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THEORETICAL STUDIES ON NITRILE-FORMING ELIMINATION 
REACTIONS* 

IKCHOON LEE,? HYOUNG YEON PARK AND BON-SU LEE 
Department of Chemistry, Inha University, Inchon, 402-751, Korea 
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The base-promoted nitrile-forming elimination reactions of YCH=CHCuH=NOCH=CHZ (Y=OCHo, H or CI 
and Z=H or NO2) were studied by the AM1 MO theoretical method with CI- as a base. The reaction is found to 
proceed by an ElcB-like E 2  mechanism in which CB-H bond cleavage is more advanced than N-0 bond breaking. 
The syn-elimination has a more ElcB-like transition state (TS) than the anti elimination, which is attributed to the 
structurally favourable nN-u*(Co- H) charge-transfer interaction. An electron-withdrawing Y substituent lowers the 
activation barrier by stabilizing negative charge developed on Cu in the TS. An electron-withdrawing substituent in 
the leaving group (2 = NO*) tends to enhance the anti relative to the syn elimination process by depressing the 
a*(N-0) level, which in turn makes the n&a*(N-O) interaction more effective. The YCH=CH- and -CuH=N 
fragments are perpendicular in the TS, which is stabilized by delocalization of negative charge developed on the Cu 
atom. 

INTRODUCTION 

Bimolecular base-promoted elimination reactions 
involve a combination of two basic processes: 
removal of a proton 6 to the leaving group (LG) by a 
base (B) and breaking of the bond [C,-LG(Z)] to the 
leaving group. The two may take place in a single step 
(E2 mechanism) or in two distinct steps; deprotonation 
occurs first in an ElcB elimination, whereas ionization 
of the LG occurs first in an E l  elimination. There can 
be, however, a continuous range of E2 reactions that 
are concerted but not synchronous, varying from ElcB- 
like to El-like with a true synchronous n(centra1) in 
between (Scheme 1). 

The 6-eliminations are also common in the base- 
induced imine-43' and nitrile-forming [equation (l)] 
reactions 6,7. 

B + YRCH=NLG(Z) -+ BH + + YRC=N + LG(Z) - 

(1) 
where Y and Z are substituent groups on the substrate 

(R) and leaving group (LG), respectively. Although 
some experimental studies on these have been reported, 
few theoretical calculations appear to have been carried 

and none as far as we are aware on the nitrile- 
forming elimination by a currently acceptable theor- 
etical procedure. Theoretical calculations are in 
principle particularly useful for unravelling the pro- 
blems concerning the timing of bond making and 
breaking during the P-elimination, which are difficult to 
solve by experiment. lo  

Here we report our results of AM1 studies" on the 
nitrile-forming eliminations involving effects of substi- 
tuents in the substrate (Y) and LG(Z) on the transition- 
state (TS) structure. 

In order to investigate effects of substituents in the 
substrate and LG, we simplified the E- and Z-forms of 
0-arylbenzaldehyde oxime, I, lo by substituting an 
ethylene group for each phenyl ring, 11, and II,, and 
varied the substituents Y and Z (Y = OMe, H, or C1 and 
Z = H or N01) with C1- as a base. In the E-form (&), 
deprotonation and LG departure occur in the same 
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direction, a syn elimination, whereas in the 2-form 
(IIa) the two bond-breaking processes take place to the 
opposite direction, an anti elimination. The 
mechanisms was found to be very similar to that 
involved in the alkane and imine-forming eliminations, 
but a lone pair on the nitrogen atom in 11, and 11, had 
a profound effect on the mode of elimination. 

CALCULATIONS 

The AM1 procedure” was used throughout this work. 
The reactants and reactant complexes (geometries and 
energies) were fully optimized with respect to all geo- 
metrical parameters and characterized by all positive 
eigenvalues in the Hessian matrix. TSs were located 
by the reaction coordinate method, I 3  refined by the 
gradient norm minimization method l4 and 
characterized by confirming only one negative eigen- 
value in the Hessian matrix. The activation entropy, 
A S f ,  was obtained by subtracting the calculated 
entropy of the reactant complex from that of the TS at 
298 K ,  using a program incorporated within the 
AMPAC.” 

RESULTS AND DISCUSSION 

Reactions with a moderate leaving group (Z = H) 
All the reactions had a double-well type of potential 
energy surface and proceeded through an exother- 
mically formed electrostatic complex (RC) between the 
base (C1- ) and substrate (II), which is followed by an 
activation barrier and a second complex (PC) formed 
from the products. This means that these reactions 
occur by the E2 mechanism so that the proton transfer 
and the leaving group departure are concerted. This 
does not mean, of course, that the two bond-breaking 
processes are synchronous and the degree of bond 
cleavage in the TS may differ between the two. The TSs 
for the reactions of 11, and 11, are shown in Figure 1. 

Inspection of the TS structures reveals that in all 
cases the proton transfer to the base is much more 
advanced than the degree of N-0 bond cleavage; 
hence the reactions, irrespective of anti or syn elimin- 
a t i ~ n , ’ ~ ” ’  proceed by the ElcB-like E2 (E’/ElcB) 
mechanism. The bond length changes ( A d )  for the 
C-H, N - 0  and C=N bonds involved in the acti- 
vation, i.e. A d  = dnn - d(React), are summarized in 
Table 1. As pointed out above, Adc--H is by far 
greater than AdN-0, and the bond contraction of the 
C=N double is also relatively small. Thus, even though 
the base used in this work, C l - ,  is not strong, the 
nitrile-forming eliminations occur by the E2/ElcB 
mechanism. Reference to Table 1 reveals that AdN-0 
is invariably greater for the anti elimination and the 
greater is AdN-0, the shorter the C=N bond con- 
tracts. This can be rationalized by the charge-transfer 
interaction involved between the lone pair on N (nN) 
and the antibonding orbital of the C-H bond (o&), 
and that between the developing lone pair on C(n6) 
and the antibonding orbital of the N - 0  bond (&o) as 
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Figure 1 .  Transition-state structures of syn and anti elimination, Z = H. Bond lengths in A; arrows indicate imaginary vibrational 
modes (vis are imaginary frequencies) 
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11, 11, 

syn-el iminat ion a n t i - e l i m i n a t i o n  

YCtI=CH nN 

Scheme 2 

Table 1. Difference in bond length [ A d ( A ) ]  between reactant 
and transition states for Z = H .  

Y Ad syn Elimination anti Elimination 

0.099 
0.903 

- 0.061 

0.124 
0.876 

- 0.064 

0.094 
0.906 

- 0.058 

0.323 
0.683 

- 0'085 

0.318 
0.717 

- 0.084 

0.314 
0.854 

- 0.086 

shown in Scheme 2. The syn elimination is more 
favourable for the proton abstraction by the base, since 
charge transfer of the N lone pair (nN) toward the anti- 
bonding u orbital of the C-H bond (u&) in the syn 
elimination will be greater with the anti-periplanar 
arrangement between the two compared with the syn- 
periplanar nN-u& interaction in the anti elimination 
(Scheme 2). 

A greater charge-transfer stabilization by the more 
efficient nN-u& interaction should lead to an earlier 
TS, i.e. the TS is reached at a lesser C-H bond stret- 
ching (smaller AdcH in Table l ) ,  since the principles of 
narrowing of inter-frontier Ievel separation and of 
growing frontier-electron density along the reaction 
path require a lesser degree of bond breaking for 
securing a sufficient frontier-orbital density needed to 

cross over the activation barrier. 1 8 s ' 9  For Y = 
OCH3, a greater negative charge at  the carbon centre 
due to the electron-donating effect of the methoxy 
group should lead to a repulsive interaction with the 
neighbouring nN, which will grow with the proton 
abstraction, so that a lesser degree of bond breaking 
seems to  be favoured at the TS for the anti elimination. 

The efficient charge transfer of the N lone pair to  the 
U& may well be the major factor leading to  a 
relatively large C-H bond scission in the TS with a 
large ElcB character in the syn eliminations. Depro- 
tonation having proceeded to a much greater extent in 
each TS, the partial anionic electron pair formed (nk) 
on Co can be transferred to  the &o orbital and accel- 
erate the N - 0  bond cleavage. Now the n&&o inter- 
action is anti-periplanar in the anti elimination, so that 
the N - 0  bond breaking will be more facilitated com- 
pared with the syn elimination involving the syn- 
periplanar nk-uko interaction. This is why we have a 
greater degree of N - 0  bond breaking in the anti elim- 
ination. A greater degree of N - 0  bond breaking will 
result in a greater degree of r-bond formation, leading 
to a partial triple bond, CGN, in the TS; since depro- 
tonation is facile and proceeds to a much greater extent, 
the C z N  bond formation is largely dependent on the 
less advanced bond breaking of the N - 0  bond. Since 
deprotonation occurs to a greater extent in the TS than 
ionization of the LG, the negative charge development 
on Co is greater than that on 0 (Table 2). 

The dihedral angle between the two frtgments, 
YCHV=CH- and -CoH=N--, is almost 90 , as can 
be seen in the TS structures presented in Figure 1, 

Tabte 2. Charge development in the activation ( A q  = q,\ - qKerlr,,,) in electron units for Z = H .  
- 

c- I G N,, O(in LG) 

Y syn Elim. anli Elim. syn Elim. anti Elim. syn Elim. anli Elim. syn Elim. anti Elim. 

OMe - 0.334 -0.150 -0.407 -0.360 0.167 0.177 -- 0.246 -0.237 
H - 0.260 - 0.149 -0.423 -0.345 0.095 0.157 -0,124 -0.244 
CI - 0.257 - 0.145 -0.408 - 0.353 0.084 0.161 -0.100 -0.235 
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owing to  the large negative charge development on Cp 
in the TS. The negative charge developed on the Cp 
atom delocalizes toward HYC’=CH-, forming an 
ally1 anion-type resonance structure. This results in an 
increase in negative charge on C- 1 in the TS, as shown 
in Table 2. 

Despite the negative charge dispersal in the TS, how- 
ever, charge on Cp is still relatively large (Table 2). 
This is in line with the relatively large Hammett p 
values (ca 2.0) found in the solution-phase nitrile- 
forming eliminations of (E)-benzaldehyde N ,  N ,  N- 
trimethylhydrazonium iodide” and (E)-oxime ethers. lo 

Again, the negative charge development on  the oxygen 
atom is in general greater for the anti elimination, indi- 
cating a relatively greater degree of bond breaking in 
the TS for the anti than for the syn elimination as a 
result of the more efficient n&&o interaction. 

The relevant thermodynamic data obtained by AM1 
are given in Table 3. The activation barriers ( A G f )  are 
seen to decrease in general, and hence the reactivity will 
increase, with an increase in the electron-withdrawing 
power of substituent Y, in agreement with the exper- 
imental results for (E)-0-arylbenzaldehyde oxime lo  

and (E)-benzaldehyde N ,  N ,  N-trimethylhydrazonium 
iodides in solution. 

The activation barriers ( A G f )  are lower for the anti 
elimination of Z-isomers (11,) than for the syn elimin- 
ation of E-isomers (IIs). This is consistent with a 
general trend observed in E2 elimination reactions that 
anfi elimination is more favourable than syn elimin- 
ation. ’ The activation enthalpy, A H * ,  for Y = CI is, 
however, lower for the syn rather than for anti elimp- 
ation. This should result from the greater nN-ucH 
interaction in 11% in contrast to the greater contri- 
bution of  n k - w o  interaction in 11,. The greater 
nN-u& interaction will give a more ElcB-like TS 
structure to  11, owing to a relatively more advanced 
Co-H bond cleavage with little N - 0  bond breaking. 
In the more ElcB-like TS, negative charge development 
on Co will be greater, which is more effectively stabil- 
ized by a more electron-withdrawing group (Y = C1) in 
the syn elimination. 

On the other hand, the entropy factor, A S * ,  is seen 
to be more favourable (Table 3) for the anti elimin- 
ation. This seems to reflect the entropy change involved 
correctly, since N - 0  bond breaking is greater in the 
anti elimination whereas proton abstraction by base 
with Ca-H bond cleavage is more advanced in the syn 
elimination; in the former ( N - 0  bond breaking only) 
entropy should be gained ( A S *  >O), whereas in the 
latter (proton abstraction by a base) the entropy change 
should be small (ASf  = 0) since one bond is formed 
while another bond is broken concertedly. The greater 
effect of AS‘ on the anti elimination is enough to  
reverse the reactivity trend in favour of the anti- 
elimination for Y = CI, for which syn elimination is 
more favoured based on A H ‘ .  The more favourable 

anti elimination found in this work is in agreement with 
the experimental results for nitrile-forming eliminations 
of oxime ethers in water-dioxane mixtures. ’ 

Reaction with a better leaving group (Z=NO2) 

The nitrile-forming eliminations from 11, and 11, with a 
better LG, Z = N02, are in general similar to  those with 
a moderate LG, Z = H, but there are also some signifi- 
cant differences. The bond length changes, Ad,  and 
thermodynamic data involved with Z = NO2 are sum- 
marized in Tables 4 and 5 ,  respectively, and the TSs are 
presented in Figure 2. 

The TS structures shown in Figure 2 are similar to 
those for Z = H in Figure 1 except that the extents of 
Cp-H and N - 0  bond breaking are relatively smaller, 
especially for the anti elimination. However, examin- 
ation of Table 4 reveals that in the syn elimination the 
extent of deprotonation is relatively smaller and ioniza- 
tion of the LG has progressed slightly further in com- 
parison with those for the case when Z = H (Table 1). 
This means that the TSs for the syn elimination with a 
better LG shift toward the centre in the potential energy 
surface (PES) diagram (Figure 3). This can be rationa- 
lized with the lowering of both nN and $0 levels by 
the electron-withdrawing group, Z = NOz. This low- 
ering of levels will result in the less efficient anti- 
periplanar nN-u&j interaction (less Co-H bo2d 
cleavage) and the more efficient syn-periplanar nk-mo 
interaction (greater N - 0  bond breaking). The latter 
interaction (n&&o) is substantially less efficient 
leading to  less N - 0  bond breaking in the anti elimin- 
ation because of insufficient development of the n*’c 
lone pair due to a less efficient syn-periplanar nN-aNH 
interaction. 

The AM1 bond orders ( P )  for the C-H and N - 0  
bonds are near unity (PCH = Piyo = 1 .O) for all reac- 
tants, and will vanish when the bonds are completely 
broken. The progress of reaction at the TS will there- 
fore be inversely related to  the bond orders. The 

Table 4. Difference in bond length [ A d ( A ) ]  between reactant 
and transition state for Z = NO2 

Y Ad syn Elimination anti Elimination 

0.175 
0 3 3 1  

- 0‘062 

0.128 
0.619 

- 0.055 

0.160 
0.550 

-0.059 

0.191 
0-488 

- 0’063 

0.186 
0.498 

- 0.062 

0.176 
0369 

- 0.063 
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Figure 2. Transition-state structures of syn and anti elimination, 2 = N02.  Bond lengths in A; arrows indicate imaginary 
vibrational modes (pis are imaginary frequencies) 
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Reactant 
(PCH=PNO=I.O) 

Figure 3. PES diagram for nitrile-forming eliminations with a moderate LG (A; 2 = H) and a better LG (B; 2 = NOz). Subscripts 
s and a denote syn and anti elimination processes, respectively 

average percentage change in the bond orders calcu- 
lated at the TS for PNO:PCH are 26:94 (syn) and 
49:92 (ant) with Z = H  and 30:84 (syn) and 38:71 
(anfi) with Z=NOz. These are shown in the PES 
diagram in Figure 3 .  We note that the syn elimination 
with a moderate LG, Z = H, (A, in Figure 3) is the most 
ElcB-like whereas the anti elimination with a better 
LG, Z = NOz, (B, in Figure 3 )  is the nearest to E2- 
central, and hence a better LG and anti elimination are 
conducive to the E2 character of the reaction. 

The activation barriers (AG') in Table 5 indicate 
that anti eliminations are more favoured than syn elim- 
inations, similarly to the more favourable anti elimin- 
ation with Z=H. Also, as in the case with Z=H, the 
activation barrier (AHf and AC*) is lowered by a 
more electron-withdrawing Y substituent in all cases, 
i.e. for both 11, and 11,. Furthermore, the activation 
barriers are lower for both 11, and 11, with Z = N 0 2  
than with Z = H  (Tables 3 and 5).  TYs can be 
attributed, again, to the lowering of the UNO level by 
the Z = NO2 group, leading to a greater contribution of 
the n&&o interaction. 

Finally, the imaginary frequencies (vi, in wave- 
numbers) given in Figures 1 and 2 are seen to be 
relatively smaller for the 11, with Z = H. This reflects 
correctly the most ElcB-like TS for the 11, with Z = H, 
since the distance d(C0-H) is the longest and hence the 
force constant is the weakest for this case. 

We conclude that the nitrile-forming elimination with 

a moderate leaving group proceeds by anfi elimination. 
This preference is mainly dictated by the* relative 
importance of the anti-periplanar nN-UCH and 
nk-u&o interactions. In all cases, the reaction proceeds 
with an MIElcB-type mechanism. The ElcB character 
increases with an electron-withdrawing substituent in 
the substrate, whereas the E2 character increases with a 
better leaving group. 

Supplementary materials 
Optimized reactant and reactant complex geometries 
are presented as supplementary materials together with 
vibrational frequencies of the TS in wavenurnbers, and 
are available from the authors on request. 
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