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Full analysis of ethylene tetramerisation product mixture 

 

Table 1.  Identified peaks of the light fraction of a standard ethylene tetramerisation sample 

as obtained using GC/MS. 

 

Peak number Identified peaks 
1 Methyl propane 
2 1-Butene 
3 n-Butane 
4 Acetone (syringe solvent) 
5 1,5-Hexadiene 
6 1-Hexene 
7 n-Hexane 
8 2-Hexene 
9 Internal hexene 

10 Methyl cyclopentane 
11 Methylene cyclopentane 
16 Methyl cyclohexane (reaction solvent) 
18 1-Octene 
19 4-Octene 
20 Octane 
21 2-Octene 
22 2-Octene 
23 Propenyl cyclopentane (3-cyclopentyl-1-propene) 
25 Propyl cyclopentane 

 
 
The numbered chromatogram that corresponds to Table 1 is shown in Figure 1. 
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Figure 1.   Numbered chromatogram (see Table1) of light fraction of tetramerisation sample  
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Table 2.   Identified peaks of the heavy fraction of a standard tetramerisation sample as 

obtained using GC/MS (Identified secondary products in bold) 

Peak number Identified Peaks 
3 (4-Ethyl-1-octene) 
4 (5-Methyl-1-nonene) 
6 5-Methylene nonane 
9 (3-Propyl-1-heptene) 

10 1-Decene 
11 Internal decene 
12 Internal decene 
13 n-Decane 
15 (Pentenyl cyclopentane) 
16 Pentyl cyclopentane 
24 (5-Methyl-1-undecene) 
27 5-Methylene undecane 
31 1-Dodecene (c.a. 40%) + co-eluent 
33 Dodecane 
35 Heptenyl cyclopentane 
36 Heptyl cyclopentane 
40 (7-Methyl-1-tridecene) 
43 7-Methylene tridecane 
47 1-Tetradecene 
49 Tetradecane 
50 (Nonenyl cyclopentane) 
51 (Nonyl cyclopentane) 
52 1-Hexadecene 
53 (Undecenyl cyclopentane) 
54 (Undecyl cyclopentane) 
55 1-Octadecene 
56 C20 1-alkene 
57 C22 1-alkene 
58 C24 1-alkene 
59 C26 1-alkene 
60 C28 1-alkene 

 
Products in brackets were not unambiguously identified but may be deduced with a high degree of 

probability from first principles and comparative mass spectra of related compounds in the 

Wiley275 library.  

The numbered chromatogram that corresponds to Table 2 is shown in Figure 2. 
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Figure 2.  Numbered chromatogram (see Table2) of heavy fraction of tetramerisation sample   
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Figure 3.  GC-FID chromatogram of the C14 region: unhydrogenated and hydrogenated  

(no correspondence of elution times as different columns were used) 
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Figure 4.  Postulated origin of 7-methylenetridecane and 7-methyl-1-tridecene via alternative 

tetramerisation mechanism (β-hydride transfer to alkene) and other secondary 

products expected in this case 
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Figure 5.  Metallacyclic origin of secondary products that could be identified 
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Mathematical analysis for deuterium labeling studies 

 

Metallacyclic: 

 

If the ratio of C2H4:C2D4 is defined as x (x may easily be calculated from the observed 

isotopomer distribution; this is independent of mechanism), then the isotopomer 

distribution will follow the generalized Pascal’s triangle distribution: 

 
 C2H4 C2D4 
C2 x 1 

 
 C4H8 C4H4D4 C4D8 

C4 x2 2x 1 
 

 C6H12 C6H8D4 C6H4D8 C6D12 

C6 x3 3x2 3x 1 
 

 C8H16 C8H12D4 C8H8D8 C8H8D12 C8D16 

C8 x4 4x3 6x2 4x 1 
 

 C10H20 C10H16D4 C10H12D8 C10H8D12 C10H4D16 C10D20 
C10 x5 5x4 10x3 10x2 5x 1 
 
 

It is possible to calculate a first order correction for the natural abundance of deuterium in 

normal ethylene (0.79%) and the residual abundance of hydrogen in the deuterated 

ethylene (0.5% from manufacturer’s analysis). This correction is demonstrated for 1-

hexene below. 
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Isotopomer Idealised metallacyclic 

mechanism 
Correction for imperfect 
C2H4 and C2D4 

C6H12 x3 x3(1-0.0079*12) 
C6H11D1  x3(0.0079*12) 
C6H10D2  0 
C6H9D3  3x2(0.005*4) 
C6H8D4 3x2 3x2(1 – 0.005*4 – 0.0079*8) 
C6H7D5  3x2(0.0079*8) 
C6H6D6  0 
C6H5D7  3x(0.005*8) 
C6H4D8 3x 3x(1 – 0.005*8 – 0.0079*4) 
C6H3D9  3x(0.0079*4) 
C6H2D10  0 
C6H1D11  1(0.005*12) 
C6D12 1 1(1-0.005*12) 
 
 
Cossee mechanism: 

 

In the Cossee linear chain growth mechanism, H/D scambling occurs, and isotopomers 

with odd numbers of H or D are predicted. The isotopomers are of the form 

(C2H4)m(C2D4)m – (H or D) + (H or D).   

 

The following assumptions or approximations are made: 

1) The probability of H v/s D lost (β-H/D elimination) is determined by the H:D 

ratio in the isotopomer  

2) The probability of the H v/s D gained (insertion into Cr-H/D) is determined by the 

value of x (the ratio of C2H4:C2D4) 

3) Kinetic isotope effects may be discounted 
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As an example, the calculation of relative amounts for 1-hexene is shown below: 

 
 
(C2H4)m(C2D4)n 
 

 (C2H4)m(C2D4)n 
- (H or D) 
(Red: loss of H 
Blue: loss of D) 

 (C2H4)m(C2D4)n 
-  (H or D) + (H or D) 
(Red: gain of H 
Blue: gain of D) 

 

C6H12 x3  C6H11 x3       C6H12 x4  
    C6H11D1 x3 
    C6H10D2  
    C6H9D3 x3 

C6H8D4
 3x2  C6H8D3 x2       C6H8D4 x2 + 2x3 

  C6H7D4 2x2
      C6H7D5 2x2 

    C6H6D6  
    C6H5D7 2x2 
C6H4D8 3x  C6H4D7 2x     C6H4D8 2x + x2 
  C6H3D8 x         C6H3D9 x 
    C6H2D10  
    C6H1D11 x 
C6D12 1 C6D11 1        C6D12 1 
 
The distribution can now be corrected for the natural abundance of deuterium in the 

normal ethylene and the imperfectly labeled deuterated ethylene. The first order 

correction is made as for the metallacyclic mechanism. 

 

Disproportionation mechanism for the formation of C6 cyclics: 

 

The prediction of an isotopomer distribution must take account of two different kinetic 

isotope effects in operation (Scheme 1), relating to: i) β-H/D elimination to the metal 

from the metallacycloheptane (k1), and ii) H/D transfer in the disproportionation step (k2) 
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Scheme 1.  Kinetic isotope effects for the disproportionation mechanism of cyclic formation 
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The following assumptions/approximations are made: 

1) For a given metallacycloheptane isotopomer, the normal and deuterated ethylenes 

are statistically distributed in the metallacycle (no secondary isotope effects) 

2) The ratio of β-H : β-D  elimination from a given metallacycloheptane isotopomer 

= k1 * (number of H’s in isotopomer) : (number of D’s in isotopomer) 

3) All steps are irreversible  

 

The calculation of relative amounts is shown below: 

 
 



 
S1

4

M
et

al
la

-
cy

cl
o-

pe
nt

an
e 

C
or

re
ct

ed
 

fo
r 

im
pe

rf
ec

t 
C

2H
4 

an
d 

C
2D

4)
 

 
A

ft
er

 
β

-
H

/ β
-D

 
tr

an
sf

er
 

re
d:

 lo
ss

 o
f 
β

-H
; 

bl
ue

: l
os

s 
of

 β
-D

 
 

M
et

hy
l-

cy
cl

op
en

ta
ne

 
(*

) 
re

d:
 g

ai
n 

of
 H

; 
bl

ue
: g

ai
n 

of
 D

 
M

C
6H

12
 

x3 (1
-0

.0
07

9*
12

) 
=

 a
 

 
 

 
C

6H
12

 
Z

A
 

M
C

6H
11

D
1 

x3 (0
.0

07
9*

12
) 

=
 b

 
C

6H
11

 
a 

+
 b

/(
1+

11
k 1

) 
=

 A
 

C
6H

11
D

1 
A

 +
 Z

B
 

M
C

6H
10

D
2 

 
 

C
6H

10
D

1 
11

bk
1/

(1
+

11
k 1

) 
=

 B
 

C
6H

10
D

2 
B

 +
 Z

C
 

M
C

6H
9D

3 
3x

2 (0
.0

05
*4

) 
=

 c
 

C
6H

9D
2 

3c
/(

3+
9k

1)
 

=
 C

 
C

6H
9D

3 
C

 +
 Z

D
 

M
C

6H
8D

4 
3x

2 (1
 –

 0
.0

05
*4

 –
 0

.0
07

9*
8)

 
=

 d
 

C
6H

8D
3 

9c
k 1

/(
3+

9k
1)

 +
 4

d/
(4

+
8k

1)
 

=
 D

 
C

6H
8D

4 
D

 +
 Z

E
 

M
C

6H
7D

5 
3x

2 (0
.0

07
9*

8)
 

=
 e

 
C

6H
7D

4 
8d

k 1
/(

4+
8k

1)
 +

 5
e/

(5
+

7k
1)

 
=

 E
 

C
6H

7D
5 

E
 +

 Z
F 

M
C

6H
6D

6 
 

 
C

6H
6D

5 
7e

k 1
/(

5+
7k

1)
 

=
 F

 
C

6H
6D

6 
F 

+
 Z

G
 

M
C

6H
5D

7 
3x

(0
.0

05
*8

) 
=

 f
 

C
6H

5D
6 

7f
/(

7+
5k

1)
 

=
 G

 
C

6H
5D

7 
G

 +
 Z

H
 

M
C

6H
4D

8 
3x

(1
 –

 0
.0

05
*8

 –
 0

.0
07

9*
4)

 
=

 g
 

C
6H

4D
7 

5f
k 1

/(
7+

5k
1)

 +
 8

g/
(8

+
4k

1)
 

=
 H

 
C

6H
4D

8 
H

 +
 Z

I 
M

C
6H

3D
9 

3x
(0

.0
07

9*
4)

 
=

 h
 

C
6H

3D
8 

4g
k 1

/(
8+

4k
1)

 +
 9

h/
(9

+
3k

1)
 

=
 I 

C
6H

3D
9 

I +
  Z

J 
M

C
6H

2D
10

 
 

 
C

6H
2D

9 
3h

k 1
/(

9+
3k

1)
 

=
 J

 
C

6H
2D

10
 

J 
+

  Z
K

 
M

C
6H

1D
11

 
1(

0.
00

5*
12

) 
=

 i 
C

6H
1D

10
 

11
i/

(1
1+

k 1
) 

=
 K

 
C

6H
1D

11
 

K
 +

 Z
L

 
M

C
6D

12
 

1(
1-

0.
00

5*
12

) 
=

 j 
C

6D
11

 
ik

1/
(1

1+
k 1

) 
+

 j 
=

 L
 

C
6D

12
 

L
 

 (*
) 

Z
 =

 r
at

io
 o

f 
H

 v
/s

 D
 t

ra
ns

fe
r 

fo
r 

th
e 

di
sp

ro
po

rt
io

na
ti

on
 s

te
p.

 T
hi

s 
is

 d
ep

en
de

nt
 o

n 
th

e 
ra

ti
o 

of
 H

 v
/s

 D
 a

va
ila

bl
e 

(Y
) 

an
d 

on
 

th
e 

in
tr

in
si

c 
ki

ne
ti

c 
is

ot
op

e 
ef

fe
ct

 (
k 2

) 
fo

r 
th

e 
di

sp
ro

po
rt

io
na

ti
on

. Y
 a

nd
 Z

 m
ay

 b
e 

ca
lc

ul
at

ed
 a

s 
fo

llo
w

s:
 

     



 
S1

5

C
al

cu
la

ti
on

 o
f 

Y
:  

Y
 =

 r
at

io
 o

f 
H

 : 
D

 a
va

ila
bl

e 
fo

r 
di

sp
ro

po
rt

io
na

ti
on

 tr
an

sf
er

 =
 r

at
io

 o
f 
β

-H
 : 
β

-D
 tr

an
sf

er
 f

ro
m

 m
et

al
la

cy
cl

oh
ep

ta
ne

  

(T
he

 c
yc

lis
at

io
n 

is
 s

uc
h 

th
at

 t
he

 H
 o

r 
D

 a
va

ila
bl

e 
fo

r 
di

sp
ro

po
rt

io
na

ti
on

 t
ra

ns
fe

r 
co

m
es

 f
ro

m
 t

he
 s

am
e 

et
hy

le
ne

 a
s 

th
e 

H
 o

r 
D

 l
os

t 
in

 

th
e 
β

-h
yd

ri
de

 tr
an

sf
er

.)
 T

hu
s,

  

Y
 =

 [
a 

+
 1

1b
k 1

/(
1+

11
k 1

) 
+

 9
ck

1/
(3

+
9k

1)
 +

 8
dk

1/
(4

+
8k

1)
 +

 7
ek

1/
(5

+
7k

1)
 +

 5
fk

1/
(7

+
5k

1)
 +

 4
gk

1/
(8

+
4k

1)
 +

 3
hk

1/
(9

+
3k

1)
 +

 ik
1/

(1
1+

k 1
)]

 
 

 
 

 
 

 
 

 
 

    
   

   
   

  [
b/

(1
+

11
k 1

) 
+

 3
c/

(3
+

9k
1)

 +
 4

d/
(4

+
8k

1)
 +

 5
e/

(5
+

7k
1)

 +
 7

f/
(7

+
5k

1)
 +

 8
g/

(8
+

4k
1)

 +
 9

h/
(9

+
3k

1)
 +

 1
1i

/(
11

+
k 1

) 
+

 j]
 

  C
al

cu
la

ti
on

 o
f 

Z
:  

C
yc

lo
pe

nt
yl

m
et

hy
l m

oi
et

ie
s 

ei
th

er
 h

av
e 

H
 o

r 
D

 a
va

ila
bl

e 
fo

r 
di

sp
ro

po
rt

io
na

ti
on

 tr
an

sf
er

, r
at

io
 H

:D
 =

 Y
.  

Fo
r 

di
sp

ro
po

rt
io

na
ti

on
, t

he
re

 a
re

 th
re

e 
po

ss
ib

le
 c

om
bi

na
ti

on
s 

of
 th

es
e 

m
oi

et
ie

s:
 

C
om

bi
na

ti
on

s 
R

el
at

iv
e 

pr
ob

ab
ili

ty
 o

f 
th

is
 c

om
bi

na
ti

on
 

P
ro

ba
bi

lit
y 

of
 

H
 

tr
an

sf
er

 
P

ro
ba

bi
lit

y 
of

 
D

 
tr

an
sf

er
 

(H
, H

) 
Y

2  
Y

2  
0 

(H
, D

) 
2Y

 
2Y

k 2
/(

1+
k 2

) 
2Y

/(
1+

k 2
) 

(D
, D

) 
1 

0 
1 

 T
hu

s,
  

 Z
 =

   
Y

2  +
 2

Y
k 2

/(
1+

k 2
) 

    
   

   
   

2Y
/(

1+
k 2

) 
+

 1
 



 
S1

6

Is
ot

op
om

er
 d

is
tr

ib
ut

io
ns

 g
en

er
at

ed
 w

it
h 

th
es

e 
ca

lc
ul

at
io

ns
 (

sc
al

ed
 s

uc
h 

th
at

 p
ea

ks
 o

f 
m

ax
im

um
 in

te
ns

it
y 

ar
e 

eq
ua

l)
 r

el
at

iv
e 

to
 

th
e 

ob
se

rv
ed

 is
ot

op
om

er
 d

is
tr

ib
ut

io
ns

 (
de

te
rm

in
ed

 b
y 

us
in

g 
th

e 
in

te
gr

at
ed

 m
ol

ec
ul

ar
 io

ns
 e

xt
ra

ct
ed

 f
ro

m
 t

he
 G

C
-M

S 
to

ta
l i

on
 

ch
ro

m
at

og
ra

m
) 

 1-
he

xe
ne

 (
x 

= 
2.

5)
 

Is
ot

op
om

er
 

84
 

85
 

86
 

87
 

88
 

89
 

90
 

91
 

92
 

93
 

94
 

95
 

96
 

O
bs

er
ve

d 
 

 
12

09
24

70
 

12
97

63
0 

19
67

23
 

33
65

76
 

14
95

90
01

 
12

51
70

2 
15

01
42

 
41

41
76

 
57

72
06

3 
37

66
41

 
30

56
1 

90
24

3 
63

72
02

 

M
et

al
la

-

cy
cl

ic
 

12
33

73
64

 
12

92
07

0 
0 

32
63

31
 

14
95

90
01

 
10

31
20

5 
0 

26
04

46
 

60
44

94
0 

20
57

52
 

0 
51

96
6 

81
41

27
 

C
os

se
e 

 
14

84
71

68
 

74
82

19
0 

66
54

97
 

62
81

93
0 

14
95

90
01

 
57

83
97

8 
41

85
49

 
49

17
72

0 
46

03
29

7 
11

16
62

5 
81

84
7 

99
94

76
 

39
83

25
 

 



 
S1

7

M
et

hy
lc

yc
lo

pe
nt

an
e 

(x
 =

 2
.4

) 

Is
ot

op
om

er
 

84
 

85
 

86
 

87
 

88
 

89
 

90
 

91
 

92
 

93
 

94
 

95
 

96
 

O
bs

er
ve

d 
 

 
89

47
71

 
14

64
07

 
27

32
4 

23
47

92
 

10
42

38
6 

15
44

53
 

17
37

0 
19

81
43

 
33

76
95

 
43

31
9 

0 
45

52
5 

14
70

7 

R
ed

uc
tiv

e 

el
im

in
at

io
n 

81
30

08
 

85
14

5 
0 

22
74

0 
10

42
38

6 
71

85
7 

0 
19

19
1 

44
54

22
 

15
16

1 
0 

40
49

 
63

43
5 

D
is

pr
o-

po
rt

io
na

tio
n 

92
32

05
 

16
70

00
 

10
01

6 
19

19
20

 
10

42
38

6 
14

74
19

 
12

13
9 

21
70

35
 

32
83

74
 

33
33

6 
42

84
 

73
08

0 
57

91
 

 F
or

 d
is

pr
op

or
ti

on
at

io
n 

m
ec

ha
ni

sm
: 

k 1
 =

 3
.0

 

k 2
 =

 4
.9

 



 
S1

8

1-
oc

te
ne

 (
x 

= 
1.

9)
 

Is
ot

op
om

er
 

11
2 

11
3 

11
4 

11
5 

11
6 

11
7 

11
8 

11
9 

12
0 

12
1 

12
2 

12
3 

12
4 

12
5 

12
6 

12
7 

12
8 

O
bs

er
ve

d 
 

 
41

78
72

1 
45

20
68

 
33

26
5 

86
50

3 
84

57
94

3 
83

81
65

 
79

95
5 

14
06

62
 

68
87

44
5 

59
97

49
 

44
59

9 
12

02
52

 
25

04
99

1 
18

62
75

 
0 

30
09

0 
34

74
79

 

M
et

al
la

-

cy
cl

ic
 

39
06

35
9 

56
52

06
 

0 
19

10
97

 
84

57
94

3 
90

57
99

 
0 

30
62

52
 

68
66

16
2 

48
38

78
 

0 
16

36
00

 
24

76
89

8 
86

16
2 

0 
29

13
2 

33
50

14
 

C
os

se
e 

 
42

41
18

4 
28

78
01

3 
34

51
71

 
24

63
98

5 
84

57
94

3 
45

46
19

7 
50

51
05

 
39

58
24

6 
60

95
27

2 
23

93
26

4 
24

41
50

 
21

19
55

1 
18

57
44

8 
41

98
72

 
38

90
3 

37
83

22
 

19
68

25
 

 



 
S1

9

F
ig

ur
e 

6.
  

G
C

-F
ID

 c
hr

om
at

og
ra

m
 f

or
 1

-h
ex

en
e 

pr
od

uc
ed

 f
ro

m
 a

 m
ix

tu
re

 o
f 

C
2H

4 
an

d 
C

2D
4 

  



 
S2

0

F
ig

ur
e 

7.
 

G
C

-F
ID

 c
hr

om
at

og
ra

m
 f

or
 m

et
hy

lc
yc

lo
pe

nt
an

e 
pr

od
uc

ed
 f

ro
m

 a
 m

ix
tu

re
 o

f 
C

2H
4 

an
d 

C
2D

4 

 



 
S2

1

F
ig

ur
e 

8.
 

G
C

-F
ID

 c
hr

om
at

og
ra

m
 f

or
 1

-o
ct

en
e 

pr
od

uc
ed

 f
ro

m
 a

 m
ix

tu
re

 o
f 

C
2H

4 
an

d 
C

2D
4 


