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Abstract—Two pathways of the reactions of methylmagnesium bromide with 1-chloro- and 1-bromo-3-
methoxymethyl-1-propynes were simulated by MEDO quantum-chemical method. The calculations predict
initial coordination of magnesium to thePGtom of the triple bond, which determines predominant nucleo-
philic substitution of the halogen atom according to the addigtimination pattern.

Experimental studies of the reaction of halo-specific features arising from the presence of magne-
acetylenes with various nucleophilic reagents4}l sium atom as electrophilic center.

gave rise to three main mechanisms of nucleophilic The present work was aimed at studying specific
substitution of the halogen atom [2] (Scheme 1). Theyehavior of organomagnesium reagents in the reac-
reaction pathway is determined by the halogen naturéions with haloalkynes and fine details of the mecha-
nucleophilicity of the reagent, and stability of inter- nism of the process with regard to the halogen nature.
mediate carbanion. The latter depends in turn on thg&he calculations were performed in terms of the
substituent at th@-carbon atom [2]. Path (2) involves MNDO semiempirical approximation [8] (AMPAC
nucleophilic attack on the halogen atom; it is preferre®.00 software package) using magnesium parametriza-
for Hig = Br or I. When Hlg = ClI, such nucleophilic tion from [9]. As model process we considered the
species as OH HS, SG, $, and GH:S attack reaction of methylmagnesium bromide with 1-halo-
carbon atom of the triple bond, following paths (1)3-methoxy-1-propyned (HIlg = CI, Br).

and (3) [2]. Reactions of organomagnesium com- Electronic structure of initial reactants. Solu-
pounds with chloroacetylene derivatives, e.g., withions of alkylmagnesium halides may have very com-
chloropropynal diethyl and dibutyl acetals [5] orplex composition and structure, which depend on
4-chloro-2-methyl-3-butyn-3-ol [6], also give productsa number of factors (for review, see, e.g., [10]). In our
of paths (1) and (3). Path (2) predominates in thealculations we used monomeric structure of methyl-
reaction of methylmagnesium bromide with 1-bromo-magnesium bromide solvated by two dimethyl ether
2-phenylethyne [7]. Presumably, in these reactionmolecules via coordination of magnesium to lone
halogen replacement follows the same mechanismeectron pairs of the ether oxygen atoms: SAgBr -

as those proposed for other nucleophilic reagent2O(CH;), (Il). The Mg-O bonds are fairly strong,
However, organomagnesium compounds have sombe Mg-O distance is 2.105A. According to the
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Scheme 2.
CH,—C=C—CH,0CH; + HigMgBr-2CH,0CH, (4
Hlg—C=C—CH,0CH; + CH;MgBr-2CH,0CH, —
I I L~ BrMg[2CH,;0CH,;]C=C—CH,0CH, + CH,HIg 5

calculations, the energy released upon solvatiothe electron density is displaced from the halogen to
(or stabilization energy of the solvate complex) isthe triple bond. Control nonempirical calculations by
116.52 kcal/mol. Primarily, solvation changes geothe MO SCF method with the STO-6Chasis set
metric parameters of the methylmagnesium bromidshowed that the Cl and Br atoms inpossess small
molecule: the magnesium atom becomes four-coomegative charges:-0.064 and-0.001.

dinate and adOptS tetrahedral Configuration. The Structure of prereaction Comp|exes_ MNDO
Mg—-CH; bond length increases from 1.883 togptimization of geometric parameters of the reaction
1.949 A, the Mg-Br bond changes from 2.319 to system with various initial arrangements of reactants
2.488 A, and the CMgBr angle decreases to 116.2 | "and Il and various intermolecular distances (4.0,
In addition, partial negative charge on the methyB 5 and 3.0A) gives prereaction coordination com-
carbon atom increases from0.3075 t0-0.3461; plexes with preferential coordination of magnesium
therefore, its nucleophilicity also increases. to the p-carbon atom of haloalkynell( and 12).
Analysis of the molecular orbital (MO) structure of Possible formation of analogous complexes between
initial haloalkynesl showed that the highest occupiedGrignard compounds and 1-alkynes was discussed
MO is the =, orbital of the triple bond. The anti- previously [12]. According to our calculation results,
bonding contribution of the haloggm-AO increases stable are Gcoordinated complexe& and B having
in going from CI to Br, and the MO energy slightly cis and trans-conformations with respect to the
decreases. The lowest unoccupied MO is the antmethoxy group (S is solvent molecule, h@.
bonding orbital localized on the HigC* bond, which
also tends to decrease in energy in going from ClI s OCH,

to Br. Taking into account that electrophilic reagent N _Br ng—CEC—C/
generally interacts with the HOMO, and nucleophilic, HyC—Mg oCH | Pt
with LUMO, the MO structure suggests that nucleo- i ’ H,C—Mg

philic attack on haloalkynet should be accompanied ~ M~ C=C76 ¢\ B

by abstraction of the halogen. Charges on the halogen

atom anda-carbon atom of the triple bond also seem A B
to be important. According to the data in Table 1, the

MNDO calculations and especially PM3 method [11] ComplexesA are more stable (Table 2) due to

predict localization of a partial positive charge onadditional stabilizing interaction between the magne-
the Cl and Br atoms in moleculds This means that sium atom and oxygen atom of the methoxy group.

Table 1. Charge distribution in the molecules of initial ethétsandl2 and coordination complexds andB

Halogen Eg:ﬁ;leoxr Hig co ch Mg CH,
11 0.075 _0.094 -0.123
(0.2847 (-0.2869) (-0.163)
cl B, 0.123 -0.031 _0.158 0.579 -0.333
B, 0.097 -0.043 -0.123 0.598 -0.340
12" 0.147 0178 _0.107
(0.228) (_0.263) (-0.130)
Br B, 0.196 _0.119 -0.133 0.575 -0.328
Bi1 0.168 _0.142 _0.092 0.591 _0.341

& In parentheses are given the results of PM3 calculations.
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Table 2. Enthalpies of formation AH;, kcal/mol) of @-coordinated complexes and lengths of the -M@® and
Mg---O dative bonds thereinA(

cis-Structure A trans-Structure B
Halogen Complex
—AH; R(Mg---CP) R(Mg:--0) —AH; R(Mg---CP)
I - - - 308.06 2.27
Cl 1,1 312.35 2.49 2.18 310.69 2.24
1,2 320.88 2.29 2.22 309.47 2.25
I - - - 297.85 2.27
Br 1,1 305.03 2.48 2.17 301.10 2.25
1,2 313.77 2.28 2.22 299.49 2.23

Table 3. Stabilization energies of the complexes and energy parameters of the reactions (kcal/mol)

Halogen Rere]lgnon Hig ~AE? AE3P ~AE,° ~AH, ¢
4 By c* 63.09 16.95 47.60 80.69

B, C* 65.72 22.40 45.24

cl ch 32.09

5 By cl 63.09 29.19 3.07 72.52

B, ClI 65.72 33.71 4.63
4 By c* 60.03 15.08 44.39 64.08

B, C* 63.29 23.58 40.89

Br ch 32.32 35.33
5 By Br 60.03 27.60 4.07 63.84

B, Br 63.29 31.84 2.53

& —_AE, is the energy released upon formation of coordination complexes.
P AEj is the energy barrier to attack by nucleophile in the second stage of the process.

¢ AE, is the energy difference between the postreaction complex (or intermediate) formed in the second stage of the process and
the prereaction complex.

4 AH, is the enthalpy of the reaction, which is equal to the difference in the energy of the products and initial rézataltits

Complexes in which the magnesium atom coordinatethe reaction paths were performed using complexes
only to the oxygen atom appear even less stable tha) andB, as examples. Charge distributions in these
complexesB with magnesium coordination at the complexes are given in Table 1. It is seen that electron
c? atom. A p055|ble reason is that the MO includingdensity transfer to the magnesium atom leads to slight
lone electron pair of the oxygen atom has higheincrease of a partial positive charge on the halogen
energy than ther-MO including the triple bond. and decrease of negative charge ondhearbon atom.
Among complexesA, the most stable are those in Such charge distribution is favorable for the sub-
which the dative MgCP bond is appreciably shorter sequent nucleophilic attack by the Glgroup of the
(Table 2). Grignard compound on both the halogen atom afid C

We calculated different steric structures de€or- N moleculel. Structures with coplanar arrangement
dinated comlexesA and B with coplanar (||) and ©Of the CHMgBr molecule are polarized to a greater
orthogonal () arrangement of the C§¥gBr mole- extent.
cule with respect to the HigC=C- axis. The CH Reaction mechanismsReactions (4) and (5) were
group in complexe#\ | ; andA | , is oriented upward calculated, assuming the distance between the methyl
and downward, respectlvely:ls-CompIexesA” are carbon atom of the Grignard compound and electro-
unstable. The subsequent analysis and calculation philic center inl1 or 12 (C% CP, and halogen atom)
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as reaction coordinate. The transition structures wer&nother factor may be participation in reaction (4) of
refined by repeated traversal over the transition statevo CH;MgBr molecules or Mg(CH), + MgBr,;
(TS) area through a reduced step (0A) followed in this case a six-membered transition state could be
by refinement of the TS geometry by minimization offormed. The calculations performed for the reaction
the gradient norm. The principal energy parametersystem involving two nonsolvated molecules of
of reactions (4) and (5) thus obtained are given irmethylmagnesium bromide showed formation of dif-
Table 3. The formation of initial &Ecoordinated com- ferent bridged structures in which the magnesium
plexes B, and B, ; in reactions (4) and (5) can be atom coordinates to thf-carbon and oxygen atoms
considered as the first stage of the reaction betweenf initial haloalkyne; attack by the methyl group on
reagentd andll. The data in Table 3 show that the the a-carbon atom also gives intermedidie Hence
activation barrier to reaction (4) is the lowest whenthe formation ofl1 in reaction (4) is determined by
nucleophilic attack by the methyl carbon atom of theprimary coordination of the Grignard compound to
Grignard compound is directed toward.CThis path the B-carbon atom, in keeping with the MNDO pre-
consists of two steps following the additieglimina-  dictions. On the other hand, intermedidte could
tion pattern and results in formation of stable inter-also be formed as a result of primary nucleophilic
mediatell with transoid arrangement of the halogenattack by the methyl group on the-carbon atom,
atom and MgBr group. which leads to increase of the negative charge on
the B-carbon atom and favors addition of MgBr.
Hig _/CH,0CH, Obviously, more reliable data could be obtained by
=0 precise nonempirical methods and by studying
H3C MeBr Grignard compounds of various structures. However,
s \S this task remains so far fairly laborious.

n Decomposition of intermediatél having trans
configuration is characterized by an energy barrier
of 21.61 kcal/mol (HIg = CI). This barrier is slightly
lower than the barrier to formation dil and lower

(see AE, in Table 3), and it approaches the energyn@n that found for competing reaction (5) (Table 3).
level of the postreaction complex in reaction (4). Forlt should be noted that suckrans elimination is
this direction of nucleophilic attack (from complex f@vorable, e.g., for dehydrohalogenation of vinyl
B, ;) we also performed calculations of a single-stefa!des of the general formula GHCHHIg [13].
mechanism with respect to two reaction coordinates! N€'efore, in terms of the MNDO calculations, the
concerted addition of the CHgroup to thea-carbon ormation of methylacetylenes in reaction (4) by the
atom and departure of the halogen atom to MgBraddl'_uorFellmmatlon scheme (_|.e., through inter-
The calculated activation barriers were 24.45 angiediatell) seems to be feasible.

27.80 kcal/mol for Hig = Cl and Br, respectively.  Nucleophilic attack by the Ckigroup on the
These values are slightly greater than those obtaindttcarbon atom gives intermediat2 with a different
for single reaction coordinate. Presumably, halogeftructure:
replacement by CEl group should occur without
formation of intermediatdl provided that there are

factors favoring halogen abstraction. Such a factor

may be primary coordination of the Grignard com- S\
pound to the halogen. S %

The energy of intermediatdl is considerably
lower than those of initial complexeB and B, ;

12

OCH;
Hig—C=C—C From the viewpoint of thermodynamics, inter-
Br\Mg_CHS mediatel2 is less stable tharl. Moreover, its forma-
<\ tion requires a higher activation barrier to be over-
S8 come (Table 3). Taking into account that this path of

the reaction betweehandll is less probable, further

Such coordination complex is more stable than tha@ecomposition of intermediat@ was not considered.
formed by coordination to the-carbon atom; it was In reaction (5) nucleophilic attack on the halogen
also obtained by control calculations for Hlg = F.atom directly leads to formation of products or, more
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precisely, of postreaction complexes in which theand formation of the products. Obviously, the case
halogen atom in CEHlIg is still linked to magnesium of HIlg = Br requires further study involving more
through a dative bond. The transition structures araccurate quantum-chemical methods.

four-membered rings with the following bond lengths
(the calculations were performed for compy

Halogen Cl Br 1.
R(Mg—-C%, A 2.285 2.253
R(Mg—CHy), A 2.236 2.227 2
R(CH;—Br), A 2.191 2.246
R(Br—C%, A 1.697 1.768

3.
The energy barriers corresponding to the above

transition states exceed by -113 kcal/mol (Table 3)
those found for reaction (4) involving attack on the

a-carbon atom. Presumably, attack on the halogeng

atom in primary ¢-coordinated complexes is steric-

ally hindered, for the halogen atom is a more distant6

center than €

The results obtained for Hlg = CI are quite con-
sistent with the experimental enthalpies of the two
reaction paths (Table 3). The same also applies to
the energies of activation, which indicate the least
kinetic hindrance for reaction (4). As concerns
Hlg = Br [in this case path (5) is preferred in experi-
ments], the reaction enthalpies suggest comparable
yields of the products even when the greatest kinetic
hindrances for reaction (5) are assumed. Probably,
in a real system this reaction pathway follows a dif-

ferent mechanism involving, e.g., primary attack /-

by nucleophilic reagent. The calculations give almost

similar mechanisms for Hig = Cl and HIlg = Br owing 8.

to incorrect description of partial electron charges on

atoms in the HlgC=C fragment of initial halo- 9.

alkynes in terms of the MNDO approximation.

Another possible reason is overestimation of theo.

interaction between the magnesium atom anblO

of the triple bond. 11.

Thus, the MNDO calculations of reactions (4) and

(5) confirm the predominant contribution of path (4) 12.

for Hig = Cl and predict three-step mechanism of the

process: initial coordination of magnesium to theis.

B-carbon atom, formation of stable intermedidie
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