation of active metathesis sites occurs

during the interaction of the olefinic substrate molecules

with the preactivated catalyst. It is generally supposed that

carbene Re complexes are the result of such an interaction

[5, 6]. However numerous spectroscopic studies, including

IR spectroscopy [2, 7–11], Raman spectroscopy [12–14],

ESR [15–17], Moessbauer spectroscopy [18, 19], XPS [20–

24], and XAFS [11, 25, 26] have not provided convincing

experimental support for this concept so far: the assumed

active reaction intermediates have not been detected using a

handful of the sensitive and informative methods. A few

publications are known where the authors tried to reveal the

nature and to postulate the structure of the metathesis

reactive species by analyzing the very initial products

formed at the first contact of the alkene with the catalyst [27,

28]. Nevertheless, the results obtained did not bring an

unequivocal answer either. Some authors consider 1-butene

formed during the metathesis of propene as a product of

isomerization of 2-butene [27]. However, such a migration

of the double bond is not quite agreeable with thermody-

namics of the system. The peculiar features of the conditions

and procedures used by different authors in studying the

reaction of alkene metathesis (olefin/Re ratio, addition of

certain organometallic activators, types of the reactors used

in the experiments) make the adequate comparison of the

literature data difficult.

It was assumed that ethylene is not capable of activating

the catalyst in the metathesis reaction [2, 28], but other

authors reported on the formation of small amounts of

propene and 2-butene when ethylene was supplied to the

rhenium catalyst [29]. Only two metathesis reaction prod-

ucts were found upon the interaction of 1-heptene or

1-octenewith CsNO3–Re2O7–Al2O3 in a plug-flow reactor:

dodecene-6 or tetradecene-7, respectively, and ethylene

[30]. However in the case of 1-hexene, some amounts of

2-heptene and 4-nonene were detected in the metathesis

products in addition to decene-5. C5, C7, C8, C9, and C11

olefins were identified in metathesis of 1-hexene, beside the

main product, i.e. 5-decene, but the structure of these

olefins and their origin were not revealed [31]. The NH4

ReO4–Al2O3 catalyst calcined at 550 �C and c-irradiated in
a reducing atmosphere of CH4 or CO demonstrates a rather

high activity. The 1-hexene conversion is close to 60 %,

however, the authors failed to identify the presumably

active p- or Ren?=CH2 complexes. The conclusion drawn

by the authors is quite heuristic: the interaction of methane

with the surface species leads to the formation of a Re–CH3

moiety and further possible genesis of Re=CH2 by proton

transfer or elimination of a water molecule.

It should be noted that a number of interesting publi-

cations appeared just recently on the subject. Analysis of

the literature data on terminal alkene metathesis [32–37]

reveals the general experimental peculiarities in the tests

aimed at establishing the composition and structure of the

products of interaction of a Cn terminal alkene with the

forming active sites:

• At high initial olefin:Re ratios, the reaction mixture

contains, as a rule, only two main products—ethylene

and the expected C2n-2 metathesis product;

• Other alkenes qualified as side products are observed at

reduced alkene:Re ratios.

The goal of the present study is to find new data about the

products of the primary interaction of terminal C5–C8

alkenes with the sites located at the activated surface of the

Re2O7–Al2O3 catalyst, with these products being formed at

the very initial instants of the contact of the terminal alkenes

with the active sites at different alkene:Re molar ratios.

2 Experimental

2.1 Catalysts and Materials

Re/alumina catalysts ([Re] = 3, 6, or 9 wt.%) were pre-

pared by incipient wetness impregnation of c-Al2O3

(Ryazan refinery, specific surface area 196 m2/g, size of the

particles 0.3–0.6 mm) with an aqueous solution of NH4

ReO4 (Aldrich), the impregnated samples were kept for 2 h

at 20 �C and dried 2 h at 150 �C. Before the catalytic tests,
the catalysts were calcined in a flow of dry air for 1.5 h at

520–550 �C and then cooled to room temperature in an Ar

flow. The catalytic tests were performed both in a plug-

flow reactor and in a batch reactor under stirring. The

reactor was loaded with 0.14–0.7 g of a catalyst both in the

flow and batch conditions. The reactions of 1-pentene,

1-hexene, 1-heptene, and 1-octene metathesis was studied

at room temperature using n-heptane as a diluent, except

for the case of 1-heptene metathesis when n-octane was

used as a solvent. All the hydrocarbons were preliminarily

purified by distillation in an Ar flow over metallic Na and

were kept over NaA molecular sieve calcined at 500 �C in

argon. The purity of alkenes was better than 99 %. The

molar ratio alkene:Re was varied from 0.2 to 100.

Deuterated hexene-1,1-D2-1-hexene was prepared using

the reaction:

CH3ðCH2Þ3CH2COOCH3 �!LiAlD4
CH3 CH2ð Þ3CH2CD2OD

CH3 CH2ð Þ3CH2CD2OD

þ ðCH3COÞ2O!CH3 CH2ð Þ3CH2CD2OOCCH3
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CH3 CH2ð Þ3CH2CD2OOCCH3�!
D
CH3 CH2ð Þ3CH ¼ CD2

2.2 Metathesis in a Batch Reactor

A catalyst sample (0.14 g) was transferred in a flow of argon

into the reactor (a two-neck flask), and 1 ml of an alkene in

2 ml of n-heptane (n-octane) was added. The duration of the

catalytic experiment at 20 �C and 1 atm was 1 h.

2.3 Metathesis in a Flow Reactor

A catalyst loading (0.7 g) was transferred in a flow of

argon into the quartz tubular and a flow of argon was

bubbled through a saturator with an alkene at 20 �C with

the Ar flow rate of 30 ml/min. The duration of the catalytic

experiment at 20 �C and 1 atm was 3 h. In studying the

dependence on the space velocity (or reverse conventional

contact time), we varied the weight hourly space velocity

from 0.75 h-1 (conventional contact time 80 min) to

60 h-1 (1 min) while varying the catalyst loading.

2.4 Metathesis of 1,1-D2-1-Hexene

The Re2O7/Al2O3 catalyst (9 wt.% Re) prepared as descri-

bed above was calcined at 520 �C for 2 h, then the sample

was transferred in a flow of argon into the reactor (a two-

neck flask), and 1 ml of 1,1-D2-1-hexene was added with

2 ml of n-heptane. The duration of the catalytic experiment

was 1 h. The conversion of the alkene was 3 %.

2.5 Analysis of Products

Analysis of the gas reaction products was carried out using

an LKhM-8MD chromatograph with a thermal conductiv-

ity detector at 120–150 �C with a packed column

(1.5 m 9 3 mm) filled with Separon. Liquid products were

analyzed using a packed column (3 m 9 3 mm) with SE-

30. Helium served the carrier gas. n-Hexane was used as an

internal standard for quantitative analyses. Additionally

identification of all the reaction products was performed

using a MS-GC method using a FOCUS DSQ II chromato-

mass-spectrometer with a TR-5 ms capillary column

(50 m). For deuterated products the analysis was done with

mass-spectrometry. In performing the metathesis reaction,

the analysis of the gas and liquid products was performed

at the moment of the initial contact of the 1-alkene used as

a substrate with the catalyst (0.25–1 min) and at the steady

state of the process (with the time on stream or residence

time of up to 2 h). The composition of the reaction prod-

ucts formed was studied most carefully in the case of

1-hexene metathesis.

3 Results and Discussion

The reaction of metathesis of terminal alkenes proceeds

according to the following scheme (Eq. 1)

2CH3ðCH2ÞnCH¼CH2 ! CH3ðCH2ÞnCH
¼CH(CH2ÞnCH3 + CH2 = CH2ðn¼ 2�5Þ ð1Þ

Since Al2O3 or Al2O3 SiO2 are used most often as the

carriers for the heterogeneous metathesis catalysts, we

studied first the possibility of the conversion of 1-hexene

on these supports under the conditions of the metathesis

reaction. It follows from the data of Table 1 that c-Al2O3

demonstrates a substantially different behavior as com-

pared to Al2O3
� SiO2. These data show that silica-alumina,

obviously due to the presence of rather strong acid sites

(revealed in previous studies by diffuse-reflectance FT-IR

spectroscopy using CO and acetonitrile as probe molecules

[38]), catalyzes predominantly the reactions of isomeriza-

tion, di- and trimerization of the starting alkene. Therefore,

we have chosen c-Al2O3 as the carrier for the further

studies of the metathesis reaction.

The products of 1-hexene interaction with the activated

Re/Al2O3 catalyst include two groups of alkenes: terminal

alkenes (ethylene, propene, 1-butene and 1-pentene) and

internal alkenes (2-heptene, 3-octene, 4-nonene and

5-decene). Independently on the conditions of the process

(flow or batch-wise), on the concentration of rhenium and

on the temperature of the catalyst, the main metathesis

products (5-decene and ethylene) predominated, with the

selectivity to this couple increasing with increasing the

starting alkene:Re molar ratio. The formation of terminal

olefins (except for ethylene) during 1-hexene metathesis

was surprising, since it was known from the previous art

that terminal olefins can be produced in the metathesis

process only via the interaction (co-metathesis) of alkenes

with the internal double bond with ethylene (ethenolysis)

or with another 1-alkene. According to the notions pre-

sently accepted in the literature [2, 39] Re-carbene com-

plexes are considered as active reaction intermediates in

metathesis, and the exchange of alkylidene fragments as a

result of the C=C bond rupture [40] was experimentally

proved. Thus, the qualitative product composition obtained

allows us to believe that the initial contact of the reacting

1-alkene with the Re2O7/Al2O3 catalyst results in the

Table 1 Conversion of 1-hexene on c-Al2O3 and 24.5 %Al2O3/SiO2

at 200 �C (olefin/catalyst ratio 5, duration 1 h, batch experiment)

Support Composition of the products (wt.%)

2-Hexene 3-Hexene Dimers Trimers

Al2O3

Al2O3�SiO2 14.8 10.3 2.7 1.8
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generation of the active sites by direct C=C bond rupture

with the formation of a carbene localized on a rhenium ion.

The role of the alkylidene fragment in the carbene active

species is played by the smaller (by molecular weight)

fragment of the starting 1-hexene molecule, which is

confirmed by the presence of 1-pentene in the reaction

products. This is also confirmed by the experiments per-

formed under batch conditions: only 1-pentene was found

in the liquid phase during the very initial period (45 s) of

the process of 1-hexene conversion (Table 2). At this very

instant, no products were detected in the gas phase.

Other products, which are formed and become

detectable in the liquid products together with 1-pentene

with the further development of the process in time, include

propene, 1-butene, 3-octene, 4-nonene, and the main product

expected in the metathesis of 1-hexene, namely, 5-decene.

It should be noted that the rupture of the olefin molecule

at the initial moment of the reaction on the activated Re/

alumina catalyst with the formation of Re=CH2 and

CH2=CH(CH2)2CH3, as well as other a-alkenes was not

unequivocally experimentally observed so far.

The ways of the formation of a-alkenes during the for-

mation of active species at the contact of 1-hexene with the

Re2O7/Al2O3 catalyst can be presented by the following

scheme (Eq. 2–6).

Renþ þ CH2 = CH(CH2Þ3CH3

! Re� ¼ CH2 + CH2 = CH(CH2Þ2CH3

ð2Þ

Renþ þ CH2 ¼ CH CH2ð Þ2CH3 ! Re�

¼ CH2 þ CH2 ¼ CHCH2CH3 ð3Þ

2Re� ¼ CH2 ! Re� þ CH2 ¼ CH2 ð4Þ

Re� ¼ CH2 þ CH2 ¼ CH2 ! Renþ þ CH2

¼ CHCH3 ð5Þ

Re� ¼ CH2 + CH2 = CHCH3 ! Renþ þ CH2

¼ CHCH2CH3 ð6Þ

where Ren? and Re* stand for the precursor and active site,

respectively.

According to reaction (4), we may suppose that propene is

formed as a result of the interaction of the methylidene frag-

ment CH2 of the carbene complex Re*=CH2 with ethylene

playing the role of a scavenger for carbene. The results

obtained in studying the metathesis of the deuterated alkene-

1,1-dideutero-1-hexene are consistent with this idea (Table 3).

The formation of 1,1- D2-1-pentene can be explained by

the occurrence of the reaction between the deuterated

ethylene and 1-pentene formed during the metathesis of the

starting 1,1-D2-1-hexene:

CH2 ¼ CH CH2ð Þ2CH3 þ CD2 ¼ CD2 ! CH2

¼ CD2 þ CD2 ¼ CH CH2ð Þ2CH3

Furthermore, the addition of CH2=CD2 to the carbene

complex Re*=D2 accounts for the presence of deuterated

propene CD2=CHCHD2 in the reaction products. The for-

mation of propene and 1-butene during the conversion of

1-hexene on Re2O7/Al2O3 as the products of the interaction

of ethylene and propene, respectively, with the active

carbene complex Re*=CH2 is also confirmed by the data

obtained in studying the metathesis of terminal alkenes C5–

C8 in the flow reactor (Table 4).

Indeed, it follows from Table 4 that the metathesis of all

the alkenes C5–C8 results in the formation of propene and

1-butene in the gas phase (and, to some extent, in the liquid

phase), with the content of 1-butene being considerably

higher in the case of the conversion of 1-pentene. This fact

becomes understandable, since 1-butene in this case is the

primary product formed at the first instant of the contact of

1-pentene with the activated catalyst surface, unlike the

Table 2 Metathesis of 1-hexene in the batch reactor (9 wt.% Re/Al2O3, alkene:Re = 1:5 (mol.), N = 200 �C, solvent—n-heptane)

Time (min) Composition of gas products (wt.%) Composition of liquid products (wt.%)a

Ethylene Propene Propene 1-Butene 1-Pentene 3-Octene 4-Nonene 5-Decene

0.75 Traces 0.5

1.75 Traces 0.3 0.8 0.3 1.4

3 Traces 0.5 1.3 2.1 0.7 3.1 3.9

10 56 44 0.7 2.1 3.7 1.2 4.5 28.7

30 78 22 0.05 0.8 2.5 5.1 7.3 45.2

a 2-Heptene formed in 1-hexene metathesis (Table 2) was not identified in this run because of the close retention time with n-heptane

Table 3 Products of 1,1-D2-1-hexene metathesis

Identified compound Number of D atoms

Ethylene CD2=CD2 4

Propene CD2=CHCHD2 4

1,1-D2-1-Pentene 2

1,1-D2-1-Hexene 2

5-Decene 0
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cases of the conversion of other a-alkenes. The formation

of 1-butene as a result of the interaction of propene with

Re*=CH2 is also consistent with the fact that 1-butene

appears in the reaction products of the metathesis of

alkenes C6–C8 at the later stages as compared with the

appearance of propene (Table 4).

It should be noted that the migration of the double bond

in the starting alkenes under the chosen conditions and on

the chosen Re/alumina catalyst, unlike the case of silica-

alumina-based metathesis catalysts [41–43], does not occur,

and, hence, the formation of propene and 1-butene cannot be

accounted for by the co-metathesis between the primary and

secondary alkenes. Numerous experiments with 1-hexene

metathesis showed that the alkene conversions at the initial

instants of the contact with the catalyst and at the later stages

of the development of the process are substantially different.

This is explained by the consumption of 1-hexene in two

different processes: the generation of the active species and

the mere process of alkene metathesis.

The composition of the products formed from 1-hexene

permanently changes with the time on stream (or residence

time in the batch-wise experiments). These changes can be

divided into two periods (Tables 2 and 5). It is seen from

the data collected in these tables that, independently of the

molar ratio alkene:Re, the 1-hexene conversion is low at

the initial period (until 3–5 min). This is a so-called

induction period of the reaction, which includes the for-

mation of active sites of the metathesis reaction during the

first contact of the alkene with the activated catalyst Re2O7/

Al2O3. This is supported by the predominant presence of a-
alkenes in the reaction products: 1-pentene, 1-butene, and

propene or even 1-pentene alone (Table 2).

During the second period of the process (after 3–5 min

of time on stream), the composition of the products sig-

nificantly changes: the percentage of a-alkenes, as a rule,

decreases and higher alkenes with an internal double bond

are formed (2-heptene, 3-octene, 4-nonene, 5-decene). The

origin of the latter is obvious: they are the products of

metathesis of the starting 1-hexene or co-metathesis of

1-hexene with the terminal alkenes formed at the stage of

the generation of the active sites. The dynamics of accu-

mulation and consumption of, for instance, 1-pentene and

4-nonene (Fig. 1) or propene and 1-butene (Fig. 2) under

flow conditions confirm this hypothesis.

Finally, by the 30th min, only 5-decene in the liquid

phase and ethylene in the gas phase can be found. In par-

allel, the selectivity to these two products increases by the

end of the experimental run (Table 5). This is exactly the

product composition reported in the numerous literature

sources. However, these two products have little relation to

the generation of the active sites. According to different

estimates, the number of active sites in Re/alumina catalysts

ranges from 0.03 to *3 % of the total number of rhenium

atoms in the catalyst [2, 27, 34]. We tried to make a similar

estimate by assuming that the amount of 1-pentene formed

at the very beginning stages of the interaction of 1-hexene

Table 4 Composition of products formed in the conversion of a-alkenes C5–C8 (9 % Re/Al2O3, flow reactor, reaction temperature 200 �C,
VHSV = 6 h-1)

Starting

alkene

Time of

reaction (min)

Composition of gas products (wt.%) Composition of liquid products (wt.%)

Ethene Propene 1-Butene Main metathesis

product

Side productsa Conversion Selectivity to the

main product (%)

1-Pentene 4-Octene

3 96.8 1.5 1.7

15 88.5 5.0 6.5 38.8 0.4 39.2 98

60 87.6 5.7 6.7 38.6 Traces 38.6 100

1-Hexene 5-Decene

3 97.5 2.5

15 92.9 5.1 2.0 40.0 0.3 40.3 99

60 92.7 5.0 2.3 44.6 0.5 45.1 99

1-Heptene 6-Dodecene

3 98.2 1.8

15 92.9 4.1 3.0 36.8 0.3 37.1 99

60 93.3 3.9 2.8 34.6 0.6 35.2 98

1-Octene 7-Tetradecene

3 99.0 1.0

15 94.5 3.7 1.8 29.8 0.4 30.2 99

60 94.5 3.5 2.0 32.3 0.7 33.0 98

a The content of the 1-alkene having by one CH2 group less than the starting alkene was 0.1–0.2 %
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with the Re2O7/Al2O3 catalyst gives the number of the

active sites (Table 2). The simple calculation gives the value

of *0.1 % of the total number of the Re ions in the catalyst.

This finding is in close agreement with the data of the recent

publication [37] showing that the total number of active sites

on a MoOx/SiO2 catalyst does not exceed 1.5 % of the total

number of molybdenum ions in the sample. The active

Mo(VI)–alkylidene moieties, similarly to our case of the Re-

catalyst, are generated in situ by the surface reaction of

grafted molybdenum oxide precursor species with the ole-

finic substrate molecule.

4 Conclusions

Thus, the experimental proof of the formation of the car-

bene complexes at the surface of heterogeneous rhenium–

alumina catalysts was obtained for the first time: the

primary contact of the alkene substrate with Re2O7/Al2O3

results in the rupture of the C=C bond leading to the sur-

face Re-carbene species containing the fragment of the

alkene with a smaller molecular mass and to the alkene

with the terminal C=C bond. So, 1-pentene is produced

from 1-hexene. The schemes of the stages of the overall

process were proposed based on the idea that alkenes with

the terminal double bond are the primary products of the

interaction of the starting alkene with the Re/alumina cat-

alyst, whereas the alkenes with the internal double bond are

the products of the metathesis of the starting alkene or co-

metathesis of this alkene with the primary products of the

reaction. The further development of novel metathesis

catalysts is related to the hybrid materials [44] and this

topic will be addressed in our future research papers. The

potential hybrid materials interesting for the application in

metathesis include hierarchical structures (zeolites and the

like) [33], Metal Organic Frameworks with supported Re

Table 5 Variation of the product composition for 1-hexene conversion on Re2O7/Al2O3 (9 wt.% Re) at the molar ratio alkene:Re = 100:1,

reaction temperature 20 �C, batch stirred reactor

s (min) Composition of liquid products (wt.%)a

Propene 1-Butene 1-Pentene 2-Heptene 4-Nonene 5-Decene Conversionb Selectivity

1 0.7 0.03 0.06 0.20 0.12 1.11

3 0.7 0.07 0.07 0.31 0.22 16.7 18.7 89

6 1.0 0.09 0.07 0.34 0.30 38.1 39.9 95

10 1.2 0.12 0.07 0.32 0.29 47.9 49.9 96

30 1.3 0.09 0.12 0.37 0.49 52.6 54.97 96

45 1.3 0.05 0.08 0.41 0.60 56.0 58.44 96

60 1.2 0.02 0.07 0.10 0.60 62.9 64.89 97

a Only ethylene and trace amounts of propene in the gas phase
b 3-Octene was not detected in this experiment

0

0.2

0.4

0.6

0.8

0 50 100

1-pentene

1/V, min

4-nonene

Yield, wt.%

Fig. 1 Variation of the yields of 1-pentene and 4-nonene as 1-hexene

metathesis products on 9 wt.% Re/Al2O3 as a function of the

conventional contact time under flow conditions

0

0.4

0.8

1.2

1.6

2.0

0 20 40 60 80
1/V, min

Yield, wt.%

propene

1-butene

Fig. 2 Variation of the yields of propene and 1-butene as 1-hexene

conversion products on 9 wt.% Re/Al2O3 as a function of the

conventional contact time under flow conditions
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or Mo or solid supports with a supported layer of ionic

liquid that contains Mo or Re species active in metathesis.
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