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ABSTRACT: The full catalytic cycle of the proline-catalyzed intermolecular aldol reaction of acetone and p-
nitrobenzaldehyde in acetone solvent has been investigated by quantum chemistry at the
G3(MP2,CC)//M062X/6-31+G(d)/SMD level of theory, and the results used to develop an ab initio kinetic
model. Proline catalyzes the aldol reaction according to the enamine mechanism. The initial reaction
between proline and acetone was reinvestigated, and a revised mechanism for enamine formation is
proposed in which a second proline assists the process contributing to the enamine formation. Using
various initial concentrations of proline while keeping the experimental ratio of water, aldehyde and
acetone constant, we find that the enamine formation from the first-order to proline pathway dominates
when the concentration of proline is low (< 0.005 M); while the second-order enamine formation
pathways contribute and then dominate as the proline concentration is increased. The relative rates of
formation of the syn and anti-enamine are not important, as these interconvert via C-N bond rotation
and equilibrate faster than their subsequent reaction, which follows the standard Houk/List mechanism.
While the stereochemistry can be predicted from an analysis of the alternative C-C bond formation
pathways, their relative contributions to the major and minor product yields are influenced by their
subsequent rates of hydrolysis. Indeed, while C—C bond formation is normally considered rate
determining, our kinetic simulations show that the kinetic model is more complicated than this and under
typically used concentrations, the process of initial enamine formation, C-C bond formation and the initial
stages of product release all contribute to the overall reaction rate. Using our kinetic model, we predict
that yield and %ee are optimal for concentrations of [proline] = 0.005 M, [acetone] = 2.25 M, [aldehyde]
=0.1 M, and [water] = 0.6 M. Using excess acetone (< 2.6 M) increases both conversion and %ee. Excess
aldehyde increases %ee but decreases conversion, and excess catalyst increases the conversion but
decreases %ee. Aside from the indirect effect of increasing the solubility of the proline catalyst, water
increases both conversion and %ee up to a point, but at large concentrations (> 1.0 M) excess water is
expected to decrease %ee. Side reactivity, including aldol condensation, acetone self-aldolization,
oxazolidinone formation and azomethine and 1-oxapyrrolizidine formation were all considered in our
kinetic model but shown to have a negligible effect (<2%) on the yield and %ee over the full range of
reaction conditions investigated.
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INTRODUCTION

The aldol reaction is widely regarded as one of the most important C—C bond formation reactions utilized
in organic synthesis. Eder and coworkers [1] and Hajos and Parrish [2] discovered that (S)-proline catalyzes
intramolecular aldol reactions with high enantiomeric excesses and chemical yields (Scheme 1A) in the
1970s. In 2000, List and coworkers reported intermolecular aldol reactions catalyzed by proline (Scheme
1B) [3]. Understanding the kinetic mechanism of these proline-catalyzed aldol reactions, and the origin of
the catalysis and enantioselectivity, is crucial to process optimization and improved catalyst design.
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Scheme 1. Key (A) intra- and (B) intermolecular aldol reactions catalyzed by proline [1-3].

Although many studies of proline-catalyzed aldol reactions have been reported, the reaction mechanism
remains controversial, and a number of alternative models have been proposed. For example, Hajos and
Parrish [2] suggested two mechanisms (Scheme 2): A, which involves the formation of a protonated
enamine and of an oxazolidinone ring; and B, which involves the addition of (S)-proline in its zwitterionic
form to one of the carbonyl groups. The stereochemistry of mechanism B was subsequently questioned
by Jung [4]. Additionally, Kagan and coworkers [5] proposed a side-chain enamine mechanism that involves
two proline molecules in the C—C bond formation transition state, one engaged in enamine formation and
the other as a proton transfer mediator (Scheme 2, C). This mechanism was challenged by List and
coworkers [3,6], who proposed a one-proline enamine mechanism. Based on density functional theory
(DFT) calculations, Houk and coworkers [7-12] proposed a very similar mechanism to List for the
intramolecular aldol reaction (Scheme 2, D). Rzepa and co-workers also confirmed the Houk-List
mechanism, while highlighting the importance of dispersion in the C-C bond forming transition states [13].
In contrast, Swaminathan and coworkers [14] preferred a heterogeneous aldolization mechanism on the
surface of crystalline proline, despite that fact that many proline-catalyzed aldolizations are completely
homogenous (Scheme 2, E).

o

o O§eo\><\b o o o

0\60* {\bo HQ{’\’b é"‘ Ey : 0 HT;U
tl *d
N-H

N He
AN = OF"‘%OG R
s D

A B Cc

Scheme 2. Alternative proposed mechanisms for proline-catalyzed aldol reactions



There have been a number of computational [7,10,11,15-19] and experimental [20-25] studies of the
reaction mechanism. List and coworkers [20] proved the majority of 10 crystal structures were consistent
with the Houk-List transition states of proline-catalyzed reactions by comparing the crystal structures with
the ground and transition state structures predicted by DFT. Meanwhile, Gschwind and coworkers [21]
experimentally detected and characterized the enamine intermediates in proline-catalyzed aldol reaction
and showed the direct formation of enamine carboxylic acids from oxazolidinones in DMSO. Following
this, Sunoj and coworkers [18] explored the competing enamine and oxazolidinone pathways using DFT
and MP2 calculations, and concluded that Houk-List transition model is better able to rationalize the
experimentally observed enantio- and diastereoselectivities. Indeed, we recently used DFT calculations of
the C-C bond formation step of the Houk-List model to successfully predict the experimentally observed
enantioselectivities in reaction of acetone with p-nitrobenzaldehyde, as catalyzed by proline and its
derivatives Mesbdc-Pro (bdc = 1,4-benzenedicarboxylate) and Meybpdc-Pro (bpdc = 4,4'-
biphenyldicarboxylate) [19].
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Scheme 3. Catalytic cycle of proline catalyzed aldol reactions [26].

While most experimental and computational evidence supports the C—C bond formation step proposed
by the Houk-List model [18-20], the remaining details of the overall catalytic process have received little
attention (Scheme 3). That is, the mechanism of enamine formation along with the release of catalyst and
final aldol product are relatively poorly understood. The rate-determining step of the process also remains
controversial. Houk and coworkers reported that the C—C bond formation is the rate-determining step in
their early work [7,8,27]. The conclusion was then revised firstly in 2004, reporting both the enamine
formation step via deprotonation by carboxylate group of the iminium and the subsequent C—C bond
formation step as rate-determining steps because of their equal barrier heights [11]. By conducting a
kinetic isotope effect study experimentally and computationally, Meyer, Houk and coworkers later
specified that rate-limiting step precedes C—C bond formation [12]. Meanwhile, kinetic and isotope studies
from Blackmond and coworkers concluded that the rate-determining step succeeds enamine formation
but precedes product hydrolysis [22-25]. Moreover, proline-mediated aldol reactions can also undergo a
variety of potential side-reactions (see Scheme 4), including the formation of the a, B-unsaturated ketone
via aldol condensation and acetone self-aldolization catalyzed by proline.[8,27] Aromatic aldehydes
(including p-nitrobenzaldehyde) can condense with proline to form azomethine which can undergo
further 1,3-dipolar cycloaddition reaction [22,28,29]. While the products of these side reactions have
been experimentally observed [22,28,29], their significance as a function of reaction conditions is yet to
be established.

Herein we use high-level quantum chemical calculations to study the full catalytic cycle of proline-
catalyzed intermolecular aldol reaction of acetone and p-nitrobenzaldehyde in acetone, including

enamine formation, C—C bond formation, aldol product release, and side reactions. These results of these
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calculations are then used to develop a first principles kinetic model of the entire process. That is,
individual rate expressions for all known reaction pathways (including side reactions), populated with our
calculated rate coefficients, are combined to form the induced mass-action kinetic differential equation
that is then solved numerically for a wide range of different starting concentrations. In this way we can
ascertain the relative importance of various steps in the mechanism as a function of reaction conditions
and provide guidelines for optimizing the yields and product ratios.
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Scheme 4. Side reactions considered in our study.

COMPUTATIONAL PROCEDURES

Quantum Chemistry. All standard ab initio calculations and density functional theory calculations were
carried out using Gaussian 09 revision E.01 [30] and Molpro 2015 [31] software packages. Conformational
searching was performed with the energy-directed tree search (EDTS) algorithm [32] so as to identify
conformations with the lowest Gibbs free energy in solution. Solution-phase Gibbs free energies were
obtained via a thermocycle in which Gibbs free energies in the gas phase at 298 K, as calculated via
standard ideal gas partition functions, were combined with Gibbs free energies of solvation and the
necessary phase change correction term [33]. The SMD solvent model [34] at the recommended [35]
MO062X/6-31+G(d) level of theory was used to calculate Gibbs free energies of solvation in acetone. For
the gas-phase component, geometries were optimized at the M06-2X/6-31+G(d) level of theory [36].
Frequency calculations were carried out at the same level of theory. Geometries were verified either as
local minima or transition states. Entropies, thermal corrections, and zero-point vibrational energies were
scaled by recommended scale factors [37]. Single-point energies were calculated using the high-level
composite ab initio method G3(MP2,CC) to improve the accuracy [38]. Having obtained the Gibbs free
energy barriers in solution, corresponding rate coefficients were then obtained via the Eyring equation for
use in the kinetic modelling. Benchmarking of the entire methodology is presented in the Supporting
Information (Appendix S1) where we show that is capable of reproducing the experimental pKa value for
proline in water (1.99 [39]) to within 0.5 pKa units (2.52).

Kinetic Modelling. Kinetic modelling was performed with the Modelica package, version 2.3.2,
implemented within Mathematica 12 [40]. The kinetic modelling approach is as described in our previous
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work [41]. An induced mass-action kinetic differential equation is constructed from the rate expressions
of all forward and reverse reactions in the process. This is then solved numerically to yield concentrations
of all species as a function of time, given a set of specified starting concentrations. By construction, the
induced kinetic differential equation is mass balanced and well-defined, (i.e., the solution is unique, given
unique starting conditions) yielding a concentrated-variable model (i.e. the model assumes no spatial
inhomogeneities) [42]. Adaptive step sampling was conducted using the DASSL ODE solver, by default; no
change in kinetic profile was observed with changes in step-tolerance (up to three orders of magnitude;
minimum of 10°), or choice of ODE solver. Results were unchanged when the induced kinetic differential
equation was solved manually with NDSolve. The kinetic mechanism is presented in Scheme S1
(Supporting Information) and includes a simplified model of the uncatalyzed process, several off-pathway
reactions (as shown in Scheme 4), and the full proline-catalyzed intermolecular aldol reaction, including
enamine formation, C-C bond formation, and product release. The full catalyzed mechanism includes all
three possible pathways to enamine formation, all four possible C-C bond forming transition states with
synchronous proton transfer, and the full mechanism of product release. All rate parameters are calculated
from quantum chemistry with the exception of those that are diffusion limited. For these we universally
assume a rate coefficient of 108 L mol™* s7*. The forward Gibbs free barriers (AG*) and reaction energies
(AG) are listed in Table S2 of the Supporting Information, following the same nomenclature as Scheme S1.
A dash in Table S2 indicates that the reaction was barrierless and thus assumed to be diffusion controlled
in the forward direction. We use our model to make testable predictions of reaction outcomes over a wide
range of experimental conditions, and provide the full set of reaction conditions and associated
predictions in the Supporting Information. We also validate the numerical approach using the same
approach for the uncatalyzed reaction and showing that the numerical and analytical solutions are
identical (Appendix S3, Supporting Information).

RESULTS AND DISCUSSION

Part 1. Quantum-chemical calculations.

High-level ab initio molecular orbital calculations were first used to evaluate the kinetics and
thermodynamics of every known mechanistic pathway for the proline catalyzed process, including all of
the possible side reactions in Scheme 4, so as to provide the rate and equilibrium constants for
incorporation into a kinetic model.

Enamine Formation. The first stage in the aldol catalytic cycle is the formation of the enamine
intermediate (Figure 1). Noteworthy aspects of the process are the initial inversion of stereochemistry
required to activate the proline, which proceeds through a low barrier (22.9 k mol™) [17], followed by a
relatively high barrier (~80 kJ mol™ on an absolute scale) to form the zwitterionic intermediate E'. Proton
transfer involving some external source then occurs to form F, which is justified by the aldol reaction
proceeding under acid or base conditions [43]. C—O bond cleavage can then occur via another barrier
(75.4 k) mol™ on an absolute scale) to generate the iminium complex G. In the lowest energy pathway
(TS4 in Figure 1), another proline molecule assists the transformation of the iminium complex to the
nucleophilic enamine complex H'. This reaction occurs via TS4 rather than its charge separated form (TS4”
in Figure 1) which is 17 kJ mol™ higher in energy (76.9 kJ mol™ versus 93.9 kJ mol™), though the latter is
10.2 kJ mol™ more thermodynamically favorable. The corresponding intramolecular pathway for the
formation of enamine (T4 in Figure 1), as proposed earlier by Houk and coworkers [11], has a slightly
higher barrier (82.7 kJl mol™ on absolute scale) than the lowest bimolecular pathway TS4 for the proton
transfer step. Nonetheless, due to concentration effects, this intramolecular pathway actually dominates
kinetically, except when the concentration of proline is high (vide infra).



Interestingly, the intramolecular (TS4’) and zwitterionic bimolecular (TS4”) pathways both lead to the syn-
enamine, whereas the competing non-zwitterionic bimolecular pathway (TS4) leads to the anti. However,
the relative importance of these pathways does not affect the syn- and anti-enamine concentrations, as
these can interconvert through rapid N—C bond rotation (AG* = 54.9 kJ mol™ on an absolute scale). The
reaction itself is essentially thermoneutral (AG = 1.0 kJ mol™ for syn to anti), and considerably faster than
the subsequent C-C bond formation steps (vide infra). As a result, and in accordance with the Curtin-
Hammett principle [44], the syn- and anti-enamine concentrations are able to equilibrate and equalize
prior to the C-C bond formation step, which is why the enantioselectivity has been found to be governed
these subsequent steps rather than the enamine formation rates [18,19].
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Figure 1. Gibbs free energy surface (25°C, k) mol™) at G3(MP2,CC)//M062X/6-31+G(d) level of theory for enamine formation
between acetone and proline.

C-C Bond Formation. Formation of the C—C bond in the proline-catalyzed aldol reaction has been
extensively studied, and while most experimental evidence supports the Houk/List mechanism of C—C
bond formation [20,21], several key mechanistic questions remain. Namely, does C—C bond formation
occur simultaneously with proton transfer? Additionally, does the enamine react in the syn or anti form
(Scheme 5), and is the barrier to isomerization (Figure 1, TS5) relevant for the stereochemistry of the final
product. To address these questions, Figure 2 shows the four possible transition states describing C—C
bond formation in which proton transfer is concerted for either the syn or anti enamine starting material,
while Figure S2 of the Supporting Information shows those same transition states without concerted
proton transfer. It should be noted that only the lowest energy conformations of the pyrrolidine ring (i.e.,
with the C4 “up” with respect to the carboxylic acid) are considered here as we have previously shown
that consideration of the “down” conformers are significantly less stable (by up to 9.4 kJ/mol) and
neglecting them does not affect the predicted enantiomeric excess [19]. In all cases the barrier heights
for C-C bond formation with concerted proton transfer are up to 50 kJ mol™ lower than those without,
and thus we conclude that concerted proton transfer is necessary, consistent with the previous
computational work of Houk and coworkers [7,8]. Houk and coworkers showed that proton transfer from
the carboxylic acid of proline to the forming alkoxide is essential for charge stabilization and facilitates C—
C bond formation in the transition state. Additionally, the lowest-energy transition states in Figure 2
involve the anti-conformation of the enamine, which is why the rapid equilibration of the anti- and syn-
enamine concentrations by N—C bond rotation is important. The TSar and TSsr barriers to the C—C bond
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formation are approximately 10 kJ mol™ lower than that of TSas and TS, respectively. Of these four
transition states, TSarr and TSer lead to the (R)-major aldol product, and TSars and TS lead to the (S)-minor
product, in agreement with experiment and as predicted by List and Houk and coworkers [10].
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Scheme 5. Stereoselectivities in the C—C bond formation transition states. Red color means the enamine is attacked and blue
color means the aldehyde is attacked. The uppermost structures feature simultaneous C—C bond formation and proton-
transfer, while the lower structures feature asynchronous proton transfer.
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Figure 2. Gibbs free energy surface (25°C, kJ mol™) for C—C bond formation coupled with proton transfer at G3(MP2,
CC)//M062X/6-31+G(d) level of theory. Here, R is p-nitrobenzaldehyde. The zero of energy is the original isolated reactants
and catalyst.

Product Release. Taking the lowest-energy transition state for C—C bond formation (TSarr), we next
examined the mechanism of product release (Figure 3). The corresponding Gibbs free energy surfaces for
product release after the other transition states, TSer, TSars and TSes are shown in the Supporting
Information (Figure S3, Figure S4, and Figure S5 respectively). Interestingly, and contrary to previous
reports stating that C—C bond formation was rate determining [7,8,15,16,22-25,27,45,46] we find here
that product release proceeds through a higher barrier transition state. Once again, however, kinetic
information is concentration dependent, and kinetic modelling shows that both C—C bond formation and
product release contribute to the rate of product formation (vide infra).
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Figure 3. Gibbs free energy surface (25°C, kJ mol™) for product release following C—C bond formation via TSar at G3(MP2,
CC)//M062X/6-31+G(d) level of theory. The zero of energy is the original isolated reactants and catalyst.

Side Reactions. Finally, several side reactions have also been considered in the catalytic cycle (see Scheme
4), including aldol product condensation to form the a,B-unsaturated ketone, acetone self-aldolization
catalyzed by proline, as well as the experimentally observed oxazolidinone, azomethine and 1-
oxapyrrolizidine formed by condensation of proline and p-nitrobenzaldehyde [22,28,29]. Starting with
aldol product condensation, two pathways have been investigated (see Figure S6, Supporting
Information). For acetone self-aldolization, the enamine reacts with a second acetone molecule via either
re or si attack, and two different pathways were predicted (Figure S7 and Figure S8, Supporting
Information). The calculated Gibbs free energy surfaces for the condensation reactions between proline
and p-nitrobenzaldehyde are depicted in Figure S9 and Figure S10 (Supporting Information). All of the
processes in Figures S6-S10 proceed through at least one very high barrier (> 160 kJ mol™) and thus are
not expected to contribute significantly, but all are nonetheless included the kinetic model for the sake of
completeness.

Part 2 Kinetic Modelling.

Having predicted energetics and hence rate and equilibrium coefficients for all known reaction pathways,
we then used them to construct a complete kinetic model of the process, which was in turn used to study
the mechanism of the process and identify reaction conditions for optimizing the enantiomeric excess
(%ee) and the aldol product yields.

Model Validation. To help validate the model, we first simulated the conversion and %ee for the published
experimental reaction conditions of Pikho [47]. In that work, the reactants, temperature and reported
concentrations were same as in the simulations, but their reactions were performed in DMF, and data
reported after 3 days instead of the 30 minutes used in the simulations (Figure 4). The effect of water on
the conversion and %ee was consistent, but clearly the simulated reactions were much faster. This may in
part reflect the low solubility, and hence lower than reported effective concentration, of proline in DMF.
Considering the poor solubility of proline in DMF, we screened 66 conditions by varying the initial proline
concentration (from 0.1 M to 0.002 M) while keeping the experimental conditions of acetone, aldehyde
and water constant (see Table S5). By comparing the screening results with experiment, we found that if
the proline concentration is decreased from 0.1 M to 0.02 M, while maintaining the other concentrations
at their experimentally reported values, we can better reproduce the experimental conversions except
when the concentration of water is nil (see Figure S16), which is likely due to the even poorer solubility of
proline in DMF without water. Although the substrate is different (m-Cl-benzaldehyde), we also compared
the effect of water on the reaction rate for the reaction conditions of Blackmond [22] and again obtained



gualitatively similar results, although in this case reaction rates are faster for Blackmond’s substrate than
ours (see Figure S11, Supporting Information).
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Figure 4. %Conversion (solid) and %ee (dashed) for the proline (10 mol%) catalysed aldol reaction of p-nitrobenzaldehyde (1M)

and acetone (1M) as a function of water concentration. Solid lines are the kinetic model predictions after 30 minutes; points

are the experimental data taken from Ref [47].

Process Optimization. Having validated the kinetic model, we can use it to identify optimal reaction
conditions to, for example, maximise the %ee or the conversion to the major or minor product. To this
end, we systematically screened 186 reaction condition sets in which the initial catalyst, acetone, and
water concentrations were varied. The temperature was kept constant at 298 K, which corresponds to
the typically used conditions in the literature. From these screening studies, the best conditions (with
respect to conversion of the major and minor product, respectively) were identified (Figure S12). Regions
of high product yield and %ee (Figure S12) were also identified, with good coverage of possible outcomes,
such that one could in principle select a set of conditions to achieve expected %ee or product conversion.
The full results of screening are provided in Table S3. We find that the high concentration of the aldehyde
leads to very low aldol product conversion (< 10%) when the concentration of proline is very low (i.e.
0.002 M). If everything else is constant, the aldol product conversion increases with the increase of any
of proline, acetone and water, but decreases when the aldehyde is increased. With the ratio of proline,
acetone and aldehyde fixed, increasing the concentration of water would increase the aldol product
conversion, which is consistent with the experimental results of Pihko and co-workers for the same
reaction [47]. Interestingly, the enantiomeric excess was largely unaffected for all the screening
conditions except for those conditions with extremely high “acetone-excess” (i.e. 2.6 M) and high
concentration of proline (i.e. 0.03 M). The latter result might seem counterintuitive but is because at very
high proline concentrations, the hydrolysis step and its role in determining enantioselectivity (vide infra)
becomes relatively more important. The conditions which are predicted to maximize product conversion
(i.e. 89.4%) are similar to those of List and co-workers, except for the initial concentration of proline,
which likely differs due to its poor solubility. Finally, we chose condition 140 (Table S3) as our optimal
model, that is [proline]=0.005M, [acetone]=2.25M, [aldehyde]=0.1M, and [water]=0.6M, resulting in
76.6% ee and 89.4% vyield. Figure 5 shows that the predicted yield and enantiomeric excess conducted by
kinetic modelling using this optimal model.



1004

Major Product

80

601

404

Conversion (%)

20 Minor Product

Time (h)
Figure 5. Predicted major and minor aldol product using our kinetic modelling with the optimal reaction condition
([proline]=0.005M, [acetone]=2.25M, [aldehyde]=0.1M, and [water]=0.6M). The predicted conversion and %ee are 89.4% and
68 % respectively, compared with experimental conversion of 68% and %ee of 76%.

Order in Proline. With our optimal kinetic model in hand, we can use this to assess the relative importance
of different reactions and side reactions in the overall reaction scheme. Under optimal conditions, the
predicted mechanism of enamine formation is mainly first-order with respect to (S)-proline and occurs
through an intramolecular proton transfer to yield the syn-enamine (55.0%, TS4" in Figure 1), though the
lower barrier pathway that is second-order with respect (S)-proline contributes 44.8% (TS4 in Figure 1),
and the other higher-energy zwitterionic second order pathway examined contributes less than 0.3%
(TS4” in Figure 1). This is notable because the first-order pathway has a higher barrier to enamine
formation (82.7 kJ mol™ on an absolute scale) than the lowest second-order pathway (76.9 kJ mol™),
which illustrates the importance of kinetic modelling when discriminating between plausible pathways
that exhibit similar barriers, but have different stoichiometric requirements. In this regard, it is also worth
noting that the order of the reaction in proline is dependent on the proline concentration. Figure 6 shows
the % contribution of the three pathways as a function of proline concentration, while keeping the
concentrations of [water] = 0.6 M, [aldehyde] = 0.1 M, and [acetone] = 2.25 M constant. Increasing the
initial concentration of proline from 0.001 to 2.25 M, we find that the proportion of enamine formation
from the first order pathway (TS4’) decreases from 80.9% to 32.2%, while that of the second order
pathway (TS4) increases until the concentration of proline reaches 0.01 M but then also decreases in
favour of the zwitterionic bimolecular pathway TS4” which ultimately increases to 39.6%. This zwitterionic
pathway has highest barrier of all three on an absolute scale (93.9 kJ mol™) but is 10.2 kJ mol™ more
thermodynamically favourable than the lower barrier bimolecular pathway (TS4), which is why it becomes
significant at very high proline concentrations. Summing up when the initial concentration of proline is
low (< 0.005 M) the first-order enamine formation pathway dominates; while the second-order enamine
pathways become significant at higher catalyst concentrations. This dependence on catalyst
concentration, coupled with the low solubility of proline under typical experimental conditions, explains
the conflicting conclusions in the literature with respect to the order of the reaction in proline [3-12,22-
25,48].
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Figure 6. The enamine formation proportions from the three enamine formation pathways (left) and the conversion of aldol
products (including the major and minor aldol products) and enantiomeric excess (right) with increasing the concentration of
proline from 0.001M to 2.25M while keeping [acetone] = 2.25 M, [aldehyde] =0.1 M and [water] = 0.6 M.

Stereochemistry. As anticipated, under the optimal kinetic model, the stereochemistry is governed
entirely by the barrier heights of the alternative C-C bond formation transition states. This is because the
concentrations of the anti- and syn-enamine equilibrate and equalize via a rapid thermoneutral N-C bond
rotation step. When this ability to interconvert is artificially removed (i.e., when the barrier to rotation is
made infinitely high), we observe that the predicted enantiomeric excess decreases from 76.6 % to 40.4%
under our optimal conditions, and the conversion decreases only slightly, from 89.4% to 87.7%. The major
(R)-aldol product is formed in roughly equal proportion via re-facial attack of the p-nitrobenzaldehyde
upon the re-face of the anti-enamine and syn-enamine (50.4 and 49.6% respectively), for which we
predict the barriers to C-C bond with concerted proton transfer to be 38.1 (TSarr) and 46.7 (TS«r) ki/mol,
respectively. The reason that both contribute more or less equally, is their barriers for the corresponding
hydrolysis are 70.6 and 46.3 kJ/mol, respectively. This highlights the key role of hydrolysis, and the reason
why the %ee depends on water and other reaction conditions. That the %ee was successfully predicted
in previous studies based on the C-C bond formation alone [18,19], is due to the fact that both of these
pathways lead to the same product. The minor (S)-aldol product is formed almost exclusively via si-facial
attack of the p-nitrobenzaldehyde upon the re-face of the syn-enamine (70.2%) and via si-facial attack of
the p-nitrobenzaldehyde upon the re-face of the anti-enamine (29.8%) (Figure 7).
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Figure 7. Product Formation Pathways. Selectively inhibiting pathways in our kinetic model to construct model subsets yields
mechanistic information that is otherwise difficult to access experimentally. We find that the major (R)-aldol product is formed
in roughly equal proportion via re-facial attack of the p-nitrobenzaldehyde upon the re-face of the anti-enamine and syn-
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enamine (50.4 and 49.6% respectively), which we predict the barriers to C-C bond formation (38.1 and 46.7 kl/mol,
respectively) and the following hydrolysis process (70.6 and 46.3 kl/mol, respectively).

Rate Determining Steps. As noted in the Introduction, there has been significant debate as to which
step(s) in the process are rate determining [12,15,22-24]. We note in passing that concept of a “rate-
determining step” has itself been debated in the literature (see for example [49] for an excellent
discussion of this problem). Here we use the IUPAC definition of a “rate controlling step”, that is “an
elementary reaction the rate constant for which exerts a strong effect—stronger than that of any other
rate constant— on the overall rate” [44]. To assess which step(s) of the model are rate determining, we
used our optimal concentrations and artificially modified our rate coefficients in turn by £10% to assess
which rates had the largest impact on the conversion (Figures S14 and S15, Supporting Information). Our
rate sensitivity analysis suggests that changes to initial stages of enamine formation (i.e. ks to k7), the rate
of enamine isomerisation (i.e. ki ), the rate of re-facial attack of the p-nitrobenzaldehyde upon the re-
face of the anti-enamine (i.e. kisto kis), and the rate of water complexation with the aldol adduct (which
initiates product release, i.e. k17 to ki9) have the greatest effect upon the rate of conversion to the major
(R)-aldol product (Figure S14, Supporting Information). Likewise, the rate of conversion to the minor (S)-
aldol product is most sensitive to changes in the rate of enamine isomerisation (i.e. ki4), the rate of si-
facial attack of the p-nitrobenzaldehyde upon the re-face and si-face of the syn-enamine and the rate of
water complexation with the aldol adduct (i.e. ky; to kas and ko to k31 ) (Figure S15, Supporting
Information). The rate of conversion to the minor product is also moderately sensitive to changes in the
rate of major product formation via the preferred mechanism detailed above; this merely reiterates that
the rate of minor product conversion is adversely affected by consumption of the aldehyde substrate to
form the major (R)-aldol product. To sum up, under our optimal reaction conditions, the process of initial
enamine formation, C-C bond formation and the initial stages of product release all contribute to the
overall reaction rate, in agreement with our analysis of the mechanism of C-C bond formation previously.
The observation that all of these steps contribute to the rate under these conditions, and that their
relative contributions is dependent on the concentrations used, goes some way to explaining the
conflicting conclusions in the literature as to which step is rate determining [12,15,22-24] — in reality all
are under the right conditions

Side Reactivity. Taking our optimal reaction conditions, we also artificially modified our model so as to
“switch off” side reactions, with a view to elucidating the various factors controlling off-target reactivity.
It is well-understood that additional water suppresses side-reactivity by suppressing spectator species
[22] but the effects upon off-target reactivity of simultaneously changing the concentrations of acetone,
(S)-proline, water, and also the aldehyde is less well-understood, and is difficult to discern experimentally.
To that end, we screened the same 186 reaction conditions sets that we used to optimise the model and
compared their results to the same set of parameters with the barriers to side-product formation made
unfeasibly high. The full results of screening are provided in Table S4 and Figure S13. As expected, for
over 50% all tested cases, removing the possibility of side-reactivity increased the predicted yield, while
less than 50% of the tested cases decreased the predicted yield. However, in all cases the predicted effect
of removing side-reactivity was very small, with a maximal conversion difference of ~2.0% relative to the
optimized kinetic model. Side-reactivity is predicted to be minimized (< 0.3%) at high “acetone-excess”
(>2.0 M), and where the “acetone-excess” smaller than 1.5 M results in the most significant side-reactivity
(~2.0%). Meanwhile, we find the side-reactivity is sensitive to the concentrations of proline and aldehyde
when the concentration of acetone is fixed.
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CONCLUSIONS

Herein, using the reaction of p-nitrobenzaldehyde and acetone as a case study, we propose a revised
mechanism for intermolecular proline catalyzed aldol reactions, and use it to derive optimal reaction
conditions for the process. Using a combination of G3(MP2,CC)//M062X/6-31+G(d)/SMD quantum-
chemical calculations and ab initio kinetic modelling we show that, contrary to previous reports, the
enamine formation benefits from participation of a second proline moiety except when the proline
concentration is very low (< 0.005M). However, once the enamine is formed, C—C bond formation occurs
via the established List/Houk mechanism. We show that the relative rates of formation of the syn and anti-
enamine are not important, as these interconvert via C-N bond rotation and equilibrate faster than their
subsequent reaction. However, although the stereochemistry has been previously successfully predicted
from the C-C bond formation barriers alone [18,19], our kinetic analysis shows that the subsequent rates
of hydrolysis also influence the relative contributions of the different C-C bond formation pathways though
not in a manner that changes the %ee in this instance. Moreover, while C—C bond formation is normally
considered rate determining [3,4,22-25,48], the kinetic model is more complicated than this and under
typically used concentrations, the process of initial enamine formation, C-C bond formation and the initial
stages of product release all contribute to the overall reaction rate. Using our kinetic model, we predict
that yield and %ee are optimal for concentrations of [proline] = 0.005 M, [acetone] = 2.25 M, [aldehyde]
=0.1 M, and [water] = 0.6 M. Using excess acetone (< 2.6 M) increases both conversion and %ee, excess
aldehyde increases %ee but decreases conversion, and excess catalyst increases the conversion but
decreases %ee. Aside from the indirect effect of increasing the solubility of the proline catalyst, water
increases both conversion and %ee up to a point, but at large concentrations (> 1.0 M) excess water is
expected to decrease %ee. Side reactions were shown to have a negligible effect (< 2%) on conversion and
%ee under the full range of conditions explored.
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