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ABSTRACT

The insertion of an olefinic C=C bond mto a metal-carbon bond is of potential interest as a preparative
route to new products and as results of C-C coupling reactions o organic compounds, The allyl compounds
of Mg, react with an olefin by inversion of the allyl group via a six center transition state. These precyclic
reactions may be one of the most important classes of organic reactions. The reactions of C;HsMgX (X=F,
Cl, Br, I} with ethylene will be discussed in light of computational studies using ab initio methods (RHF/6-
31G*/RHF/6-31G* level). The investigation of the structural properties, theoretical thermodynamic and
kinetic data i.e. ArG, AG” and rate constants of the reactions at 298°K will be presented.
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INTRODUCTION

Mg-ene reaction in which transfers of “Mg” from the
less-substituted allylic carbon to a carbon of the alkene
function occurs simultaneously. Intermolecular Mg-ene
reaction as the key step in synthesis of some important
natural products has been achieved by W. Oppolzer et
al. [14,7] The insertion of an olefinic C=C bond into a
metal-carbon bond is of potential interest as a
preparative route to new products and as results of C-C
coupling reactions to organic compounds. The allyl
compounds of Mg, react with the olefin by inversion of
the allyl group via a six center transition state. These
precyclic reactions may be one of the most important
classes of organic reactions. The formal ene-reaction of
allylic Grignard reagents to olefins has been studied by
"H-nmr spectroscopy, and were applied for synthesis of
complex molecules, such as monoterpen alkaloids,
irridoids, A*"®-capnellene and polymers.[1-7]

If the Mg-C bond at the beginning is much more
reactive than the Mg - C bond of the first insertion
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product, the reaction would terminate after the first
step. [4]/ The free energies (AG" and A.G) of the
reactants, transition states and products in the
reactions of C;HMgX (X=F, Cl, Br, 1) with
ethylene are recorded by using RHF/6-
31G*//RHF/6-31G* calculations at 298K.

This reaction show the combination of the
ethylene with C;HsMgX for reaching to a Mg-
A" capnellene (II) derivative as the favored
product of the exothermic reaction are the main
motive forces of these [Mg]-ene reaction.

COMPUTATIONAL DETAILS AND
CALCULATIONS '

The ab initio molecular orbital calculations
were performed with the gaussian 98 program.
Geometries for all structures were fully
optimized by means of analytical enecrgy
gradients in RHF level with the 6-31G* basis




I X=FClLBr]

sét.[S] The synchronous Transit-guided Quasi-
Newton (STQN) method was used to locate
transition states and products, which were
cc!mﬁnned to have zero and one 1maginary
fr'equent ¢y, respectively. The frequencies were
s¢aled by a factor of 0.8929 and used to compute
tlie free energies (AG") and the free energies
changes of reaction (A,G) at 298°K by equations:
 AG* = 3G 15 -3 eacans Eq-l
. A:rG =¥ G products - G reactants Eq.-2
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Fig. 1. The Mg-ene reaction of ethylene and Grignard reagent (x=F, Cl, Br, Ij

3 - TS

| |l
. Fig. 3. The transition state of the Mg-ene Grignard reactions of C;HsMgX (X=F, Cl, Br, I){with ethylene.

;

Also, rale constants were :alcf_ilated with the
Eyring equation, derived from| transition state

theory:[9]
k=kpT/h exp (-AG*/RT)

i~
il

Eq.-3

AG# s the free energy difference between

transition state and reactants.
reactions were studied in the

‘The imaginary
method: RHF/6-

3JIG*/RHF/6-31G*. In thi§ dtudy, the most
conformations of the simple !cycloalkynes {I-1 to

I-4) were investigated in

the 1,3-dipolar

cycloaddition reactions with Eth ylene.

!
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RESULT AND DISCUSSION

The selected structural parameters, the heats of
formation in keal mol' and the results of the
reactions of C;HMgX (X=F, Cl, Br, I) with
ethylene will be discussed in light of
computational studies using RHF/6-
31G*//RHF/6-31G* method and the transition
states of the conversion from the reactants to the
organometal products are summarized in Table-1
to Table-4 and Fig.-1 to Fig. 3. The energy surface
and the barrier energy for the reactions were
investigated in detail by changing the position and
distances between appropriate atoms in the

reaction pathway. The diagram of the free
energies (AG’) and the free energies changes of
reaction (A;G) at 298°K for n the intermolecular
Mg-ene reactions of C;HsMgX (X=F, Cl, Br and
I) with ethylene for producing the product
CsHyMgX (AG" and A,G in keal mol™) and kinetic
(rate constants=k in M'Sec’ and relative
constants=k") data, by: RHF/6-31G*/RIF/6-
31G* method are shown in Fig.4 to Fig. 7. The
free energies of the reactants, transition states and
products in the reactions are listed in Tab. 1 to
Tab. 4 The results show the treatment the electron
correlation gives more stable energies.

Table 1. Selected structural parameters of C;H;MgX (X=F, Cl, Br and I)*

Parameters | X=F | X=CI | X=Br | X=I
Bond Length(BA)
1C-2C 1.325 1.325 1.325 1.321
2C-6C 1.49 1.49 149 | 15
6C - 9Mg 2.10 2.09 2.08 2.06
9Mg-10X 1.77 2.21 2.38 2.57
Bond Angle(B)
IC-2C-6C 127.09 127.07 126.96 126.56
2C - 6C - 9Mg 108.84 107.02 108.25 113.79
6C - 9Mg - 10X 178.86 179.02 177.77 177.52
Dihedral(B)
IC - 2C - 6C-9Mg -95.88 -92.74 -93.21 0
2C - 6C-9Mg-10X 23.46 33.1 -177.84 180

"RHF/6-31G*//RHF/6-31G*

Table 2. Selected structural parameters of the intermolecular Mg-ene reactions
of C;H:MgX (X=F, Cl, Br and I} with ethylene

Parameters | TS(X=F) [ TS(X=Cl) | TS(X=Br) | TS(X=D)
Bond Length(BA)
1C-2C 1.32 1.32 1.32 1.32
2C-6C 1.50 1.50 1.50 1.50
11C-14C 1.32 1.32 1.32 1.32
1C-1i€C 4.44 4.30 4.29 4,21
9Mg-10X 2.79 2.83 2.84 2.87
6C-9Mg 2.11 2.11 2.09 2.08
9Mg-10X 1.79 2.23 2.41 2.60
Bond Angle(B)
1C-2C-6C 126.74 126.29 126.27 126.15
2C-6C-9Mg 113.16 110.55 110.33 109,10
6C-9Mg-10X 155.05 161.42 161.32 161.84
Dihedrzl(B)
IC-2C-6C-9Mg | 88.28 78.47 78.02 74.82
2C-6COMp-10X | 23.24 33.54 33.61 35.821

3
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Table 3. Selected structural parameters of the intermolecular Mg-ene reac

11

tion

of C;HsMgX (X=F, Cl, Br and I) with ethylene for producing the product C5H9M 2

Parameters Products (C;H,MgX) .

X=F |  x=cl X=Br x=1{

Bond Length(BA) 1

1C-2C 1.33 1.33 1.33 1.33 [

20-6C 1.51 1.51 1.51 L5t [l

6C9C 1.53 1.53 1.53 153 i

L 9C-12C 1.54 1.54 1.54 54!
i 12C-15Mg 211 2.10 2.09 ool

| 15Mg-16X 1.78 2.23 2.40 2601

- Bond Angle(B) ;
| 1C-2C-6C 127.10 127.19 127.05 127.09

2C-6C-9C 116.15 116.16 109.84 99.15.

6C-9C-12C 113.11 112.95 115.92 112.74!"

| 9C-12C-15Mg 110.39 110.41 112.98 110.47.

! 12C-15Mg-16X 161.58 159.71 162.97 162.04/1
N Dihedral(B) Jo .
i 1C-2C-6C-9C 31,29 -29.00 -30.49 -J9.99!
| 2C-6C-9C10C -64.52 -64.98 -64.68 64.811
i 6C-9C10C-15Mg 49.78 48.19 49.05 49.43]!

9C10C-15Mg-16X 176.68 179.99 174.34 17239

a: RHF / 6-31G* // RHF / 6-31G*

By —— —

T:

ble 4. The free activation energies changes in the intermolecular Mg-ene reactions of Ca

HMeX (X=F, Cl, Br

and I} with ethylene for producing the product CsHsMgX (AG® and A,G in keal mol™) and|kinetic {rate
-l constants=k in M'Sec™ and relative constants=k") data, by: RHF/6-3 IG*//RHFfﬁ-iiu 1G '; method
X in CyH M- " 1
| X AGH AG k x10 k ‘: ! &
i F 3.28 -9.12 2.45 L J
Cl 2.99 -10.42 4.49 183 ] |
i ‘
! Br 2.87 -10.68 4.87 1.98
I 1.66 -12.8 37.84 1543 .

Structures for the synchronous transition state are
obtamed with mean bond length values of C-Mg
and C-C bonds in transition states of C;H:MgX
(X—F Cl, Br, I) with ethylene. The bond length
values of C6-Mg(9) for the transition states are
2.11,2.11,2.09 and 2.08 in A for the reactions of
Ci{H;MgX (X=F, Cl, Br, 1) with ethylene,
respectlvely The calculated Mg-X bonds for
C3H5MgX (X=F, Ci, Br, 1), the transition states
and the product C;HMgX, are: [X=F: 1.77, 1.79,
1|‘/8] [X=CL 2.21, 223, 223], [X=Br: 2.38,
241, 240] and [X=I: 257, 2.60, 2.60],
respectively. Tables 1-3 show the selected

structural parameters of the reactions and the

changes of the bond lengths, bond angles and the
dihedral angles of I, TS and|II df the reactions.
By increasing the size of ha ogen (X) the bond
lengths of Mg-X for I, TS and II| have increased.
For each intermelecular Mg—ere reactions of
GHsMgX (X=F, Cl, Br, ) with ethylene (D), the
thermodynamic and kinetic| stabilities of are
related to the character of the haiogen Mg-X
(X=F, CL, Br, I) bond length$ aid the structural
characters particularly - l‘:round the
[C6...Mg9(X,10)...C14C11] | of |ithe transition
states. The kinetic stabilities|wefe decreased by
increasing the size of halo

genls subsequently
increasing the bond length sira,ml of Mg-X in 1

(
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and TS. Table-4 shows the caiculated rate
constants (k, in M"'Sec’') by utilizing the RHF/6-
31G*//RHF/6-31G* (k) methods and the Eyring
equation (Eq.-3). The chemical affinity and the
calculated rate constants in the method increased
by decreasing the size of the Mg-X in L. The rate
constants with RHF/6-31G*//RHF/6-31G* for
the reactions of C;HsMgX (X=F, Ci, Br, I) with
cthylene (I) are 2.45E-10, 449E-10, 4 87E-10
and 37.84E-10, respectively. The resuits
“demonstrated that the rate constant show a grate
different when the halogen was lodide (X=I).
The rate constant in this condition is almost 10
times more than the other halogens X=F, Cl and
Br in Mg-X bonds. The free energy differences
between transition states and reactants (AG" in
kcal mol") by RHF/6-31G*//RHF/6-31G* for the
reactions I , are 3.28, 2.99, 2.87 and 1.66,
respectively.  The  resuits in  RHF/6-
31G*//RHF/6-31G* level show decrease in the
AG" of the reactions of I by increasing the
atomic number of halogen. The free energy

-

changes of reactions (AG) are shown in Table-4.
The vaiues of A,G were obtained by the use of
two RHF methods and Eq.-2. The values of A,G
by RHF/6-31G*//RHF/6-31G* method for the
exothermic reactions of I, are -9.12, -10.42, -
10.68 and -12.80, respectively. The gaps in the
free energies between reactants and products
have been increased by the thermodynamic
stability of bigger halogen. See Tab. 4 and Fig. 4.
to Fig. 7. The results of the calculations show
just a difference in the Mg-ene reactions of
C;HsMgX (X=F, Ci, Br, 1) with ethylene, in
comparison with the other reactions in this
group. See the results of X=I. The caiculated data
of relative constants (k') in RHF/6-
31G*/RHF/6-31G* were shown in Table4.
These resuits suggest that, the relative constants
of reaction rates decreased by increasing the size
of the halogen and increasing the bond length of
Mg-X and also chemical affinity of reactants to
take part in the Mg-ene reactions of I to produce
of the Mg-Ag“z)-capnellene (ID) derivatives.

40

L~
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Fig. 4. The diagram of the free energies (AG") and the free energies changes of reaction (AG) at 298°K for the
intermolecular Mg-ene reaction (I) of C;H;MgF with ethylene by using RHF/6-31G*//RHF/6-31G* method.
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Mg
Cl —

Flg 5. The diagram of the free energies (AG") and the free energies changes of reaction (A (3) at 298°K for the
lrlltennolecular Mg-ene reaction (I) of C;HsMgCl with ethylene by using RHF/6-31G*/RHF/6-31G* method.
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Fig. 6. The diagram of the free energies (AG") and the free energies changes of reaction (AG) at 298°K for the
intermolecular Mg-ene reaction (I) of C;HsMgBr with ethylene by using RHF/6-31G*//RHF/6-31G* method.
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F ig. 7. The diagram of the free energies (AG") and the free energies changes of reaction

IA,G) at 298°K for the

| intermolecular Mg-ene reaction {1) of C;HsMgl with ethylene by using RHF/6-31G*/RHE/6-31G* method.
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CONCLUSION

Comparing results show that in the Mg-ene
Grignard reactions of C;HsMgX (X=F, Cl, Br, 1)
with ethylene (I) to producing the Mg-A"'?-
capnellene (II) derivatives, the rate constant
increases as increasing the size of the halogen and
the free energies changes in reactions decreases.
The comparison of the thermodynamic and kinetic
data of the reactions I showed that the chemical
affinity of I increases by increasing the bond
length of Mg-X. The free energies (AG® and A,G)
of the reactants, transition states and products in
the reactions of the Mg-ene reactions are recorded
by using RHF/6-31G*//RHF/6-31G* calculations
at 298°K. The kinetic data (rate constants=k in M’

REFERENCES

[1] W. Oppolzer, R. Pitteloud and H. F. Strauss,
J. Am. Chem. Soc., 104 (1982) 6476.

(2] W. Oppolzer and K. Bitting, Tetrahedron
Lett., 23 (1982) 4672.

[3] W. Oppolzer and E. J. Jacobsen Tetrahedron
Lett., 27 (1986) 1141.

[4] H. Lemkuhl, “Proceedings of the First
Symposium  on  Organic  Synthesis  via
Organometallics” Hamburg/FRG, 185, 1987.
(and the litreature sited there in).

[5] K. N. Houk, J. Gonzalez and Y. Li, Acc.
Chem. Res., 28 (1995) 81. (and the litreature
sited there in).

(6] H. Lemkuhl, K. Hauschild, M. Bellenbaum,
Chem. Ber., 117 (1984) 383. (and the
litreature sited there in).

(7] 1. J. Zuckerman, A. P. Hagen“ Inorganic
Reactions and Methods” Volume 10, VCH
Publishers, Inc. 2007.

[8] Gaussian 98 Revision A.7, Frisch,M.J;
Trucks, G.W_; Schlegel, H.B.; Scuseria,G.E.;
Robb, M. A.; Cheeseman, J.R; Zakrzewski,

'Sec” and relative constants=k") were calculated
by the Eyring equation, which is derived from
transition state theory. In these exothermic
reactions, the k and k™ of the reactions increased
by increasing the size of X and the bond length of
metal-halogen bond for producing the Mg-A*'?-
capnellene (IT) derivatives.

ACKNOWLEDGMENT

The authors gratefully acknowledge the
colleagues in Chemistry Department of The
University of Queensland-Australia, for their
useful suggestions.

V.G.; Montgomery, Jr., J.A.; Stratmann, R.E.;
Burant, J.C.; Dapprich, S.; Millam, J.M,;
Daniels, A.D.; Kudin, K.N.; Strain, M.C.;
Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.
Cammi, R.; Mennucci, B.; Pomelli, C;
Adamo, C. Clifford, S.; OchterskiJ.;
Petersson, G.A; Ayala, PY.; CuiQ,;
Morokuma, K.; Malick,D.K.; Rabuck,A.D;
Raghavachari, K.; Foresman,J.B.; Cioslowski,
J.; Ortiz,].V.; Baboul,A.G.; Stefanov,B.B.; Liu,
G.; Liashenko, A.; Piskorz,P.; Komaromi, I.;
Gomperts, R.; Martin,R.L.; Fox,D.J.; Keith, T;
Al-Laham, M.A.; Peng,C.Y.; Nanayakkara, A ;
Gonzalez,C.; Challacombe, M.; GilLP.M.W.;
Johnson, B.; Chen,W., Wong, MW
Andres,J.L.; Gonzalez,C.; Head-Gordon, M. :
Replogle,E. S.; Pople,JA. Gaussian, Inc.,
Pittsburgh PA, 1998.

[9] D.A. McQuarrie and J.D. Simon, Physical
Chemistry,  University Science  Books,
Sausalito, CA, 1999,







