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Abstract

This account summarizes the results of mechanism studies on the nitrile-forming eliminations
from (E)- and (Z)-arylaldehyde O-benzoyloximes promoted by 1,8-diazabicyclo-[5.4.0]Jundec-7-
ene (DBU) in MeCN, RiR2NH in MeCN, and RiR2NH/R1R2NH," in 70mol% MeCN(aq). The
rate of anti-elimination was 36,000-fold faster than that of syn-elimination. The change of the 3-
aryl group from Ph to thienyl to furyl shifted the E2 transition state slightly towards product-like.
When (E)-2,4-dinitrobenzaldehyde O-benzoyloxime was employed as the reactant and
R1R2NH/R1R2NH2* in 70mol% MeCN(aq) was used as the base-solvent, the (Elcb)ir was
observed.
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1. Introduction

Base-promoted elimination reactions forming C=C bonds have been extensively investigated for
more than 50 years.}’” The results of the structure-reactivity relationships studies have led to a
qualitative understanding of the relationship between the reactant structure and the transition
state structure. One of the most important achievements from these studies is the development of
the More-O’Ferrall-Jencks energy diagram, which has become a useful tool for the interpretation
of not only elimination reactions, but also substitution reactions and the reactions of carbonyl
compounds, and found its way in advanced organic chemistry textbooks.®® In contrast, not much
attention has been focused on the elimination reactions in which the n-bond is formed between
carbon and a heteroatom, such as nitrogen, oxygen, or sulfur.

The imine-forming elimination reactions were thoroughly investigated by the groups of
Hoffman, Bartsch, and subsequently by Cho and an account summarizing the results was jointly
published by them.!! Two decades ago, Cho group has initiated a systematic investigation on the
nitrile-forming eliminations reactions. There are several differences between imine- and nitrile-
forming eliminations. First, the energy difference between C-N and C=N bonds is significantly

larger than that between C=N and C=N bonds. Second, the p—carbon in the imine-forming

elimination is sp® hybridized, whereas in the nitrile-forming elimination it is sp? hybridized. This
is expected to stabilize the developing negative charge in the nitrile-forming transition state.
Third, both the Cs—H bond and developing partial multiple bonds are parallel to the n—orbitals of
the B—aryl group in the imine-forming transition state, whereas they are orthogonal to each other
in the nitrile-forming transition state. Hence, the B—aryl group is expected to stabilize the
developing negative charge more in the imine- than in the nitrile-forming transition state.'? The
combined effects would predict that the imine-forming eliminations would favor E1-like or E2
central transition state, whereas the nitrile-forming eliminations would favor E1lcb-like transition
state or an E1cb mechanism. Such predictions were borne out in the imine-forming eliminations,
but not in the nitrile-forming eliminations until recently.!*?® This account summarizes a
systematic study on the nitrile-forming elimination reactions of (E)- and (Z)-arylaldehyde O-
benzoyloxime derivatives.'>232% This series of compounds provided unusual opportunities to
study the effects of changing the stereochemistry, p—aryl group, leaving group, and base-solvent

ISSN 1551-7012 Page 119 ARKAT USA, Inc.



Issue in Honor of Prof. Richard Bartsch ARKIVOC 2010 (vii) 118-137

on the nitrile-forming transition states. The results reveal a wide variation of the transition state
structures ranging from E2-central to E1cb mechanism.

2. Base-promoted nitrile-forming eliminations from (E)- and (2)-
benzaldehyde O-benzoyloximes

An excellent understanding of electronic effects and the effects of changes in reactant structure
and reaction conditions on the structure of the E2 transition state for alkene- and alkyne-forming
anti-eliminations has evolved.»*2?® Similarly, the complementary syn eliminations have also
been studied.>*? The results of these studies reveal that the anti-elimination is more facile and
proceeds through the transition state with less carbanionic character and smaller extents of Co—H
bond cleavage than the corresponding syn-elimination reactions. In contrast, little was known
about the differences between the syn- and anti-eliminations forming carbon-nitrogen triple
bonds.

To provide an insight into the transition state differences between the syn- and anti-eliminations
forming nitriles, we have investigated the reactions of (E)- and (Z)-benzaldehyde O-
benzoyloximes with 1,8-diazabicyclo-[5.4.0Jundec-7-ene (DBU) in MeCN (Scheme 1).2° We
have determined the kn/kp, Hammett p, and Bronsted p and Big values for both reactions. The
structure-reactivity parameters permitted a mapping of the transition state for these reactions on
the More-O’Ferrall-Jencks reaction coordinate energy diagram. These results provided a
complete picture of the transition state differences for the syn- and anti-eliminations forming
nitriles.

XCeHy DBU
N~O ——— > XCgH4C=EN + YCgH,COO
X }’CGHN MeCN
o)

. X =H (a), p-CH30 (b), p-Cl(c), m-Br (d), p-NO, (e)
(B)-isomer (1) vy =4 (@), p-CHz0 (b'), p-CI (¢'), m-Br (d"), p-NO, (€)
(2)-isomer (2) L =H.D

Scheme 1

2.1 Mechanism of eliminations from 1 and 2 promoted by DBU in MeCN

Results of product studies and Kkinetic investigations revealed that the reactions of 1 and 2 with
DBU in MeCN proceeded by the E2 mechanism.?® Since the reactions produced only elimination
products and exhibited second-order kinetics, all but bimolecular pathways could be ruled out. In
addition, an E1ch mechanism could be negated by the substantial values of ku/kp and |Big|.482
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2.2 Transition state differences for the Syn- and Anti-eliminations forming nitriles

The rate of anti-elimination reaction from 2 promoted by DBU in MeCN proceeded at
approximately 36,000-fold faster rate than that of the syn-elimination from 1 (Table 1). An ab
initio calculation with the 6-31G basis set revealed that 2 was less stable than the (E)-isomer by
3.734 kcal/mol due to the unfavorable steric interactions between the phenyl and the leaving
group that distorted the structure. Hence, the much faster rate of anti-elimination was attributed
to the steric strain in the (Z)-isomer and the greater extent of partial triple bond formation in the
anti-transition state.

The structures of the transition states were assessed by comparing the Hammett p, kn/kp, and
|Big| values. The Hammett p value for the anti-elimination was much smaller than that for the
syn-elimination, indicating a smaller extent of negative charge developed at the B-carbon in the
transition state. In addition, the kn/kp value was much larger for the former. Although this result
could be interpreted with either a greater or a smaller extent of proton transfer in the transition
state,?® the latter interpretation was more compatible with the smaller p value observed for the
anti-eliminations. Further, the |Big| value was smaller for the anti- than for the syn-elimination,
indicating a smaller degree of leaving group bond cleavage in the anti transition state. These
results indicated that the transition state for the anti-eliminations from 2 appeared to be more
symmetrical with a smaller degree of proton transfer, less negative charge development at the -
carbon, and a smaller extent of leaving group bond cleavage than that for the corresponding syn
eliminations from 1. The activation parameters were also consistent with this interpretation. The
enthalpy of activation (AH*) was smaller for 2 probably because of the smaller extents of the Cg-
H and No-OC(O)Ar bond cleavages and greater degree of partial triple bond formation in the
transition state. The higher reactant energy of 2 should also decrease the AH* (vide supra).
Further, since the transition state for the anti-elimination was less associated with respect to the
base-proton bond, the entropy of activation (AS*) should be less negative.

Table 1. Relative rate, kn/kp, Hammett p, and Pig values for eliminations from (E)-and (Z)-
XCsH4CL=NOC(O)CeHa4Y?promoted by DBU in MeCN at 25.0 °C

Compound (E)-isomer (Z)-isomer
rel rate 1 36,000
kn/ko 3.31£0.2 7.3+0.2
p° 2.19£0.05 1.21+0.05
Big -0.49+£0.01 -0.40+£0.01
AH?, kcal/mol? 10.4£0.6 6.8+£0.5
AS*, el? -34.3+2.6 -25.8+1.9

aX = H, Y = H except otherwise noted. ° Y = H. ¢ X = H.
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2.3 Mapping of the transition state

Changes in the structure-reactivity parameters provided additional evidences for the above
conclusions. These changes can usually be described on the energy surface of More-O"Ferrall-
Jencks diagram.?® An energy surface for the elimination reactions of DBU-promoted
eliminations from 1 and 2 is shown in Figure 1. Table 2 shows that the kn/kp values for 1
increased slightly as the leaving group was made less basic. Since the smaller isotope effect for
the former had been attributed to an extensive proton transfer past halfway (vide supra), this
result indicated a gradual decrease in the extent of proton transfer in the transition state. The
result could be described by a positive pyy interaction coefficient, pxy = 0p/OpKig > 0, which
provided additional support for the concerted E2 mechanism.?® 2

O
- Il I
ArC=NOCAr + BH* B ArCH=NOCAr + B

” A N
ml|| M
N B

ArC=N + BH* ArCH=N* + B
(0]
— 1 -1
+ OCAr + OCAr

Figure 1. Reaction coordinate diagram for nitrile-forming eliminations. The effects of the
change to a better leaving group and a stronger electron-withdrawing B-aryl substituent are
shown by the shift of the transition state from A to B and A to C for the E-isomer and A" to B
and A" to C” for the Z-isomer, respectively.

On the More-O’Ferrall-Jencks energy diagram in Figure 1, a change to better leaving group
would raise the energy of the top edge of the diagram. The transition state with greater extent of
proton transfer than N,-OC(O)Ar bond cleavage would then move slightly toward the right as
depicted by a shift from A to B on the energy diagram, resulting in a small increase in kn/kp (vide
supra).?® On the other hand, the ku/kp values for 2 decreased with the same variation of the
leaving group. This could also be explained with a decrease in the extent of proton transfer by
assuming less than half proton transfer in the former transition state, a positive pxy interaction
coefficient, pxy = 0B/OpKig > 0, and a shift of the transition state from A” to B in Figure 1.26:28:29
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Table 2. Primary isotope effect values for eliminations from (E)- and (2)-
XCesH4CL=NOC(O)CeH4Y?promoted by DBU in MeCN at 25.0 °C

Kn/Kp
Y E-isomer Z-isomer
p-MeO 3.4+0.3(28+0.1)° -
H 3.3%+0.2 7.3+0.2 (9.0 £0.3)°
m-Br 3.5+0.3 6.7x0.1
p-NO> 3.6+0.1 6.4+0.3

aX = H except otherwise noted. °X = p-NO.

The ku/kp value decreased for 1 but increased for 2, respectively, as the electron-
withdrawing ability of the B-aryl substituent was increased (Table 2). Since the extent of proton
transfer for the two reactions was assumed to be on different sides of the midpoint, these results
indicated an increase in the extent of proton transfer in both transition states (vide supra). This
effect could be described by a positive p., interaction coefficient, py,’ = 0p/0c > 0, and the
reaction coordinate that has large components of proton transfer and N,-OC(O)Ar bond
cleavage.?®%° These changes in the kn/kp values could be described on the More-O’Ferrall-Jencks
diagram (Figure 1). 2 An electron-withdrawing B-aryl substituent will lower the energy of the
carbanion intermediate in the upper left corner of the diagram. The transition state will then
move slightly toward the upper left corner, with more proton and larger or smaller kn/kp , as
depicted by the shifts from Ato C and A" to C” for 1 and 2, respectively, on the energy diagram.

As shown in Table 3, there was a progressive decrease in the Hammett p values with a better
leaving. This result could be described by a negative p,, interaction coefficient, p,,’ = -0p/dpKig
= - 0Pig/0c < 0.262° The decrease in the |Big| values with a stronger electron-withdrawing B-aryl
substituent (Table 4) provided additional evidence for this effect, i.e., p,,’ = - dPig/dc < 0. The
negative p,, coefficients observed in these reactions were consistent with an E2 mechanism and
the reaction coordinates that have large components of proton transfer and N,-OC(O)Ar bond
cleavage so that a better leaving group would shift the transition state from A to B and A" to B
for 1 and 2, respectively, to decrease the extent of negative charge development and the p values
(Figure 1). Moreover, an electron- withdrawing substituent would shift the transition state from
A to C for 1 in the direction of decreased N,-OC(O)Ar bond cleavage and smaller |Big|
values.?®The nearly identical |Big| values for 2 may be attributed to the relative insensitivity of
anti-transition state to the variation of the B-aryl substituent. All of these results were consistent
with a slightly Elcb-like transition state for 1 and a more symmetrical transition state for 2,
respectively, as depicted in Figure 1. For both reactions, the structures of the transition states
changes only slightly with the variation of the B-aryl substituent and the leaving group.

In summary, the nitrile-forming anti-eliminations from 2 proceeded at a 36,000 fold faster
rate than that of 1 via more symmetrical transition states with a smaller degree of proton transfer,
less negative charge development at the B-carbon, and a smaller extent of leaving group bond
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cleavage. The extent of proton transfer and negative charge density at the [3-carbon decreased
with a better leaving group, and the extent of the leaving group departure decreased as the
electron-withdrawing ability of the B-aryl substituent was increased. Noteworthy was the relative
insensitivity of both transition states to the structural variations in the reactants.

Table 3. Hammett p values for eliminations from (E)- and (Z)-XCe¢HsCL=NOC(O)CsH4Y?
promoted by DBU in MeCN at 25.0 °C

p
Y E-isomer Z-isomer
p-MeO 2.2+0.11 1.492
H 2.19+0.05 1.21 +0.05
m-Br 2.04 +0.07 1.12 + 0.06
p-NO; 1.90 + 0.05 1.06 +0.04

aCalculated with the rate data for 2cb' and 2db'.

Table 4. Values of Big for eliminations from (E)- and (Z)-XCsH4sCL=NOC(O)CsH4Y? promoted
by DBU in MeCN at 25.0 °C

Blg
X E-isomer Z-isomer
p-MeO -0.56 + 0.03 -0.44 +0.01
H -0.49 +0.02 -0.40+0.01
m-Br -0.49 +0.03 -0.44 +0.03
p-NO> -0.42 £ 0.04 -0.42 +0.04

3. Elimination reactions of (Z)-thiophene- and (Z)-furan-2-carbaldehyde O-
benzoyloximes

It is well known that the aromatic resonance energies of thiophene and furan are much smaller
than that of benzene. Since significant negative charge is developed at the B-carbon in the nitrile-
forming transition state, it is conceivable that the heterocyclic rings could provide different
stabilization of the respective transition states.®° To assess this possibility, we have studied the
elimination reactions of (Z)-thiophene- and (Z)-furan-2-carbaldehyde O-benzoyloximes
promoted by DBU in MeCN (Scheme 2).12 We have determined the kn/kp, Hammett p, and Big
values and compared the results with those for 2 under the same conditions.
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X
(@) DBU
/C:N/ \9 X T MeCN X‘@‘CEN + YCgH,COO
L o)
A=S(3); X=0(4), L=H,D
X = H (a), Me (b), MeO (c), Br (d), NO, (e); Y =H (&), m-Br (b'), p-NO, (¢")

Scheme 2

3.1 Mechanism of elimination from 3 and 4 promoted by DBU in MeCN
The reactions of (Z)-thiophene- and (Z)-furan-2-carbaldehyde O-benzoyloximes 3 and 4 with
DBU in MeCN produced elimination products quantitatively, exhibited second-order kinetics
with substantial values of kw/kp and |Big|, indicating a common E2 mechanism for both
reactions.*2® The conclusion was supported by the interaction coefficients. The kn/kp values for 3
and 4 decreased slightly as the leaving groups were made less basic (Table 5). Since smaller p
values were observed for the better leaving groups, this result could be interpreted by a decrease
in the extent of proton transfer in the transition state (Table 6). This could be described by a
positive pxy interaction coefficient, pxy = 0p/0pKig, that describes the interaction between the base
catalyst and the leaving group.?®?° On the More-O’Ferrall-Jencks energy diagram in Figure 2, a
change to a better leaving group would raise the energy of the top edge of the diagram. The
transition state on the vertical reaction coordinate would then move slightly toward the right as
depicted by a shift from A to B on the energy diagram, resulting in a small increase in ku/kp
(vide supra).8? The positive pxy coefficients provided additional support for the concerted E2
mechanism.?6:%°

For both reactions, the kn/kp value decreased as the electron-withdrawing ability of the -
aryl substituents were increased (Table 5). This was interpreted with an increase in the extent of
proton transfer in the transition state because smaller |Big| value was determined with a stronger
electron-withdrawing B-aryl substituent (Table 7). This effect could be described by a positive
Pxy Interaction coefficient, pxy = O0p/oc > 0, which describes the interaction between the base
catalyst and the B-aryl substituent.?5? Positive pyy- coefficients were in good agreement with an
E2 mechanism and the reaction coordinate that has large components of proton transfer and No-
OC(O)Ar bond cleavage.?®? These changes in the ku/kp values could be described on the More-
O’Ferrall-Jencks energy diagram (Figure 2).22® An electron-withdrawing B-aryl substituent
would lower the energy of the carbanion intermediate in the upper left corner of the diagram.
The transition state would then move slightly toward the upper left corner, with more proton
transfer and smaller kn/kp, as depicted by the shift from A to C on the energy diagram.
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+ OCAr + OCAr

Figure 2. Reaction coordinate diagram for nitrile-forming eliminations. The effects of the
change to a better leaving group and a stronger electron-withdrawing B-aryl substituent are
shown by the shift of the transition state from A to B and A to C, respectively.

Table 5. Primary isotope effect values for eliminations from (Z)-XArCL=NOC(O)CeHsY
promoted by DBU in MeCN at 25.0 °C

ku/kp
X Y Ar = Thienyl Ar = Furyl
H H 8.2+0.1 8.8+0.2°
H m-Br 79+0.1 7.9+0.2°
H p-NO; 75+0.3 75+0.2°
NO, H 7.7+0.1 7.7+0.1

4Substituents at 4- and 5-positions for phenyl and heterocyclic compounds, respectively, except
otherwise noted. ®X = 5-CHs.

Table 6 shows that there was a progressive decrease in the Hammett p value as the leaving
group is made less basic. This result could be described by a negative py, interaction coefficients,
Pyy = -0plopKig = -0Big/oc < 0, which describes the interaction between the leaving group and
the B-aryl substituent.?5?® The decrease in the |Big| values with a stronger electron-withdrawing f-
aryl substituent provided additional evidence for this effect, i.e., pyy = -0Big/dc < 0 (Table 7).
The negative py, coefficients observed in these reactions were consistent with an E2 mechanism
and the reaction coordinates that have large components of proton transfer and N«-OC(O)Ar
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bond cleavage, so that a better leaving group would shift the transition state from A to B in
Figure 2 to decrease the extent of negative charge development and the p values. In addition, an
electron-withdrawing substituent would shift the transition state from A to C for both 3 and 4 in
Figure 2 in the direction of decreased No-OC(O)Ar bond cleavage and smaller |Big| values.®28 Al
of these results were very similar to those for closely-related eliminations from 2.2

Table 6. Hammett p values for eliminations from (Z)-ArCL=NOC(O)C¢HsY promoted by DBU
in MeCN at 25.0 °C

p
Y Ar = Thienyl Ar = Furyl
H 1.22 +0.19 (1.469) 1.87 +£0.05 (1.84)°

m-Br 1.33° 1.79°
p-NO2 1.312 1.45b

3Calculated with the data for X = H and 5-NO,. °Calculated with the data for X = 5-Me

Table 7. Values of Big for eliminations from (Z)-ArCL=NOC(O)CeH4+Y promoted by DBU in
MeCN at 25.0 °C

Blg
X Ar = Thienyl Ar = Furyl
H -0.43+0.01 -0.55 + 0.10°
p-NO2 -0.37 £0.01 -0.37 +0.01°

4Substituents at 4- and 5-positions for phenyl and heterocyclic compounds, respectively, except
otherwise noted. ®X = 5-CHa.

3.2 Effect of B-aryl group on the nitrile-forming transition state

Table 6 shows that the relative rate and transition state parameters for DBU-promoted
eliminations from 2, 3, and 4 were similar. This revealed that the structures of the transition
states were similar for all of the elimination reactions, despite the large difference in the aromatic
resonance energy of the B-aryl group. Similar values of AH* and AS* provided additional
evidence for this conclusion. However, a closer examination of the data revealed that there was
small, but clear, trend in the transition state parameters. The kn/kp, Hammett p, and |Big| values
increased gradually as the B-substituent was changed in the order phenyl < thienyl < furyl. The
transition state appeared to change slightly toward product-like with a larger degree of proton
transfer, more negative charge development at the 3-carbon, and a greater extent of the leaving
group departure in the same order. The trend could not be explained with the aromatic resonance
energy of the B-aryl group. An ab initio calculation had revealed that all of the three reactants are
nearly planar. Hence, if the planarity was retained in the transition state, the = orbitals of the B-
aryl groups should be nearly orthogonal to the developing negative charge at the -carbon and
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the partial triple bond character in the transition state. This would predict that the aromatic
resonance energy of the [B-substituent should have little influence on the transition state
structures.

Table 8. Relative rate, kn/kp, Hammett p, and |Big| values for eliminations from (Z)-
XArCL=NOC(O)CgHsY promoted by DBU in MeCN at 25 °C

Ar = Phenyl? (2) Ar = Thienyl (3) Ar = Furyl (4)
Rel rate® 1 1.1 0.6
kn/kp® 73402 8.2+0.1 8.8+ 0.2
p¢ 1.21 +0.05 1.22 +0.19 1.87 £ 0.05
Big® —-0.40 £0.01 ~-0.43+0.01 -0.55 + 0.10¢
AH? 6.8+0.5 59+0.1 6.5+0.1°
AS# ~258+1.9 -285+0.3 —29.0 + 1.5°

aReference 23.? X = H, Y = H unless otherwise noted. ¢ X = 5-Me. Y = H.

On the other hand, the result could readily be attributed to the increased inductive effect of
the B-substituent. Since the 5-thienyl and 5-furyl substituents were closer to the B-carbon than
the phenyl substituents, the electronic effect of the former would be more efficiently transmitted
to the reaction site.3! Hence the negative charge density at the B-carbon and the partial triple
bond character in the former transition states would be better stabilized by the electron-
withdrawing substituents, which would in turn change the transition state structures more
product-like.

In summary, the nitrile-forming anti-eliminations from 3 and 4 proceeded by the E2
mechanism via symmetrical transition states. The structures of the transition states changed
slightly towards more product-like with larger degree of proton transfer, more negative charge
development at the B-carbon, and greater extent of the leaving group departure as the [-
substituent is changed from phenyl to thienyl to furyl. Noteworthy was the negligible influence
of the aromatic resonance energy the B-substituent upon the nitrile-forming transition state.

4. Elimination reactions of (E)-2,4-dinitrobenzaldehyde O-benzoyloximes

Previous studies have revealed that the nitrile-forming eliminations from the E and Z isomers of
benzaldehyde O-pivaloyloximes with DBU in MeCN proceeded by the same E2 mechanism with
similar transition state structures, despite the 36,000-fold difference in rate.?>:?* The results were
somewhat surprising since the latter had syn stereochemistry, a poor leaving group, and a sp
hybridized B-carbon atom. It is well established that the transition state for the syn-elimination
has more carbanion character than that for anti-elimination because of the poor overlap between
the developing p-orbitals.*?6323% Moreover, carboxylates are poor leaving groups, which should
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also increase the negative charge density at the B-carbon in the transition state.?® Furthermore, an
sp?-hybridized B-carbon atom should stabilize the negative charge density more than an sp®-
hybridized carbon atom.?%3 All of these factors favor an Elcb mechanism or Elcb-like
transition state. However, such a transition state had never been observed in the nitrile-forming
reactions until recently.

To determine whether a change to the E1cb mechanism could be realized by introducing a
more electron-withdrawing pB-aryl substituent, we have studied the reactions of (E)-2,4-
dinitrobenzaldehyde O-benzoyloxime promoted by RiR>NH in MeCN and Ri;R>NH/RiR,NH,"
in 70mol% MeCN(aq) (Scheme 3).2* This substrate was the most strongly activated one studied
so far in the (E)-benzaldehyde O-benzoyloxime series.

O,N NO, o NO,
i Base
\@c‘N‘O/C S — OZNGCEN + XCgH,CO0™ (3)

7 | Solvent

X =H (&), p-MeO (b), m-Br (¢), p-NO; (d)
Base-Solvent =R;R,NH in MeCN; R;R,NH/R1R,NH,* in 70 mol% MeCN(aq)
R;R,NH = Bz(i-Pr)NH, i-Bu,NH, i-Pro,NH, 2,6-DMP

Scheme 3

4.1 Mechanism of elimination from 5 promoted by R2NH in MeCN

The reactions of 5 with RiRoNH in MeCN produced only elimination products, exhibited
second-order kinetics and substantial values of B and |Big|, thereby indicating an E2
mechanism.*?® This conclusion was supported by the interaction coefficients.

Table 9 shows that the  value for 5 decreased slightly as the leaving group was made less
basic. The result could be described by a positive pxy interaction coefficient, pxy = 0p/OpKig =
OPig/OpKen, that describes the interaction between the base catalyst and the leaving group.?62°
The observed increase in the |Big| values with a less basic catalyst was another manifestation of
this effect, i.e., pxy = 0Pig/OpKsr > 0 (Table 10).

Table 9. Bronsted B values for elimination from (E)-2,4-(NO2).CsHzCH=NOC(O)CsH4X?
promoted by R1IR2NH/R1R2NH>" in 70 mol% MeCN(aq) at 25.0 °C

R1R:NH X = p-Me X =H X =m-Cl X = p- NO2
pK,? 21.3 20.7 19.5 18.7
Big 0.55 + 0.15 0.47 £0.04 0.45+0.05  0.43+0.04

8Reference 34.
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Table 10. Bronsted Big values for elimination from (E)-2,4-(NO2)2.CsH3CH=NOC(O)CsHsX
promoted by R1IR2NH/R1R2NH>" in 70 mol% MeCN(aq) at 25.0 °C

R1R2NH Bz(i-Pr)NH i-BuzNH i-Pr.NH 2,6-DMPP
pKa? 16.8 18.2 18.5 18.9
Big -0.24 £ 0.03 -0.36 + 0.02 -0.35 + 0.02 -0.32£0.01

“Reference 35. bcis-2,6-Dimethylpiperidine.

(0]

— 1l 1
ArC=NOCAr + BH" B ArCH=NOCAr + B
D —————

A—B
D
\\ 1_;
Big R E
oo R
Ky
ArC=N + BH' ArCH=N* + B
? 0
+ OCAr + OCAr

Figure 3. Reaction coordinate diagram for nitrile-forming eliminations from (E)-2,4-
dinitrobenzaldehyde O-benzoyloximes. (top) The effect of the change to a stronger base on the
horizontal reaction coordinate is shown by the shift of the transition state from A to B. The effect
of the change to a better leaving group is omitted because there will be little shift. (center) The
effects of the change to a stronger base and a better leaving group on the diagonal reaction
coordinate are shown by the shifts from C to D and C to E, respectively. These effects can be
described by pxy > 0.

On the More-O’Ferrall-Jencks energy diagram shown in Figure 3, a change to a better
leaving group would raise the energy of the top edge of the diagram. The transition state on the
vertical reaction coordinate would then move slightly toward the right as depicted by a shift from
C to E on the energy diagram, resulting in a decrease in p (vide supra).®? Similarly, a stronger
base would raise the energy of the right side of the energy diagram and shift the transition state
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from C to D to decrease the extent of No-OC(O)Ar bond cleavage. The positive pyy coefficients
were inconsistent with an Elcb mechanism for which pxy = 0 was expected, but provided
additional support for the concerted E2 mechanism.?®2° All of these results were very similar to
those for closely related eliminations from 1 and 2.2

4.2 Effect of B-aryl group on the nitrile-forming transition state

Table 11 shows that the rate of elimination from 5a is only 10-fold faster than that from the
unsubstituted (E)-benzaldehyde O-benzoyloxime. Although this result may in part be attributed
to the weaker basicity of i-Pr.NH than DBU, the difference was surprisingly small considering
the large difference in the electron-withdrawing ability of the B-aryl substituent.?* Comparison of
the transition-state parameters revealed that the structure of the transition states for these two
reactions were also similar. It was previously reported that the DBU-promoted elimination from
1 proceed via a slightly Elcb-like transition state, in which the Cg-H bond cleavage has
progressed to a greater extent than the Na-OAr bond rupture.?2® Although a direct comparison
between the kn/kp and B values was not possible, B = 0.47 for elimination from 5 appeared to
indicate a smaller extent of proton transfer than the kn/kp = 3.3 value for the former since the
latter was attributed to more than half proton transfer.?1?® In addition, the smaller |Big| value for
the former could also be explained with a lesser degree of No-OAr bond cleavage. These results
indicated that the transition state for elimination from 5 was slightly more reactant-like with
lesser extents of Cp-H and No-OAr bond cleavage than that for 1. However, it should be noted
that the difference was remarkably small considering the large difference in the -aryl substituent.
The small difference in the transition-state structures may be attributed to the geometry of the
reactant structure. It has been well established that the benzaldoxime esters have planar
structures.12?123 Hence, if the planarity was retained in the transition state, the m orbitals of the -
aryl groups should be nearly orthogonal to the developing negative charge at the 3-carbon in the
transition state.!? This would predict that the electronic effect of the B-substituent should be
transmitted to the reaction site only through an inductive effect. Further, the negative charge
density developed on the B-carbon would be less sensitive to the substituent effect because it
should be more stable than that on a sp® hybridized carbon atom. It appeared that the nitrile-
forming transition states were intrinsically insensitive to the reactant structure variations because
of the lack of resonance stabilization of charge density on the B-carbon and the increased
carbanion stabilizing ability of the sp?-hybridized B-carbon atom.

ISSN 1551-7012 Page 131 ARKAT USA, Inc.



Issue in Honor of Prof. Richard Bartsch ARKIVOC 2010 (vii) 118-137

Table 11. Relative rate, Bronsted B, and Big values for eliminations from (E)-
ArCH=NOC(O)CsHsX

Ar =Cg¢Hs Ar = (NO2)2CeH3
Base-solvent DBU in MeCN R2NH in MeCN
pKa 19.4 18.5
Rel rate 1 10
B >0.5 0.47 +£0.04
Big® -0.49 + 0.02 -0.35 +0.02

aReference 23. ® DBU = 1,8-diazabicyclo[5.4.0Jundec-7-ene. ¢ Ra2NH = i-ProNH. ¢ X =H. ¢
Estimated from kn/kp = 3.3 (see text).

4.3 Mechanism of elimination from 5 promoted by RiR:NH/RiR:NH>" in 70mol%
MeCN(aq)

The mechanism of elimination for 5 promoted by RiR>2NH/R1R2NH>" in 70 mol % MeCN(aq)
have been elucidated by the results of kinetic investigations and product studies.?® Because the
reactions produced only elimination products and exhibited second-order kinetics, all but
bimolecular elimination pathways can be negated. The (Elcb)ip and internal return mechanisms
were ruled out by the observed general base catalysis with the Bronsted B values ranging from
0.28 to 0.32 because these mechanisms would exhibit either a specific base catalysis or Bronsted
B values near unity.®?® Hence, the most likely mechanism for this bimolecular process was either
E2 or Elcb. If the reaction proceeded via a carbanion intermediate, the rate equation could be
expressed as Kobs = kik2’[B]/(k-1[BH'] + k2’) (Scheme 4).2° The (Elch)r mechanism required that
the first step must be reversible, i.e., ki{[BH*] >> k2’, and the rate expression could be simplified
to kobs = kik2'[B]/(k-1[BH*]). This would predict that the kobs Should remain constant regardless of

the buffer concentration because [B]/[BH'] = 1.0 was maintained throughout the reaction.
Therefore, the (Elch)r mechanism was ruled out by the linear dependence of the kops values on
the base concentration. On the other hand, the B = 0.28-0.32 and |Big| = 0.28-0.32 were consistent
with an E2 mechanism with limited cleavage of the Cg-H and N,-OC(O)Ar bonds in the
transition state, and a mechanism in which ki is the rate limiting [(E1cb)ir], for which a small or
negligible leaving group effect is expected.®

ArCH NOC(O)Ar ArC=N + BH* + "OC(O)Ar

N

ArC=NOC(O)Ar + BH*

Scheme 4
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The distinction between the two mechanisms had been made by the interaction coefficients.
Table 12 shows that the B values for 5a remained almost the same within experimental error
regardless of the base strength. The result could be described by a negligible pyy interaction
coefficient, pxyy = 0p/opKig ~ 0, which described the interaction between the base catalyst and the
leaving group.?6:28:2%3637 The similar |Big| values for all bases was another manifestation of this
effect, pxy = OPiy/OpKaen ~ 0 (Table 13). On the More-O’Ferrall-Jencks energy diagram shown in
Figure 3, a change to a better leaving group would raise the energy of the top edge of the
diagram. The transition state on the horizontal coordinate would remain at nearly the same
position because there is no diagonal character. This would predict negligible change in |Big|.28
Similarly, a change to a stronger base would raise the energy of the right side of the diagram.
The transition state on the horizontal coordinate would then move toward the right as depicted by
a shift from A to B, resulting in little change in |Big].?2 The negligible pxy coefficients were
inconsistent with the E2 mechanism for which pxy > 0 is expected (Figure 3) but provided a
strong evidence for the (E1cb)ir mechanism,26:28:29:36.37

Table 12. Bronsted  values for elimination from (E)-2,4-(NO2)2CeH3CH=NOC(O)CsHasX?
promoted by R1IR2NH/R1R2NH:" in 70 mol% MeCN(aq) at 25.0 °C

X =p-Me X=H X =m-Cl X =p-NO2
pKig? 21.3 20.7 19.5 18.7
B 0.27 £0.01 0.32 £0.02 0.34 £0.04 0.32 £0.02

aReference 34.

Table 13. Bronsted Pig values for elimination from (E)-2,4-(NO2).CeHzCH=NOC(O)CsHsX
promoted by R1R2NH/R1R2NH>* in 70 mol% MeCN(aq) at 25.0 °C

R1R2NH Bz(i-Pr)NH i-BuzNH i-Pr.NH 2,6-DMPP
pK2 16.8 18.2 18.5 18.9
Big -0.28 + 0.02 -0.32+0.01 -0.30 £ 0.01 -0.31+0.01

“Reference 35. bcis-2,6-Dimethylpiperidine.

4.4 Effect of base-solvent

Table 14 shows that the rate of elimination from la decreased slightly as the base-solvent was
changed from i-BuzNH in MeCN to i-BuzNH/i-BuzNHz2" in 70 mol% MeCN(aq), presumably
due to the decreased basicity in more protic solvent.® The extent of Cg-H and N.-OC(O)Ar bond
cleavage decreased remarkably as revealed by the large decrease in the Bronsted B and |Big|
values by the same variation of the base-solvent system (Table 14). The change in the transition-
state structure with the base-solvent variation could be attributed to a solvent effect. If the partial
negative charge developed at the p-carbon in the transition state was better stabilized by
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solvation in more protic 70 mol % MeCN(aq), the transition state should be less sensitive to the
base strength. This would predict a smaller § value, as observed. Moreover, the negative charge
should be transferred from the p-carbon toward the a-nitrogen to form partial triple bond and to
break the N,-OC(O)Ar bond. If a smaller amount of negative charge was transferred from the -
carbon, the extent of N,-OC(O)Ar bond cleavage should be smaller too. The most interesting
result from this study was the change of the reaction mechanism from E2 to (E1cb)ir by the base-
solvent variation as revealed by the interaction coefficients (pxy > 0 — pxy ~ 0) (Table 14). The
change in the elimination reaction mechanism had been realized by the combined effects of
strongly electron-withdrawing B-aryl substituents, intrinsically carbanion stabilizing sp*-
hybridized B-carbon, syn-stereochemistry and enhanced anion-solvating ability of more protic
solvent.

Table 14. Effect of the base-solvent on the nitrile-forming eliminations from (E)-2,4-
(NO2)2CeH3CH=NOC(O)Ce¢Hs

Base-solvent R1R2NH in MeCN # R1R2NH/R1R2NH:" in 70 mol% MeCN(aq)

rel. rate (k2)° 1.0 0.6
B 0.47 £0.04 0.32+£0.02
Big° -0.41£0.01 -0.28 £ 0.02
Pxy >0 0

aReference 24. ® RiR,NH = i-BuxNH. ¢ RjR,NH = Bz(i-Pr)NH.

5. Conclusions

We have studied the nitrile-forming elimination reactions from a series of (E)- and (Z)-
arylaldehyde O-benzoyloxime derivatives promoted by DBU in MeCN, RiR;NH in MeCN and
RiR>NH/RiR2NH>" in 70mol% MeCN(aq). The rate of anti-elimination from 2a was 36,000-fold
faster than that of syn-elimination from 1a due to the steric strain in 2a and the greater extent of
partial triple bond formation in the anti-transition state. The change of the B-aryl group from Ph
2 to thienyl 3 to furyl 4 shifted the transition state structures slightly towards product-like
without altering the reaction rate. A further change in the pB-aryl group from phenyl 1 to 2,4-
dinitrophenyl 5 resulted in little change in the transition state structure except for the 10-fold
increase in the reaction rate. The change of reaction mechanism from E2 to (E1cb)ir was realized
only when most activated 5 was employed as the reactant and R;R2NH/R;R;NH>" in 70mol%
MeCN(aqg) was used as the base-solvent. To change the reaction mechanism from E2 to Elcb,
the combined effects of strongly electron-withdrawing B-aryl group, intrinsically carbanion
stabilizing sp?-hybridized B-carbon, syn-stereochemistry, and enhanced anion-solvating ability
are necessary.

ISSN 1551-7012 Page 134 ARKAT USA, Inc.



Issue in Honor of Prof. Richard Bartsch ARKIVOC 2010 (vii) 118-137

Acknowledgements

This work was supported by National Research Foundation (NRF) (No. 2009-0083078).

6. References

N

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

21.
22.
23.
24,
25.
26.

Bartsch, R. A.; Zavada, J. Chem. Rev. 1980, 80, 453.

Baciocchi, E. Acc. Chem. Res. 1979, 12, 430.

Cockerill, A. F.; Harrison, R. G. The Chemistry of Double-Bonded Functional Groups; Patai,
S., Ed.; Wiley-Interscience: New York, 1977; Supplement A, Part 1; 149.

Saunders, W. H., Jr.; Cockerill, A. F. Mechanisms of Elimination Reactions; Wiley: New
York, 1973; 510.

Banthorpe, D. V. Elimination Reactions; Elsevier: New York, 1963.

Baciocchi, E. In Supplement D, The Chemistry of Halides, Pseudo-Halides, and Azides;
Patai, S., Ed.; Interscience : London 1983; Supplement D, Part 2; 1173.

Bunnett, J. F. Angew. Chem., Int. Ed. Engl. 1962, 1, 221.

Lowry, T. H.; Richardson, K. S. Mechanism and Theory in Organic Chemistry; Harper and
Row: New York, 1987; pp 591-616.

Carey, F. A.; Sundberg, R. J. Advanced Organic Chemistry; Plenum Press: New York, 1984.
Oh, H. K.; Lee, J. M.; Sung, D. D.; Leg, I. C. Bull. Korean Chem. Soc. 2004, 25, 577.
Hoffman, R. V.; Bartsch, R. A.; Cho, B. R.; Acc. Chem. Res. 1989, 22, 211.

Cho, B. R.; Cho, N. S.; Song, S. H.; Lee, S. K. J. Org. Chem. 1998, 63, 8304.

Cho, B. R.; Kim, G. D.; Lee, J. C.; Cho, N. S. J. Am. Chem. Soc. 1988, 110, 6145.

Cho, B. R.; Lee, J. C.; Cho, N. S.; Kim, G. D. J. Chem. Soc. Perkin Trans 2, 1989, 489.
Cho, B. R.; Min, B. K,; Lee, C. W.; Je, J. T. J. Org. Chem. 1991, 56, 5513.

Cho, B. R.; Jung, J. H.; Ahn, E. K. J. Am. Chem. Soc. 1992, 114, 3425.

Cho, B. R.; Jang, W. J.; Je, J. T.; Bartsch. R. A. J. Org. Chem. 1993, 58, 3901.

Cho, B.R.; Je, J. T. J. Org. Chem. 1993, 58, 6190.

Cho, B. R.; Maing Yoon, C. -O.; Song, K. S. Tetrahedron Lett. 1995, 36, 3193.

Cho, B. R.; Cho, N. S.; Chung, H. S.; Son, G. N.; Han, M. S.; Pyun, S. Y. Bull. Korean
Chem. Soc. 1997, 18, 1301.

Cho, B. R.; Cho, N. S,; Lee, S. G. J. Org. Chem. 1997, 62, 2230.

Cho, B. R.; Cho, N. S.; Song, K. S.; Son. K. N.; Kim, Y. G. J. Org. Chem. 1998, 63, 3006.
Cho, B. R.; Jung, H. S.; Cho, N. S. J. Org.Chem. 1998, 63, 4685.

Cho, B. R.; Jung, H. S.; Pyun, S. Y. J. Org. Chem. 1999, 64, 8375.

Pyun, S. Y.; Cho, B. R. J. Org. Chem. 2008, 73, 9451.

Gandler, J. R. In The Chemistry of Double- Bonded Functional Groups; Patai, S., Ed.; John
Wiley & Sons: Chischester, 1989; Vol 2, Part 1. pp 734-797.

ISSN 1551-7012 Page 135 ARKAT USA, Inc.



Issue in Honor of Prof. Richard Bartsch ARKIVOC 2010 (vii) 118-137

217.

28.
29.
30.
31.

32.
33.
34.
35.
36.
37.
38.

Smith, P. J. In Isotopes in Organic Chemistry; Buncel, E., Lee, C. C., Eds.; Elsevier;
Amsterdam, 1976; pp 239-241.

Jencks, W. P. Chem. Rev. 1985, 85, 511.

Gandler, J. R.; Jencks, W. P. J. Am. Chem. Soc. 1982, 104, 1937.

Bernardi, F. J. Mol. Struct. 1998, 163, 173.

The calculated distances between the B-carbon and the para- and meta- positions of the
phenyl group and those between the B-carbon and C-5 of the thienyl and furyl groups are
4.247, 3.840, 3.959, and 3.603 A, respectively. This indicates that the average distance
between the B-carbon and the aryl substituents decreases as the [3-aryl group is changed on
the order phenyl > thienyl > furyl.

DePuy, C. H.; Naylor, C. G.; Beckman, J. A. J. Org. Chem. 1970, 35, 2750.

Dohner, B. R.; Saunders, W. H., Jr. J. Am. Chem. Soc. 1986, 108, 245.

Coetzee, J. F. Prog. Phys. Org. Chem. 1965, 4, 45.

Cho, B. R.; Lee, S. J,; Kim, Y. K. J. Org. Chem. 1995, 60, 2072.

Gandler, J. R.; Yokohama, T. J. Am. Chem. Soc. 1984, 106, 130.

Gandler, J. R.; Storer, J. W.; Ohlberg, D. A. A. J. Am. Chem . Soc. 1990, 112, 7756.

Dargo, R. S.; Zoltewicz, J. A. J. Org. Chem, 1994, 59, 2824 and references cited therein.

Authors’ Biographies

Bong Rae Cho was born in Sanchung, Kyungnam in 1949. He obtained his B.S. degree from
Seoul National University in 1971. His Ph.D. degree was awarded by Texas Tech University in
1980, where he studied the mechanism of imine-forming eliminations under the guidance of
Professor Richard A. Bartsch. After postdoctoral research at UCLA with Prof. John Gladysz and
SRI International with Dr. Richard M. Laine, he joined the faculty of Chemistry Department of
Korea University in 1982. His research interest ranges from mechanistic organic chemistry to the
synthesis of organic nonlinear optical materials, two-photon materials, and two-photon probes
for biological imaging.

ISSN 1551-7012 Page 136 ARKAT USA, Inc.



Issue in Honor of Prof. Richard Bartsch ARKIVOC 2010 (vii) 118-137

Sang Yong Pyun received his B.S. from the Chungnam National University in 1982, his M.S.
(1984) and Ph.D. (1990) from Korea University. After his postdoctoral training with Prof. J.M.
Takacs at University of Nebraska, he joined Pukyong National University as a full time lecturer
in 1993. Currently he is a full professor of organic chemistry at the same university. He was a
visiting Professor at the State University of New York, buffalo, USA in 2003. His research
interests are in the areas of mechanistic organic chemistry.

ISSN 1551-7012 Page 137 ‘ARKAT USA, Inc.



