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Abstract. An new overall lower energy pathway for the amine-catalysed Morita-Baylis-Hillman reaction is
proposed from computations at the M06-2X/6-311++G(d,p) level. The pathway involves proton-transfer
from the ammonium ion to the alkoxide formed from the aldol reaction through a seven-membered ring
transition state (TS) structure followed by highly exothermic Hofmann elimination through a five-
membered ring TS structure to form the product and also release the catalyst to carry on with the process

all over again.

Introduction. The MBH reaction® is generally believed to follow the pathway given in Scheme 1 by taking
MesN (1) as the organocatalyst, cyclopentenone (2) as the activated alkene and acetaldehyde (4) as the
aldol partner. Reversible conjugate addition of MesN to cyclopentenone generates the enolate 3, which
enters aldol reaction with the aldehyde 4 and forms the zwitter ion 5. A proton-transfer to the alkoxide
through a four-membered ring transition state (TS) structure generates yet another zwitterion 6a, which

promptly undergoes E1cB elimination to form the product 7.2
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Scheme 1. The generally accepted pathway for the Mes;N-catalysed MBH reaction of cyclopentenone with
acetaldehyde



Hill and Isaacs® suggested the aldol step to be rate-limiting from kinetic studies in 1980s. However,

McQuade” and also Aggarwal®

evaluated the reaction mechanism by kinetic and theoretical means and
proposed the proton transfer step 5->6 as rate-limiting. Aggarwal also indicated that the intramolecular
four-membered ring proton transfer is unlikely because of the strain induced in attaining the appropriate
eclipsed conformation in the TS structure.?® Intermolecular proton-transfer between two alkoxide species
is also a possibility but not considered till date. In 2015, Singleton and Plata showed that the reaction
conditions determined the limiting step of the reaction.?® Proton-transfer was the primary rate-limiting

step at 25 °C, but the aldol step was partially rate-limiting and became the primary rate-limiting step at

low temperatures.

We consider a hitherto unexplored plausible pathway for the MBH reaction and provide the complete
potential energy surface from computations at a reasonably high level of theory. The working hypothesis
is demonstrated in Scheme 2. The enolate 3 formed from conjugate addition of MesN to cyclopentenone
through the TS structure TS1 combines with CH;CHO in aldol fashion through the TS structure resembling
TS2 and generates the zwitterion species 5. The alkoxide function in 5 abstracts a proton from a methyl
group on N through the seven-membered ring TS structure resembling TS3 and forms the ylide 6b. Now,
Hofmann syn elimination® as shown in TS4 delivers the MBH product 7. TS2 is conceived by avoiding

possible steric interactions in the anti-TS conformation.®
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Scheme 2. The conceived reaction pathway for the MBH reaction of cyclopentenone and acetaldehyde in
the presence of trimethylamine as the catalyst



Computational methods: All the structures, geometry optimizations and TS structure searches were
carried out using the global hybrid meta-GGA M06-2X density functional and 6-311++G(d,p) basis set at
298.15 K.” The optimized structures were verified as minima or first order saddle points on their potential
energy surfaces by harmonic vibrational frequency analysis. Calculations were carried out using the

Gaussian 16 suite of programs.®

Results and Discussion. The choice of cyclopentenone as the activated alkene was guided by the
requirement of limiting the conformational flexibility of the enolate formed from conjugate addition of
the amine. Since it has been amply demonstrated in the literature that the rate-limiting step is either the
carbon-carbon bond formation during the aldol step or the proton-transfer in the subsequent step or a
mix of both depending on the reaction conditions, we concentrated on the proton-transfer step
5->TS3->6b and the subsequent Hofmann elimination 6b—>TS4->7 to estimate their relative ease of
occurrence in comparison to the aldol reaction (3+4)->TS2->5. We have also estimated the ease of the
conjugate addition step (1+2)->TS1->3 to generate the entire potential energy surface of the reaction as

shown in Figure 1.

T51

R
f‘ 298 H‘-.,
s

Figure 1. The relative potential energy surface of the gas phase MsN-catalysed MBH reaction of
cyclopentenone with acetaldehyde following the pathway proposed in Scheme 2 . TS(4-ring) is TS for the
transformation 5->6a.

While the free energy of activation (AG*) of the aldol step (3+4)>TS2->5 is the largest at 41.9 kcal/mol,
that of the initial conjugate addition step (1+2)->TS1->3, proton transfer step 5->TS3->6b and the

elimination step 6b—>TS4->7 are much lower at 29.6 kcal/mol, 2.6 kcal/mol and 9.3 kcal/mol, respectively.



Except the last step, all other steps are mildly to sufficiently endothermic. The last step is exothermic by
a whopping 52.9 kcal/mol. The exothermic nature of the overall process (1+2+4)—>(1+7) by 2.5 kcal/mol
may be responsible for the reaction forward. Clearly, an increase in the reaction temperature is likely to
switch on the equilibrium to the reactants occurring at moderate temperatures and make the MBH

reaction less efficient.’

The alkoxide-initiated deprotonation of the ammonium ion, 5->TS3->6b, is a rapid process for the
requirement of only 2.6 kcal/mol energy. Likewise, the proposed elimination 6b—>TS4->7 is also a
relatively rapid process for the requirement of only 9.3 kcal/mol energy, easily occurring at 25 °C, in
comparison to both the conjugate addition and the aldol reaction. The strong basic character of the
alkoxide and the strong acidic character of the methyl-hydrogen in the ammonium group facilitate the

deprotonation.

We have also calculated the free energy of activation of the four-membered ring proton-transfer 5->6a
shown in Scheme 1 to be 24.2 kcal/mol against the 9.3 kcal/mol for the five-membered ring proton-
transfer 6b—>TS4->7 shown in Scheme 2. Having noted that the first proton-transfer 5->TS3->6b is
extremely rapid under the typical MBH reaction conditions, the pathway shown in Scheme 2 offers an

overall lower energy pathway than the generally accepted pathway given in Scheme 1.

It is clear from the potential energy profile in Figure 1 that the aldol step is the most energy demanding
and, hence, the slowest in the sequence of reactions. Among the reactions following aldol, the elimination
6b—>TS4->7 involving proton transfer is the slowest and, hence, it may possibly be considered to have
scope for ku/kp kinetic isotope effect. The ku/ko was calculated to be 1.26 from the ratio of the single

negative frequencies of the respective TS structures.'®

We have also calculated the profile of the MesN-catalysed MBH reaction of acrylonitrile (CH,=CHCN) with
acetaldehyde as in Figure 2. This profile is much similar to that of the MesN-catalysed reaction of
cyclopentenone with acetaldehyde. Since the activation energies of the proton transfers through the
seven-membered (2.2 kcal/mol) and also the subsequent Hofmann elimination (6.5 kcal/mol) are small in
comparison to those of the four-membered ring TS structure (23.3 kcal/mol), conjugate addition (26.1
kcal/mol) and aldol reaction (36.1 kcal/mol), no ku/ko kinetic isotope effect will be expected to be seen.

The calculated kun/kp isotope effect is 1.35 for the Hofmann elimination step and 1.37 for the four-



membered ring proton-transfer step. In confirmation of the computational results, Hill and Isaacs have
experimentally observed no kinetic isotope effect for the measured kn/kp as 1.03 £ 0.1 for the reaction of
o-*H acrylonitrile (CH,=CDCN) with acetaldehyde under catalysis by 1,4-diazabicyclo[2.2.2]octane
(DABCO).3¢
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Figure 2. The relative potential energy surface of the gas phase MsN-catalysed MBH reaction of
acrylonitrile with acetaldehyde. TS(4-ring) is TS for the transformation equivalent to 5->6a. [A =
acrylonitrile, B = MesN, C = conjugate addition product of A and B, D = CH3CHO, E = aldol product (the
alkoxide), TS3 = TS for proton transfer from the ammonium group in E to the alkoxide, F = ammonium
ylide, TS4 =TS for Hofmann elimination, G = MBH product]

Conclusion. We have presented an alternate lower energy route for the gas-phase amine-catalysed MBH
reaction that involves (a) proton-transfer from the alkyl group of the ammonium species to the alkoxide
formed from aldol reaction through a seven-membered ring TS structure to generate an ammonium ylide,
5->TS3->6b, and (b) Hofmann elimination of the elements of the amine through a five-membered ring TS
structure to form the MBH product, 6b->TS4->7, and also regenerate the amine to carry on with its
catalytic role. Several MBH reactions under solvent-less conditions have been reported in the literature
and, at times, found to be faster and also better yielding than those in solvents.!* The study of the
influence of solvents'? on the overall reaction profile and also the kinetic isotope effect kn/kp is currently

under investigation.
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The amine-catalysed Morita-Baylis-Hillman reaction proceeding through proton transfer through a seven-
membered ring transition state (TS) structure in the aldol species followed by Hofmann elimination
through a five-membered ring TS structure is significantly lower in energy than the previously accepted

pathway proceeding through proton transfer through a four-membered ring TS structure.
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