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DFT Study on the Mechanism of Cross-Metathesis between Acrylonitrile and
Propene Catalyzed by Schrock’s Molybdenum Catalyst

WANG Chang-Sheng® ZHAO Ming LIU Yang
(Department of Chemustry, Liaoning Normal University, Dalian, Liaoning 116029)

Abstract: Density functional theory calculations have been carried out to explore the mechanism of the cross-
metathesis between acrylonitrile and propene molecules catalyzed by the Schrock’s molybdenum catalyst. All
intermediate metallacyclobutanes are in the trigonal bipyramidal geometry with axial OCF; and NMe ligands. The
transition states leading to the four-membered ring intermediate or decomposing this four-membered ring
intermediate have most of the features of intermediate except the entering or leaving group even further away
from metal alkylidene. Three independent steps are involved in the cross-metathesis. Based on the relative
energies of the transition state structures leading to the cis and trans products, the equilibrium condensation ratio

of the cis to trans products is predicted to be about 9:1, which is in good agreement with the experiment results.

Key words: cross-metathesis; Schrock’s molybdenum catalyst; mechanism

0 Introduction complexes are present in the reaction environment.

Metal carbene reacts with olefin, thus forming the

Transition-metal catalyzed olefin metathesis has metallacyclobutane complex. Subsequent decomposit-

had a tremendous impact on polymer chemistry, basic ion of the metallacyclobutane leads to formation of a

and fine chemical synthesis!'™. Olefin metathesis can
be carried out in the presence of both homogeneous and
heterogeneous catalytic systems. The reaction proceeds

according to the carbene mechanism and active carbene
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new olefin and a carbene.
There are many theoretical investigations of the
structures and reactivity of the olefin metathesis

catalysts. Most of the efforts have been concentrated on
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the Ru-carbene catalysts®®. In the case of d° Mo imido
complexes, computational studies have been focused on
the electronic structure of starting alkylidenes and the
molybdacyclobutane intermediates!™.

Functionalized olefin metathesis has been a goal
in transition metal catalysis. This goal has driven the
search for milder, more selective catalysts and the move
toward the more electronegative transition metals lying
further to the right in the periodic table. Acrylonitrile is
a functional olefin that has eluded all previous attempts
at productive olefin metathesis until Crowe reported the
first examples of productive acrylonitrile metathesis
reactions . Crowe mixed acrylonitrile and a second
olefin with Schrock’s catalyst Mo(=CHCMe,Ph)(=NAr)
[OCMe(CF5),], (5mol%)!*". The following features were
observed: (1) acrylonitrile is unable to undergo
productive self-metathesis; (2) the production of the
second olefin’s self-metathesis is usually very low; (3)
the main product is the cross-metathesis product of
acrylonitrile and a second olefin; (4) the cis-isomers of
the cross-metathesis are much more favor than the
trans-isomers and the ratio of the cis to trans is ranging
from 3:1 to 9:1 depending the different substituents of
the second olefin.

Since acrylonitrile cross-metathesis is a valuable
reaction for functionalization of terminal olefins,
understanding the mechanistic origin for the
predominance of cis olefin product is useful. This is the

purpose of this study.
1 Thermodynamic analysis

For a system mixing an acrylonitrile and a second
olefin, there are three kinds of metathesis that maybe
take place in the reaction system: the self metathesis
between two acrylonitrile molecules, the self metathesis
between two second olefin molecules, and the cross
metathesis between acrylonitrile and olefin molecules
(Fig.1).

When the second olefin is propene, we carry out
simple calculations to estimate the differences of the
standard Gibbs free energies AG© at B3LYP/6-311¢*
level of theory at 298.15 K. The following conclusion

can easily be obtained from these calculations: (a)

Self-metathesis between two second olefin molecules
R=Me

R R R R
=/ + —/ —_— \——/ + C,H,T

AG® =104 kJ + mol!

AG® =7.4KJ - mol!

R R R
=/ + —/ R —— \=\ + GH,T
R
Self-metathesis between two acrylonitrile molecules

CN CN NC CN
—/ g e \=/ + GH,T AG® =223k mol”!

CN CN NC
=/ + _/ R — \—\_ +CH  AG®=19.3KJ + mol"!

CN

Cross-metathesis between acrylonitrile and olefin molcules

R CN NC R
=/ =/ _— \=/ + CH  AG® =-2.8kJ - mol!
R CN NC
=/ + =/ — == +CHS  AG® =-2.5K) - mol
R

Fig.1 Three possible metatheses

Thermodynamically the self-metathesis of acrylonitrile
is very unfavored. The equilibrium constant is predicted
to be only 4.1x10™* for the trans product and 1.2x10*
for the cis product according to AGS=—RTInK®. (b) The
self-metathesis of the propene is unfavored either. (c)
The cross-metathesis is thermodynamically favored.
The equilibrium constant is predicted to be 2.74 for the
trans product and 3.10 for the cis product. For the
cross-metathesis reactions, K, &/K,..2=1.13 is obtained
thermodynamically, indicating that the equilibrium
yields of the cis- and trans- products should almost be
same.

Therefore, the first, the second and the third
features of acrylonitrile cross-metathesis are origin from
thermodynamical reason. But the fourth feature cannot
be explained thermodynamically. There must be some

other reasons for it.
2 Model and computation method

Calculations are carried out with B3LYP method
as implemented in the Gaussian 03 package!™ on the
model systems. Mo (=CH,) (=NMe) (OCF3), is used to
represent the Schrock’s catalyst Mo (=CHCMe,Ph) (=
NAr)[OCMe(CF5),),. CH,CHMe is used to stand for the
second olefin. The Mo atom is represented with
Lanl.2DZ basis set™. The remaining atoms are represe-
nted with 6-31G(d) basis sets. Geometry optimizations
are performed without any symmetry constraints, and

the nature of the extrema is checked by frequency
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calculations. Energies are further evaluated using
B3LYP method, SDDAII basis set and ECP for Mo and
6-311++G(d,p) for other atoms. f orbital is also included
for Mo!™. The energies given throughout the paper are

electronic energies E with ZPE corrections.
3 Results and discussion

In olefin metathesis, the alkene can potentially
approach to the alkylidene ligand from three (front and
back CNO faces, and bottom COO face) of the four
triangular faces of the tetrahedron. Note that the bottom
approach (COO face) requires rotation of the alkylidene
group, in contrast to the approach to the two other faces.
We have therefore studied the reaction pathways for the
front approach (the front and the back approach are
identical). Scheme 1 shows the definition of the position
number. In the intermediate structure, Mo(1), C(5), C(6)
and C(7) form a four-member ring according to the well-
established Chauvin mechanism. As shown in Scheme
1, P1 or P3 is up this four-member ring and syn to the

imido group (=NMe), P2 or P4 is down this four-

Me

member ring and trans to the imido group (=NMe), P1
or P2 is much closer to the metal center than P3 or P4.
When the substituted ethylene interacts with catalyst
the substituted group can occupy one of these four

positions.

Scheme 1

Scheme 2 shows the possible reaction approach.
According to Chauvin mechanism, the substituted
ethylene attacks the CNO face of the catalyst A leading
to formation of the four-member ring intermediate
AinX, the decomposition of AinX results a new catalyst
X. When R =Me, we denote the new catalyst X as B
when Me is syn to the imido group and as C when Me
anti to the imido group. When R=CN, the new catalyst
X is denoted as D when CN is syn to the imido group
and as E, when CN anti to the imido group.

Me

Me

|
N

N
R CH.
” FCO—Mo—\! Ats2X J—
F.COMMEMo===CH, + —/ _AsX \_CH AKX p commsMo===CHR + C;H,}
/ CHR 2
F,CO F,CO
Catalyst A AinX Catalyst X
Me Te
| !
H R’
Xts2A '
F,CO |||u;Mo— CHR + 4 XuslA F,C0 ——pjo—CHR F,COlMo CH, + CHRCHR
' F,CO
F,CO CHZ’CHR E
F,CO
Catalyst X Xin A Catalyst A
R=Me,R'=CNorR=CN,R'=Me
Scheme 2

3.1 First step: the formation of the catalyst B or C

It can be seen from Schemes 1 and 2 that only the
substituted ethylene in which Me or CN occupies P1 or
P2 can interact with catalyst A leading to a new catalyst
X (catalysts B, C, D, or E). The optimized geometries of
the extrema located along the reaction pathway leading
to catalyst B are shown in Fig.2.

Fig.2 shows that the intermediate AinB has the
trigonal bipyramidal (TBP) geometry with axial OCF;
and NMe ligands. The angle between the OCF; and
NMe ligands, N(2)-Mo-O(4), is 175.5°. The sum X a of

the angles between the equatorial ligands is equal to
357.8° showing that these ligands are nearly co-planar.
The transition state Ats1B and Ats2B have most of the
features of intermediate AinB but with the entering
propene or leaving ethylene much further away from
metal alkylidene. The one of OCF; ligands, the
alkylidene ligand, and the one of the carbon atoms of
propene or ethylene are near co-planar too, as shown by
the sum Y « of the angles between these equatorial
ligands 357.0° and 357.8°.

The reaction of catalyst A with propene leads to
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A Ats1B

AinB
Atom numbering is shown in Scheme 1; ¥ a=0(3)-Mo-C(5)+0(3)-Mo-C(6)+C(5)-Mo-C(6); Angles are in degree

N2-Mo-04 = 175.5°
Ya=357.8°

Ats2B B

Fig.2 Optimized geometries of the extrema located along the reaction pathway for metathesis of the catalyst A

with propene leading to the catalysts B
catalyst C via one intermediate AinC and two transition
states Ats1C and Ats2C. The reaction of catalyst A with
acrylonitrile leads to catalyst D via one intermediate
AinD and two transition states Ats1D and Ats2D, leads
to catalyst E via one intermediate AinE and two
transition states Ats1E and Ats2E. The character of the
extrema located along each of these three reaction
pathways is very similar to that of the extrema located
along the reaction pathway leading to the catalyst B.

Fig.3 shows that catalyst B can be produced with a
barrier only 2.5 kJ -mol™, catalyst C with a barrier only
2.9 kJ *mol ™, catalyst D with a barrier 21.7 kJ -mol 7,
and catalyst E with a barrier 35.1 kJ +mol™. Therefore,
catalysts B and C are much easier to be produced
kinetically whereas the reactions producing D or E can

be ruled out at this step.

T\l/Ie
N CN Me
F,commMo==CH, + =~ =7
F,CO
oA O - molty
AtsIB=2.5 Ats1C=29 AtsID=21.7 Ats1E =35.1
AinB = -41.0 AinC =-43.0 AinD = -43.0 AinE =-21.3
Ats2B =-18.0 Ats2C=-18.8 Ats2D =-14.2 Ats2E=2.9
Me Me Me Me
I I | I
N Me N N CN N
F;COIII""'TI\!IO—:Q{H cmonm;Mo_—__CH F;COI\"';MO:CH F;COI“‘"--MO—:CQ
F;CO/ F,CO Me FiCO F,.CO CN
B [¢ D E
(-16.7) (-3.8) (-6.3) (+1.2)

Fig.3 Relative energies for the extrema located along the
metathesis pathways for metathesis of the catalyst
A with propene leading to the catalysts B and C or
with acrylonitrile leading to the catalysts D and E

3.2 Second step: the formation of the catalyst D
from the catalyst B or C

As soon as the catalyst B is yielded, it can further

interact with the methyl or cyano substituted ethylene.
We have shown that the cross-metathesis is much more
favored than the self-metathesis, therefore here only the
cross-metathesis will be considered. The reaction of
catalyst B with acrylonitrile leads to catalyst D via one
intermediate BinD and two transition states Bts1D and
Bts2D. It can be seen from Fig.4 that the intermediate
BinD has the TBP geometry with axial OCF; and NMe
ligands. The angle between the OCF; and NMe ligands,
N (2)-Mo-O (4), is 174.7°. The sum 2 « of the angles
between the equatorial ligands is equal to 357.4°
showing that these ligands are nearly co-planar. The
transition state Bts1D and Bts2D have most of the
features of intermediate BinD but with the entering
acrylnitrile or leaving propene much further away from
metal alkylidene. The one of OCF; ligands, the
alkylidene ligand, and the one of the carbon atoms of
acrylonitrile are near co-planar too, as shown by the
sum 2 « of the angles between these equatorial ligands
(359.9° and 357.5°).

The catalyst B interacts with acrylonitrile leads to
catalyst D with a barrier 9.6 kJ -mol~, leads to catalyst
E with a barrier 17.6 kJ -mol™, leads to cis product with
a barrier 22.6 kJ -mol™, leads to the trans-product with
a barrier 38.9 kJ-mol™ (Fig.5). Therefore, catalyst D is
much easier to be produced kinetically whereas the
reactions that produce catalyst E, cis- and trans-product
can be ruled out at this step.

As mentioned above, Catalyst C is also easy to be
produced kinetically in the first step. As soon as
Catalyst C is yielded, it may further interact with

acrylonitrile molecule. Our calculations indicate that
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Bts1D

N2-Mo-04 = 174.7°
Ya=357.4°

Bts2D
Atom numbering is shown in Scheme 1; ¥ a=0(3)-Mo-C(5)+0(3)-Mo-C(6)+C(5)-Mo-C(6); Angles are in degree

Fig.4 Optimized geometries of the extrema located along the reaction pathway for metathesis of the catalyst B with

acrylnitrile leading to the catalysts D

I\l/le
ﬁ Me CN
F,COMmwsMo=——CH +
F,CO

B (-16.7 kJ - mol™)
Position 1 Position 2 Position 3 Position 4
Bts1D =9.6 BtslD =17.6 BtsID =2.1 BtslD =13.4
BinD =-36.8 BinD =-13.8 BinD =-8.8 BinD = 4.6
Bts2D =-3.3 Bts2D = 15.0 Bts2D =22.6 Bts2D = 38.9

CN
Me Me Me CN /
+ + + +
M
D E A ¢ A
(-6.3) 1.2) (-9.2) (-9.2)

Fig.5 Relative energies for the extrema located along the
metathesis pathways starting with the catalyst B

the reaction barriers leading to catalyst D, E, the cross-
metathesis trans- and cis- product from the catalyst C
are 13.0, 35.9, 29.3, and 38.0 kJ -mol ™', respectively.
The reaction that produces the catalyst D has the
smallest barrier 13.0 kJ -mol ™. So among all the four
reaction channels only the one that produces the
catalyst D would take place most possibly.
3.3 Third step: the formation of the cis- or trans-

product from the catalyst D

As soon as the catalyst D is yielded, it can further
interact with propene in system to complete the cycle of
the cross-metathesis reaction. When Me group of the
propene is in position 1 the catalyst B is produced. The
catalyst C is produced when Me is in position 2. When
Me is in position 3 or 4, the cis- or trans- product is
yielded, and at the same time the catalyst A is
reproduced. The optimized geometries of the extrema
located along these reaction pathways starting from the
catalyst D with propene are located and the relative
energies are evaluated. Our calculation results show

that the barriers that produce catalyst B and C are 9.6

and 13.0 kJ -mol ™', respectively, whereas the barriers
leading to cis- and trans- products are 13.0 and 18.4
kJ -mol™, respectively.
3.4 Overall reaction mechanism

The overall calculation results are summarized in
Fig.6, where the bold lines show the most favored
pathways from the reactants (Catalyst A+CH,CHCN+
CH,CHMe) to the products (cis or trans MeCHCHCN),
the plain lines denote the less favored pathways, and
the dash lines indicate that these pathways can be ruled
out. The data above the lines are the reaction barriers of
the corresponding steps. For the cross-metathesis
between acrylonitrile and propene catalyzed by the
Schrock’s catalyst, three independent steps are involv-
ed. The first step corresponds to the formation of
catalysts B and C. The barrier is only 2.5 or 2.9 kJ -mol ™.
The second step is the formation of catalyst D from
catalyst B or C. The barrier for this step is 9.6 or 13.0
kJ -mol™, respectively. The third step is the formation of

217 : 226
06 130 ¥ NC Me
B+ CH,CHCN + C;H, —— D + CH,CHMe + C,H, — = A+ CH, + \—/
-16.7) N (-6.3) (92)
T A
- g
989
A+ CH,CHMe + CH,CHCN o
(0.0 kJ - mol™) -
5
<o \ o ..
P * 36.8 ™~ Me
C+ CH,CHCN + C,H, ===+~ =E+CH.CHMe + CoH, =2 m A+ ol + =/
€38 | 35.9 b (12) 4 NC
351 : 293 (-9.2)
N N N N
| o] VAN
Mo==CH, Mo=CH M0=C\H Mo=—=CH Mo =C\H
Me CN
A B ¢l D E

Fig.6  Overall calculation results of the cross-metathesis
between propene and acrylonitrile catalyzed by

Shrock catalyst Mo(=CH,)(=NMe)(OCF5),, A
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the cross-metathesis products. The barrier for the third
step is 13.0 or 18.4 kJ -mol ™. Fig.6 clearly shows that
the highest barriers is 13.0 kJ -mol™ for producing the
cis product starting from acrylonitrile and propene
catalyzed by the catalyst A while it is 18.4 kJ -mol™ for
yielding the trans product. The equilibrium condensat-
ion ratio of the cis to trans is therefore estimated about
9:1 at room temperature according to k=Ae™*. This is
in good agreement with the experimental results, that is,
the ratio of the cis to trans is ranging from 3:1 to 9:1
depending the different substituents of the second

olefin®.
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