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DFT Study on the Mechanisms of Stereoselective C(2)-Vinylation of 1-Substituted
Imidazoles with 3-Phenyl-2-propynenitrile
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Recently, the first examples of direct vinylation of 1-substituted imidazoles at the 2-position of the imidazole
nucleus have been described (J. Org. Chem. 2008, 73, 9155—9157). 1-Substituted imidazoles are C(2)-vinylated
with 3-phenyl-2-propynenitrile at room temperature without catalyst and solvent to afford 3-(1-organyl-1H-
imidazol-2-yl)-3-phenyl-2-propenenitriles, mainly (ca. 95%) as (Z)-isomers, in 56—88% yield. Nevertheless,
the stereoselectivity of vinylation, which has been elusive over the past decades, is still a big problem to
explain. In this paper, the reaction mechanisms of stereoselective C(2)-vinylation of 1-methylimidazole with
3-phenyl-2-propynenitrile have been investigated using density functional theory (DFT). The geometries of
the reactants, transition states, intermediates, and products were optimized at the B3LYP/6-31G(d,p) level.
The calculated results reveal that the reaction contains three processes: formation of zwitterion, proton transfer,
and ring rearrangement. Four possible reaction channels are shown, including two (E)-isomer channels and
two (Z)-isomer channels. One of the (Z)-isomer channels has the lowest energy barrier among all the four
channels, with the highest energy barrier for 83.62 kJ/mol, so it occurs more often than the others at room
temperature, which is in good agreement with experiment. Further calculations of solvation effects show that

the title reaction can be carried out more smoothly in the gas phase.

Introduction

Recently, the first examples of direct vinylation of 1-substi-
tuted imidazoles at the 2-position of the imidazole nucleus have
been described by Trofimov and co-workers;! understanding the
unexpected stereoselectivity which has initiated this computa-
tional study should be meaningful for the imidazole chemistry.
Imidazoles are one kind of common scaffold in highly significant
biomolecules, including biotin, the essential amino acid histidine,
histamine, the pilocarpine alkaloids,” and other alkaloids, which
have been shown to exhibit interesting biological activities such
as antimicrobial and anticryptococcal.’ Imidazole derivatives
have also been found to possess many pharmacological proper-
ties and are widely implicated in biochemical processes.*™®

Due to the wide-ranging applications of imidazoles in organic
and medicinal chemistry, more and more attention has been paid
to seeking variously functionalized imidazoles. Therefore, the
development of synthetic methodologies has been, and continues
to be, an area of interest in organic chemistry.’”!® There has
already been much effort in designing and developing various
types of imidazoles experimentally.!!”~3! For example, McNab
et al. synthesized 2-vinylimidazoles having ester and cyano
functions in the vinyl group from 1H-imidazole-2-carbaldehyde
and active methylene compounds.?’ Gusarova and co-workers
reported that 1-organyl-2-formylimidazoles and -benzimidazoles
reacted with diorganylphosphine oxides under mild conditions
(room temperature, dioxane, 1 h) to give, in practically quan-
titative yields, 2-(diorganylphosphorylhydroxymethyl)-1-orga-
nylimidazoles.?

It is noteworthy that Trofimov et al. found zwitterionic
adducts to be common for the reactions of a,f3-acetylenic
y-hydroxy nitriles with pyridines,?*?’ quinoline and quinoxa-
line,”® phenanthridines,? natural alkaloid (anabasine),’® and
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1-substituted benzimidazoles;®' but the stereoselectivity of
vinylation, which had been elusive over the past decades, was
unexplained in these papers. In addition, they had also reported
the first examples of direct vinylation of 1-substituted imidazoles
at the 2-position of the imidazole nucleus. 1-Substituted
imidazoles are C(2)-vinylated with 3-phenyl-2-propynenitrile
at room temperature without catalyst and solvent to afford 3-(1-
organyl-1H-imidazol-2-yl)-3-phenyl-2-propenenitriles, mainly
(ca. 95%) as (Z)-isomers, in 56—88% yield.! However, as shown
in Scheme 1, it seems to be impossible to make clear how the
carbine intermediate (Z)-MS5 is generated, and so it is still a
big problem to understand why the reaction can happen and
why the main product is the (Z)-isomer rather than the (E)-
isomer.

In this project, the compounds R1 (I-methylimidazole,
structure shown in Scheme 1) and R2 (3-phenyl-2-propyneni-
trile, structure shown in Scheme 1) have been chosen as the
objects of investigation, and the reaction mechanisms in the
different reaction channels were studied using density functional
theory, which has been widely used in the study of the
mechanism.*?

Computational Details

All theoretical calculations were performed using the Gauss-
ian 03* suite of programs. All structures were optimized at the
B3LYP/6-31G(d,p) level.3** Vibrational frequency calculations
were then performed at the optimized geometry of each reactant,
product, transition state, and intermediate. We confirmed that
all the reactants and intermediates have no imaginary frequen-
cies, and each transition state has one, and only one, imaginary
frequency. The intrinsic reaction coordinate (IRC) calculations,
at the same level of theory, were performed to ensure that the
transition states led to the expected reactants and products.*®7
Additionally, we have computed single-point energies of all the
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optimized stationary points in the water, ethanol, DMSO, THF,
and CCly solvents at the B3LYP/6-31G(d,p) level in the
polarized continuum model (PCM).3%3

Results and Discussion

In this paper, we suggested and undertook calculations using
the Gaussian program to investigate four possible reaction
channels, including two (E)-isomer reaction channels (channel
1 and channel 2) and two (Z)-isomer reaction channels (channel
3 and channel 4), and the processes could be illustrated as
follows:

C6-05-C4-CT=1.95"

(E}-

(E)-TS3

lies 101.47 kJ/mol (Figure 2) above that of the reactants (R1
and R2), which is not a low energy barrier at room temperature.

As can be seen from Table 1, the values of charge on N1
and C5 atoms from reactants to the zwitterion (E&Z)-M1
changed drastically, which was mainly due to the new N1—C5
bond formation. Apart from the above, the charge values of C2
atom change from 0.175 e in R1 to 0.265 e in (E)-M1 and
0.271 e in (Z)-M1, which indicates that the C2 atom becomes
a positive charge center in the (E&Z)-M1. At the same time,
the C4 atom becomes a negative charge center in the (E&Z)-
M1, thus, the intermediates (E)-M1 and (Z)-M1 should be
zwitterions. In addition, the charge values of H3 atom have been
more positive in the zwitterions, so the H3 atom can attack the
negative charge center more easily.
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Figure 1. Structures and geometrical parameters of the reactants, (E)-intermediates, (E)-transition states, and (E)-product optimized at the B3LYP/

6-31G(d,p) level in channel 1 (bond length in A).
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Figure 2. Energy profile of channel 1 (unit: kJ/mol).

TABLE 1: Values of NBO Charge on the N1, C2, H3, C4,
and C5 Atoms in R1, R1, (E)-M1, and (Z)-M1 at the
B3LYP/6-31G(d,p) Level (unit: e)

N1 C2 H3 Cc4 C5
R1 —0.496 0.175 0.219 - -
R2 - - - —0.125 0.119
(E)-M1 —0.325 0.265 0.288 —0.358 0.039
(Z)-M1 —0.351 0.271 0.280 —0.291 0.031

The second step is a proton transfer reaction, after which the
carbene intermediate (E)-M2 forms via (E)-TS2. In (E)-TS2,
the bond lengths of C2—H3 and H3—C4 are 1.283 and 1.573
A, so it can be seen that the H3 atom transfers from the C2
atom in (E)-M1 to the C4 atom in (E)-M2. It is noteworthy
that, since the N1—C2 bond and C4—CS5 bond are conjugative
and the N1, C2, H3, C4, and C5 atoms are in the same plane in
(E)-TS2, it seems to be impossible to obtain a (Z)-isomer via
this step.

The last step of reaction channel 1 is a three-membered ring
rearrangement process. In (E)-TS3, the bond lengths of N1—-C5
and C2—CS5 are 1.599 and 1.712 A, so we can see that the
N1—C5 bond in (E)-M2 breaks and the C2—C5 bond in (E)-P
generates via (E)-TS3. Moreover, the dihedral angel of
C6—C5—C4—C7 is 7.31°, which implies that it is also an (E)-
isomer in the rearrangement process. However, the energy
barrier of this step is so high (163.29 kJ/mol) that the reaction
cannot go along at room temperature, which is mainly due to
the strain in the formed three-membered ring in (E)-TS3.

1.2. Reaction Channel 2. The reaction processes of channel
2 are the same as those of channel 1 except the last rearrange-
ment step (Scheme 2), which is a stepwise six-membered ring
rearrangement process (Figure 3).

There are two (E)-M2 to participate in the reaction, the
C2—C5’ bond forms in (E)-M3 via (E)-TS4 rather than the
C2—C5 bond, then the C1—C5 and C1’-C5’ bonds break and
the C2’-C5 bond generates, and (E)-M3 rearranges to two (E)-P
via (E)-TS5. The distance of C2—C5” changes from 1.940 A
in (E)-TS4 to 1.544 A in (E)-M3, and then the distance of C2’-
C5 changes from 3.344 A in (E)-M3 to 2.112 A in (E)-TS5; at
last, both of them are 1.468 A and the six-membered ring breaks
into two (E)-P.

We set the energy of (Z)-M2 (Figure 6) as 0.00 kJ/mol as a
reference in this process, since the highest energy barrier of
rearrangement process is only 89.25 kJ/mol (Figure 4), channel
2 is more energetically favorable than channel 1. As shown in
Figure 4, the energy barrier of the first step is the highest energy
barrier (101.47 kJ/mol); thus, (E)-TS1 is important for kinetics
of the reaction. Furthermore, the energy of product (E)-P is
144.86 kJ/mol lower than that of reactants, so the reaction is
an exothermic process.
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Figure 3. The structures and the geometrical parameters of the (E)-
intermediates, (E)-transition states, and (E)-product opEimized at the
B3LYP/6-31G(d,p) level in channel 2 (bond length in A).
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Figure 4. Energy profile of channel 2 (unit: kJ/mol).
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2. (Z)-Isomer Reaction Channels. As shown in Scheme 3,
the -Ph group and -CN group are in different sides of the C=C
bond, so all the intermediates and transition states are (Z)-
isomers. There are two reaction channels, including channel 3
and channel 4, and both are (Z)-isomer reaction channels.
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2.1. Reaction Channel 3. Compared with the reaction R1+R2—(Z2)-TS1—(Z2)-M1 ?
channel 1, there are also three similar processes in the reaction HZ)- \111 ! 9
channel 3 (Scheme 3): first, R1 forms one new bond with R2, {2)1\13""(2) -TS2—(Z)-M2 w L
and the (Z)-isomer zwitterion (Z)-M1 generates in this step. As -M5 A ‘d‘\
shown in the Figure 5, the N1—C5 bond length shortens from (2)-TS3—(2)-M4- M3 (2w >
1.788 A in (Z)-TS1 to 1.514 A in (Z)-M1, which indicates that

Notice: (1= 1'2=2'3=3' 4= 4'.5= 5"} (Z)'qu

the N1—C5 bond has formed in (Z)-M1 via (Z)-TS1. Simul-
taneously, Z-isomer is generated in (Z)-TS1, and the dihedral
angel of C6—C5—C4—C7 is —179.62°. The energy of (Z)-TS1
lies 83.62 kJ/mol (Figure 6) above the reactants, which is 17.85
kJ/mol lower than that of (E)-TS1, so the (Z)-mechanisms are
more energetically favorable than the (E)-channels (channel 1
and channel 2), and the reaction must generate more (Z)-product
rather than (E)-product.

The following process of reaction channel 3 is a stepwise
proton transfer reaction using two (Z)-M1, so we set the energy
of (Z)-M2 as 0.00 kJ/mol as reference in this process. In the
first instance, the two (Z)-M1 form the intermediate (Z)-M2
by weak interaction (Figure 5), and the distances of H3—C4’
and H3'—C4 are 2.313 and 2.342 A, separately. In the next step,
the H3 atom transfers from C2 atom in (Z)-M2 to C4’ atom in

‘JII !
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Figure 7. Structures and geometrical parameters of the (Z)-intermedi-
ates, (Z)-transition states, and (Z)-product optjmized at the B3LYP/6-
31G(d,p) level in channel 4 (bond length in A).

(Z)-M3 via (Z)-TS2, and then the H3” atom transfers from C2’
atom in (Z)-M3 to C4 atom in (Z)-M4 via (Z)-TS3. The bond
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TABLE 2: AE (Energy Barriers) between the Stationary Points at B3LYP/6-31G(d,p) Level in Different Solvent Using PCM

Method (unit: kJ/mol)

AE Gasphase  AE waer  AE ghanot - AE puso AE hr AE ccu
(E)-TS1-(R1+R2) 101.47 84.22 85.23 86.04 88.29 93.87
(E)-TS2-(E)-M1 35.82 67.44 65.73 57.71 54.17 45.87
(E)-TS3-(E)-M2 163.29 155.39 156.04 156.26 157.40 160.09
(E)-TS4-2(E)-M2 89.25 110.63 110.61 103.95 101.50 96.12
(E)-TS5-(E)-M3 28.52 12.43 12.20 15.08 17.14 22.30
(Z)-TS1-(R1+R2) 83.62 70.97 7221 74.01 75.64 79.29
(2)-TS2-(Z)-M2 56.49 39.13 40.38 40.12 42.89 49.22
(Z)-TS3-(Z)-M3 12.09 1.51 2.35 1.62 2.99 6.90
(2)-TS4-(2)-M5 146.16 155.41 154.23 152.68 151.52 148.99
(2)-TS5-2(2)-M5 74.59 103.81 104.72 95.29 91.90 84.01
(Z2)-TS6-(Z)-M6 14.57 10.54 8.52 9.30 9.70 12.40

lengths of C2—H3 and H3—C4’ are 1.437 and 1.374 Ain Z)-
TS2, and bond lengths of C2'—H3" and H3’'—C4 are 1.237 and
1.611 A in (Z)-TS3, respectively. In addition, the distances of
C2—H3 and C2'—H3’ are 2.823 and 2.707 A in (Z)-M4, which
demonstrates that (Z)-M4 can easily divide into two carbene
intermediate (Z)-MS5. The IRC results of (Z)-TS2 and(Z)-TS3
have been provided in the Supporting Information.

It is noteworthy that the highest energy barrier of the proton
transfer process is only 56.49 kJ/mol (Figure 6), so the (Z)-
isomer proton transfer process we suggested should be reason-
able at room temperature.

The last step of reaction channel 3 is a three-membered ring
rearrangement process as well as channel 1. The bond lengths
of N1—C5 and C2—C5 are 1.581 and 1.710 A in (Z)-TS4, so
we can see that the N1—C5 bond in (Z)-MS5 breaks and the
C2—CS5 bond in (Z)-P is generated via (Z)-TS4. Moreover, the
dihedral angel of C6—C5—C4—C7 is —170.70° in (Z)-P, which
indicates that the (Z)-isomer does not change to (E)-isomer in
the rearrangement process. Although the energy barrier of this
step (146.16 kJ/mol) is 17.13 kJ/mol lower than that of the (E)-
isomer three-membered ring rearrangement step (163.29 kJ/mol),
it is still too high to react at room temperature, which is also
mainly due to the strain in the formed three-membered ring in
(E)-TS3.

2.2. Reaction Channel 4. The first step and second proton
transfer process of reaction channel 4 (Scheme 3) are the same
with reaction channel 3; however, the last rearrangement process
is different from reaction channel 3, which is similar to reaction
channel 2 and is also a stepwise six-membered ring rearrange-
ment process (Figure 7).

There are two (Z)-MS to participate in the reaction, the
C2—C5’ bond forms in (Z)-M6 via (Z)-TSS5 rather than the
C2—C5 bond, then the C1—C5 bond and the C1’—C5" bond
break and the C2’-C5 bond generates, and (Z)-M6 rearranges
to two (Z)-P via (Z)-TS6. The distance of C2—C5’ changes
from 1.959 A in (Z)-TS5 to 1.554 A in (Z)-M6, and then the
distance of C2” and C5 changes from 3.118 A in (Z)-M6 to
2.230 A in (Z)-TS6; at last, both of them are 1.469 A and the
six-membered ring breaks to two (Z)-P.

We set the energy of (Z)-M2 as 0.00 kJ/mol as a reference
in the last two processes in reaction channel 4, and the highest
energy barrier of the last process is only 74.59 kJ/mol (Figure
8), which is 14.66 kJ/mol lower than that of reaction channel 2
(89.25 kJ/mol); thus, reaction channel 4 is more energetically
favorable than the other three channels. Furthermore, the energy
of product (Z)-P is 5.29 kJ/mol lower than that of (E)-P; it
provides additional evidence that the reaction must tend to
generate more (Z)-product, which is in good agreement with
the experimental results. In addition, the highest energy barrier
of channel 4 is only 83.62 kJ/mol (Figure 8), it is not a high
barrier for the room temperature.

Moreover, solvation effects were considered using PCM as
implemented with the water, ethanol, DMSO, THF, and CCly
solvents. We have summarized the AE of all the reaction channels
in the gas phase and different solvents in Table 2. As can be seen
from Table 2, the AE in red are the energy barriers of the four
different rearrangement processes in the four reaction channels. It
is noteworthy that AE of the rearrangement process in channel 4
is also the lowest energy barrier in the solvents, and AEqas.phase
values of the rearrangement process in channel 4 are lower than
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the AE in all the chosen solvents; thus, we think the calculated
results can be in good agreement with the experimental results.

Conclusions

This article studies four reaction channels of stereoselective
C(2)-vinylation of 1-methylimidazole with 3-phenyl-2-propy-
nenitrile using density functional theory (DFT). The results
reveal that this reaction takes place via three processes: initially,
the 1-methylimidazole R1 forms one new bond with electron-
deficient alkyne R2 and the (E)- and (Z)-isomer zwitterions
generate. Simultaneously, from the energy profiles of this step,
we can come to a conclusion that the channels corresponding
to (Z)-isomer zwitterionic intermediate (Z)-M1 (channel 3 and
channel 4) are significantly more energetically favorable than
the others involving (E)-isomer intermediate (E)-M1 (channel
1 and channel 2). The second step is a proton transfer process;
all the energy barriers of this process are very low in the four
possible channels, so it should be a fast process. In the last
rearrangement process, for both the three-membered ring and
the six-membered ring rearrangement, the (Z)-isomer reaction
channels (channels 3 and 4) are more energetically favorable
than the (E)-isomer channels (channels 1 and 2). Moreover, both
energy barriers of the three-membered ring rearrangement are
so high at room temperature that channels 1 and 3 may be
impossible. The calculations of solvation effects also indicate
that channel 4 has the lowest energy barrier in the gas phase.

We conclude that reaction channel 4 is best among all the
reaction channels, and the (Z)-product is the main product, which
agrees with experimental results very well. In addition, as shown
by the energy profiles of channel 2 and channel 4 (Figure 4 and
Figure 8), both energy barriers of the first steps are the highest
energy barrier in each reaction channel; thus, the (E)-TS1 and (Z)-
TS1, which are the transition structures of the first steps in reaction
channels, are key for the stereoselectivity of vinylation.
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