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Abstract. Solvent effects of CH,Cl,, CHsCN, THF and DMSO on the profile of the Morita-Baylis-Hillman
(MBH) reaction were discovered to lower the activation energy of aldol step. Proton-transfer through
seven-membered TS state structure enroute Hofmann elimination and also the four-membered TS
structure are sufficiently low energy processes in comparison to aldol reaction and, hence, unlikely to
contribute to the overall kinetics of the reaction. As an exception, proton-transfer through seven-
membered TS structure constitutes the rate-controlling event for the DABCO-catalyzed reaction of methyl
acrylate with p-nitrobenzaldehyde under the solvent effects of DMSO. The acetal route was not found to
contribute to kinetic isotope effect, which has otherwise been measured to be as high as 5.2 £ 0.6. The
simultaneous proton-transfer to the aldol-derived alkoxide and abstraction of proton from the a-carbon
of activated alkene by hydroxylic solvents was found to be barrier-less. The reported catalysis by
hydroxylic solvents is therefore likely by lowering the activation energy of the aldol step due to activation
of aldehyde possibly by protonation or hydrogen-bonding. The present computational results are in
excellent agreement with the more than three decade old experimental findings of Hill and Isaacs. These

authors have reported the aldol step as rate-limiting and absolutely no kinetic isotope effect.
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Introduction. The MBH reaction is generally believed to follow the pathway given in Scheme 1 by using
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 zwitterion 5. Now, proton transfer from the a-
position to alkoxide through four-membered transition state (TS) structure generates yet another
zwitterion 6a, which undergoes E1cB reaction to form the product 7 and liberate MesN to begin with the

reaction all over again.?
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Scheme 1. The generally accepted pathway for the Me;sN-catalysed MBH reaction of cyclopentenone with acetaldehyde

Hill and Isaacs studied the kinetics of the reaction of a-2H acrylonitrile with acetaldehyde under catalysis
by DABCO and suggested the aldol step to be rate-limiting.> However, on the basis of reaction rate data
for the DABCO-catalysed reaction of methyl acrylate with aryl aldehydes, McQuade has proposed a new
mechanism for the Baylis-Hillman reaction involving the formation of a hemiacetal intermediate and
determined that the rate determining step was second order in the aldehyde and first order in DABCO
and acrylate.* McQuade observed further that this mechanism was general to aryl aldehydes under polar,
nonpolar, and protic conditions using both rate data and isotope effect experiments. Aggarwal also
studied the quinuclidine-catalysed MBH reaction of ethyl acrylate with benzaldehyde, evaluated the
reaction mechanism by kinetic and theoretical means, and proposed the proton transfer step 5 - 6a as
rate-limiting because it was sufficiently energy demanding due to the strain induced in attaining the
eclipsed four-membered ring transition state (TS) structure.? A significant finding of this study was also
the observation that all equilibria prior to thermodynamically favorable liberation of the MBH product lay
predominantly on the side of the starting materials. In 2015, Singleton and Plata showed that the reaction
conditions determined the limiting step of the reaction.?® Proton-transfer was suggested as 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.

Intermolecular proton-transfer, wherein an aldol-derived alkoxide abstracts o-H from another such
species or two alkoxide species mutually exchange protons through an eight-membered ring TS structure,

is also a possibility, but not explored till date!

We have recently proposed an alternate significantly lower energy pathway shown in Scheme 2 from
computations in gas phase at M06-2X/6-311++G(d,p) level of theory.>® We have also shown that DABCO,

which would lead to a bridge-head ylide in following this pathway, also participated in the reaction with
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just about the same ease as MesN.>® The enolate 3, formed from conjugate addition of MesN to
cyclopentenone via the TS structure TS1, combines with CH3CHO in aldol fashion via the TS structure
resembling TS2 to generate the zwitterion 5. The alkoxide function in 5 pulls a proton from one of the
methyl groups on nitrogen through a seven-membered TS structure resembling TS3 and forms the ylide
6b. Now, Hofmann elimination® through the TS structure TS4 delivers the product 7. The anti-arrangement

of the enolate and carbonyl groups in TS2 avoids steric interactions.’
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Scheme 2. The Hofmann elimination pathway for the Me3;N-catalysed MBH reaction of cyclopentenone and acetaldehyde

In the above investigation, the choice of cyclopentenone as activated alkene was guided by 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 proton transfer in the subsequent step or a combination of both
depending on the reaction conditions, we focussed on the proton transfer step 5 = 6a in Scheme 1 and
6b - TS4 - 7 in Scheme 2, and estimated their relative ease of occurrence in comparison to the aldol
reaction (3+4) - TS2 - 5 from their activation energies. The profile of the conjugate addition step (1+2)

- TS1 - 3 was also estimated to generate the entire reaction profile shown in Figure 1.
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Figure 1. The relative profile of the MsN-catalyzed MBH reaction of cyclopentenone with acetaldehyde in gas phase. TS (4-ring)
is the TS for the conversion 5->6a. The activation free energies are in kcal/mol.

The activation free energy (AG?) of the aldol step (3 + 4) > TS2 > 5 was estimated to be the largest at
41.9 kcal/mol. The initial conjugate addition (1 + 2) > TS1 > 3, proton transfer 5 > TS3 - 6b, and
Hofmann elimination 6b > TS4 = 7 required relatively much lower energies such as 29.6, 2.6 and 9.3
kcal/mol, respectively. Except the last step, all other steps were mildly to sufficiently endergonic and,
hence, reversible as observed by Aggarwal previously. While the last step was exergonic by a whopping
52.9 kcal/mol, the overall process (1 + 2 + 4) > (1 + 7) was exergonic by only 2.5 kcal/mol, which may be
responsible for the overall sluggish nature of the reaction, and also the reaction forward. An increase in
reaction temperature is, therefore, likely to switch on the equilibrium to the reactants to make the

reaction less efficient as indeed observed.®

In comparison, AG* for the proton-transfer step 5 > 6a through four-membered TS structure was
estimated at 24.2 kcal/mol against 9.3 kcal/mol for the Hofmann elimination 6b - TS4 - 7. Since the
proton transfer 5 - TS3 - 6b was extremely rapid for very low AG*, the pathway shown in Scheme 2 was
claimed to offer an alternate lower energy pathway than the previously popular pathway outlined in

Scheme 1.

Another important lesson learnt from the above exercise was about the kinetic isotope effect ku/ko for
proton transfer from oa-position of the activated alkene. The aldol reaction (3 + 4) - TS2 - 5 being the
slowest, the reaction is not expected to show any kinetic isotope effect (vide infra). Still, among the
reactions following aldol, the product-yielding Hofmann elimination 6b - TS4 -7, which involves a-
proton transfer, is the slowest and, thus, it may display kinetic isotope effect locally. The ku/kp was

estimated at 1.26 from the negative frequencies of the respective TS structures.’
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MBH reaction in the absence of solvents has been reported to be significantly fast in comparison to those
in solvents. Mack and Shumba obtained > 98% vyield of the product from methyl acrylate and p-
nitrobenzaldehyde under DABCO-catalysis in as little as 30 min by solvent-free mechanochemistry.'
Saikia and Sarma have reported remarkable rate acceleration under solvent-free conditions and obtained
high yields of the products in short reaction times.'* Moghadam and Miri have obtained the adducts of
isatin derivatives in high yields under DABCO-catalysis and solvent-free conditions at 0 °C.*? Zhao et. al.
have reported 86% yield of a MBH product under solvent-free conditions as use of solvents such as
acetonitrile and tetrahydrofuran resulted in only 30-39% yields.™® Thus, it was hypothesized that solvents
were mainly used to solubilize nonhomogeneous reaction mixtures and promote zwitterionic species. For

this reason, polar and protic solvents were considered appropriate for the reaction.**
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Scheme 3. Alcohol- and water-mediated simultaneous proton-transfer and proton-abstraction proposed by Aggarwal

Since protic solvents such as water and alcohol were recognized to catalyse the reaction by simultaneously
mediating proton-transfer to the alkoxide 5 and also proton-abstraction from the a-position of activated
alkene through a six-membered TS structure as shown in Scheme 3, we became interested in studying
(a) the effects of aprotic solvents such as methylene chloride (CH.Cl:), acetonitrile (CHsCN),
tetrahydrofuran (THF) and dimethyl sulfoxide (DMSO) on the overall reaction profile, and the associated
kinetic isotope effects and (b) catalysis by hydroxylic solvents such as H,O and MeOH, and the associated

kinetic isotope effects.

The study of kinetic isotope effect kn/kp was warranted by the observation of as high a value as 5 + 2 from
competition experiments between methyl acrylate and methyl a-?H acrylate in the absence of solvent at
the initial stage of the reaction (<20% conversion) by Aggarwal®® and a similar value 5.2 + 0.6 by McQuade*
from DABCO-catalyzed reaction of methyl a-*H acrylate and p-nitrobenzaldehyde in DMSO as the reaction
solvent. From our gas phase study of the reaction above, such a high value was never estimated and,

hence, it required a detailed exploration.
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Scheme 4. McQuade’s observation of 3" order kinetics of the MBH reaction [RLS = Rate Limiting Step]

The above study by McQuade also showed that the kinetics at the early stage of the reaction in the
absence of protic species was second order in aldehyde, indicating that the rate-limiting proton-transfer
step involved a second molecule of the aldehyde.* In other words, the hemiacetal intermediate
underwent proton-transfer via a six-membered TS structure as shown in Scheme 4. This proposal finds
support from the isolation of a dioxane product in some instances.’ The kinetic isotope effect ku/ko

emerging from this route has also been estimated in the present study.

Computational methods: All the 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 Kand 1 atm
pressure.'® The optimized structures were verified as minima or first order saddle points by harmonic
vibrational frequency analysis. The solvent effects of CH,Cl,, CHsCN, THF and DMSO on the reaction
profiles were estimated using the Conductor Polarized Continuum Model (CPCM).Y” All the energies
reported herein are Gibbs free energies, i.e., sum of electronic and thermal free energies expressed in

kcal/mol. The calculations were carried out using Gaussian 16 suite of programs.*®

Results and Discussion. The profiles of the MesN-catalyzed MBH reactions of cyclopentenone with
acetaldehyde under the solvent effects of CH,Cl;, CH3CN, THF and DMSO are shown in Figures 2-5,
respectively. A comparison of the activation energies in these Figures with those in the gas phase given in

Figure 1 highlights the followings:

(a) Solvents substantially bring down the activation energies of conjugate addition and aldol reaction.

The TS structures for the these reactions are, therefore, more charged than the reactants.”
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(b) While the reduction in AG* for conjugate addition is in the range of 9-11 kcal/mol from that in
the gas phase reaction, that of the aldol reaction is in the range 11-15 kcal/mol.

(c) CHsCN and DMSO are more effective than CH,Cl, and THF in bringing down AG* for conjugate
addition and aldol reaction. In fact, CH3CN and DMSO, and CH,Cl, and THF are much alike in
respect of the reduction in AG*.

(d) The AG? for the proton-transfer step 5 > TS3 - 6b is the smallest, 2.6 kcal/mol, in the gas phase.
This energy is substantially raised to 11.5-13.0 kcal/mol on inclusion of solvent effects. The similar
contributions of CHsCN and DMSO, and CH,Cl, and THF hold here as well. CH;CN and DMSO raise
AG* a little more than CH,Cl, and THF. This result indicates that the TS structure for proton-
transfer is less charged than the reacting substrate.”

(e) The AG?* for Hofmann elimination 6b > TS4 - 7 is also the smallest, 9.3 kcal/mol, in the gas phase
reaction and raised by 3.0-4.0 kcal/mol under solvent effects. The TS structure is, therefore, less
charged than the reactant ylide.

(f) The AG? for proton transfer 5 = 6a via four-membered TS structure is raised merely by 1.4-2.2
kcal/mol. However, it still remains larger than those for 5 > TS3 - 6b and 6b > TS4 - 7

transformations.
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Figure 2. The relative profile of the M3N-catalysed MBH reaction of cyclopentenone with acetaldehyde under the solvent effects
of CH,Cl,. TS (4-ring) is the four-membered TS structure for the transformation 5 - 6a.
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Figure 3. The relative profile of the Ms;N-catalysed MBH reaction of cyclopentenone with acetaldehyde under the solvent effects
of CH3CN. TS (4-ring) is the four-membered TS structure for the transformation 5 - 6a.
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Figure 4. The relative profile of the MsN-catalysed MBH reaction of cyclopentenone with acetaldehyde under the solvent effects

of THF. TS (4-ring) is the four-membered TS structure for the transformation 5 - 6a.
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Figure 5. The relative profile of the M3N-catalysed MBH reaction of cyclopentenone with acetaldehyde under the solvent effects
of DMSO. TS (4-ring) is the four-membered TS structure for the transformation 5 - 6a.

Overall, the pathway shown in Scheme 2 is a lower energy pathway for the MBH reaction than the widely
accepted mechanistic sequence shown in Scheme 1 under solvent conditions also. The aldol reaction is
rate-limiting throughout as it is the highest energy requiring transformation in the entire sequence. In no
solvent did the proton transfer either 5 > 6a or 5 - 6b ever become rate-limiting. We have collected the

activation energies of various steps in Table 1 to allow a convenient comparison of the profiles.
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Table 1. AG* of various steps in Scheme 2 and also the transformation 5 - 6a (kcal/mol) in the gas phase and also under different
solvent effects

Phase AG*s1 AG*s2 AG*1ss3  AG s AG¥1s(556a)
Gas 29.6 41.9 02.6 09.3 24.2
CH:Cl2 19.9 30.1 11.6 13.0 25.6
CHsCN 18.8 27.4 12.7 12.2 25.6
THF 20.1 30.5 12.0 12.7 26.4
DMSO 18.7 27.2 12.8 11.8 25.6

Since the aldol step is rate-limiting, no kn/kp is expected. At the local level, ku/kp for the step 6b - 7 was
estimated at 1.30, irrespective of the solvent. This finding contrasts, in part, an observation in the
literature that the reaction medium (solvent) and nature of the aldehyde exert great influence on the
absolute value of ku/kp.* For instance, ku/kp was measured at 2.6 0.1 (5.2 +0.6) and 1.0 + 0.1 (2.4 £ 0.1)
in DMSO and THF, respectively, for the DABCO-catalyzed reaction of benzaldehyde (p-nitrobenzaldehyde)
and methyl o-2H acrylate. Except for the reaction of methyl o-H acrylate with benzaldehyde in THF, the

measured ku/kp is two to four times as large as the computationally estimated value.

Hill and Isaacs have measured the kinetic isotope effect ku/kp as 1.03 + 0.1 for the reaction of a-?H
acrylonitrile with acetaldehyde under catalysis by DABCO.** We have estimated the profile of the MesN-
catalysed reaction of acrylonitrile with acetaldehyde in the gas phase and it is shown in Figure 6. Since the
AGt for proton transfer in Hofmann fashion F - [TS4] - (G + B) (6.5 kcal/mol) is significantly small in
comparison to the highest energy requiring aldol step (C + D) = [TS2] = E, the proton transfer is rapid
under the reaction conditions and, hence, no ku/ko is expected to be observed. Locally, kn/kp is 1.35 for

this proton-transfer.

TS({4-ring)
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Figure 6. The relative profile of the M3N-catalysed MBH reaction of acrylonitrile with acetaldehyde in gas phase. TS (4-ring) is the
TS for the transformation equivalent to 5 - 6a. A = acrylonitrile, B = MesN, C = conjugate addition product, D = CH3CHO, E = aldol
product (the alkoxide), F = ammonium ylide, G = MBH product
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Itis significant to note that in the above MesN-catalyzed MBH reaction of acrylonitrile with acetaldehyde,
the AG* (23.3 kcal/mol) for proton-transfer through four-membered TS structure is > 3.5 times as high as

that for the transfer in Hofmann fashion.

The profile of the MesN-catalyzed MBH reaction of acrylonitrile with acetaldehyde was also estimated
under the solvent effects of DMSO for a comparison. The reaction profile is given in Figure 7. The AG* for
the conjugate addition and aldol reaction are considerably reduced from those in the gas phase. The AG*
for Hofmann elimination is reduced to under 2.0 kcal/mol, which is insignificant in comparison to 26.4
kcal/mol required for proton transfer through four-membered TS structure. The kinetic isotope effect

ku/ko did not change from that in the gas phase.

TS(4-ring)
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Figure 7. The relative profile of the M3N-catalysed MBH reaction of acrylonitrile with acetaldehyde under the solvent effects of
DMSO. A = acrylonitrile, B = MesN, C = conjugate addition product, D = CH3CHO, E = aldol product (the alkoxide), F = ammonium
ylide, G = MBH product

Having failed at striking kn/kp as high as 5.2 + 0.6 reported for the reaction of methyl o-?H acrylate with p-
nitrobenzaldehyde under DABCO-catalysis in DMSO,* we wondered whether the catch was in the
employment of p-nitrobenzaldehyde as the aldol partner or catalysis by DABCO or both. This, coupled
with our previous observation that DABCO participated in the Hofmann pathway just as well as MesN
because the bridge-head ylide was formed with great ease,”® we ventured to study the reaction of p-
nitrobenzaldehyde with (a) cyclopentenone under MesN-catalysis and (b) methyl acrylate under DABCO-

catalysis, both in the gas phase and under the effects of DMSO as solvent.

The relative profiles of the reaction of p-nitrobenzaldehyde with cyclopentenone under MesN-catalysis in
the gas phase and under the solvent effects of DMSO are shown in Figures 8 and 9, respectively. Likewise,
the relative profiles of the reaction of p-nitrobenzaldehyde with methyl acrylate under DABCO-catalysis
in the gas phase and under the solvent effects of DMSO are shown in Figures 10 and 11, respectively. The

results in regard to kn/ko are as follows:
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(a) The ku/ko for Hofmann elimination was estimated at 1.22 in gas phase for the reaction of
cyclopentenone with p-nitrobenzaldehyde under MesN-catalysis. This number remained
unaltered under the solvent effects of DMSO.?! Likewise, ku/kp was estimated at 1.36 in the gas
phase for proton-transfer through four-membered TS structure, which also remained unaltered
under the solvent effects of DMSO.

(b) The ku/ko for Hofmann elimination was estimated at 1.34 in gas phase for the reaction of methyl
acrylate with p-nitrobenzaldehyde under DABCO-catalysis. This number did not change under the
solvent effects of DMSO.% Likewise, the kn/ko for proton-transfer through four-membered TS
structure also did not change from 1.36 for reaction in the gas phase to reaction under the solvent
effects of DMSO.

(c) Following the lower energy Hofmann pathway, aldol reaction constitutes to be the rate-

controlling step.

TS(4-ring)
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Figure 8. The relative profile of the MsN-catalysed MBH reaction of cyclopentenone with p-nitrobenzaldehyde in gas phase. The
notations used are the same as those in Figure 1 except 4 which herein represents p-nitrobenzaldehyde.

Ts4
TS(4ring)

e
TS81

3+4

Figure 9. The relative profile of the M3;N-catalysed MBH reaction of cyclopentenone with p-nitrobenzaldehyde under the solvent
effects of DMSO. The notations used are the same as those in Figure 8.
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Figure 10. The relative profile of the DABCO-catalysed MBH reaction of methyl acrylate with p-nitrobenzaldehyde in gas phase.
A = DABCO, B = methyl acrylate, C = enolate formed from conjugate addition of A to B, D = p-nitrobenzaldehyde, E = aldol product
from reaction of C with D, F = product from proton transfer in E through seven-membered TS, G = MBH product.

TS4.
TS (4-ring) F 65

Figure 11. The relative profile of the DABCO-catalysed MBH reaction of methyl acrylate with p-nitrobenzaldehyde under the
solvent effects of DMSO. The A-G notations are the same as in Figure 10.

(d) From the profile of the DABCO-catalysis reaction of methyl acrylate with p-nitrobenzaldehyde
under the solvent effects of DMSO given in Figure 11, it is for the first time that the proton-transfer
through seven-membered TS structure equivalent to TS3 in Scheme 2 becomes rate-limiting in
support of Singleton’s findings.”® The ku/kp estimated for this step, however, is 1.35 (1.37 for

proton-transfer through four-membered TS structure).

Thus, DMSO was estimated to affect the rate-controlling step of the reaction of methyl acrylate with p-
nitrobenzaldehyde under catalysis by DABCO, but the kinetic isotope effect ku/ko was nowhere close to
what has previously been measured by experiments. The effect of temperature on the course of the

reaction is another significant aspect that needs to be looked into.

We return to the mediation of simultaneous proton-transfer to aldol-derived alkoxide and abstraction of
proton from a-carbon of the activated alkene by hydroxylic solvents through six-membered TS structures

proposed by Aggarwal as in Scheme 3.2 TS structures were located for MesN-catalysed reaction of
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cyclopentenone with acetaldehyde and ku/ko estimated at 1.3 for MeOH-catalysis and 1.2 for H,O-
catalysis. In both the instances, the event is barrier-less. A barrier-less event such as this is unlikely to
contribute to kinetic isotope effect. Also, for the fact that the aldol event is rate-limiting in the sequence
of events, catalysis by hydroxylic solvents by simultaneous proton-transfer and proton-abstraction is not
tenable. Any catalysis, if at all, must occur at the aldol level by lowering its activation energy possibly by
protonation of the aldehyde. The TS structures for simultaneous proton-transfer to the alkoxide and
proton-abstraction from a-carbon of the activated alkene by MeOH and H,0 are given in the Sl along with

geometry coordinates.

We also return to the acetal pathway demonstrated by McQuade and confirmed by its isolation, in some
instances, as in Scheme 4. We explored the acetal pathway by studying the DABCO-catalyzed reaction of
methyl acrylate with p-nitrobenzaldehyde under the solvent effects of DMSO. While McQuade has
reported kn/kp = 5.2 + 0.6 for this reaction, the number estimated from present investigation is low at

1.35. The TS geometry for abstraction of a-proton by the acetal pathway is also given in the Sl.

Conclusion. Solvent effects of CH,Cl;, CHsCN, THF and DMSO on the profile of MBH reaction were
estimated and discovered to significantly lower the activation energy of the aldol step which generally is
rate-controlling in the sequence of several events. It is only in the instance of DABCO-catalyzed MBH
reaction of methyl acrylate with p-nitrobenzaldehyde in under the solvent effects of DMSO that the
proton-transfer through seven-membered TS structure enroute Hofmann pathway turned rate-limiting
with kinetic isotope effect kn/kp estimated at 1.35. The energy demand of this proton-transfer was still

lower than that through the four-membered TS structure.

The simultaneous proton-transfer to alkoxide and proton-abstraction from o-carbon of the activated
alkene by hydroxylic solvents such as MeOH and H,0 was discovered to be barrier-less. Proton-transfers
through seven- and four-membered TS structures are also sufficiently low energy events in comparison
to aldol reaction. The proton-transfer, therefore, is not deemed to contribute to the overall kinetics of the
reaction, including the kinetic isotope effect. The hydroxylic solvents promote the reaction possibly by
better dissolving the polar intermediates to support the follow up reactions or exerting solvent effects to
lower activation energy of the rate-controlling aldol step or activating the aldehyde by protonation (even

hydrogen bonding) or a mix of some of these.?

The acetal route does not contribute to kn/kp, which has been measured as high as 5.2 + 0.6 by McQuade.*
The results of the study of solvent effects and proton-transfers described herein do not support any large

influence of the reaction medium (solvent) and the nature of aldehyde on the absolute value of kinetic
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isotope effect as observed previously by others.?®* Our results are in resonance with the experimental
findings of Hill and Isaacs.? These authors have reported the aldol step as rate-determining step and

absolutely no kinetic isotope effect.
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A thorough computational investigation of the amine-catalysed MBH reaction shows, in conformity with
more than three decades old experimental observation, that the reaction must exhibit no kinetic isotope
effect kn/ko whether it proceeds through the erstwhile globally popular pathway involving proton transfer
through a four-membered TS structure or the recently reported Hofmann pathway. Polar aprotic solvents
facilitate the reaction by lowering AG* of the almost always rate-controlling aldol step. Hydroxylic solvents
facilitate the reaction possibly by better dissolving the polar intermediates, not by engaging in
simultaneous proton transfer to the aldol-derived alkoxide and abstraction of the a-proton of activated

alkene.
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