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A mechanistic rationalization of unusual kinetic behavior in proline-
mediated C—O and C-N bond-forming reactionst
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Kinetic evidence supports the role of the reaction product in the
catalytic cycle of proline-mediated a-aminoxylation and o-ami-
nation reactions, providing both design principles as well as a
model for the evolution of efficiency in catalysis.

The demonstration by List er /' in 2000 that proline mediates
intermolecular aldol reactions with a high degree of asymmetric
induction heralded a revolution in the field of organocatalysis,
following a nearly 30 year hiatus since the report of the first
proline-mediated transformation.”> Organocatalysis has since
become a fast growing area of research in organic chemistry,
encompassing the discovery of new catalysts and new catalytic
transformations.> Mechanistic investigations have been slower to
follow, although theoretical studies of proline-mediated transfor-
mations have provided significant insight.* It is now commonly
accepted that aldol and similar reactions proceed via enamine
formation between proline and the donor substrate followed by
attack on an electrophilic substrate, although no intermediates in
the cycle have been isolated or directly observed.

Two examples in the panoply of efficient proline-mediated reac-
tions may be singled out for their unusual kinetic features. We
reported that the o-aminoxylation® and a-amination® of aldehydes
(Scheme 1) exhibit autoinductive behaviour, 7.e., the reaction rate rises
rather than falls as substrates are consumed during its course.” This is
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Scheme 1 Proline-mediated o-aminoxylation and o-amination.
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Scheme 2 Proline-mediated aldol reaction.

in contrast to aldol reactions (Scheme 2), which show conventional
positive order kinetics in substrate concentration.® Here, we present
results of detailed kinetic studies that suggest a role for the product in
the reactions of Scheme 1, adding to our fundamental mechanistic
understanding of organocatalytic reactions in general.

Our initial experimental observations of a rising rate in proline-
mediated o-aminoxylation and o-amination reactions were
obtained using reaction calorimetry, which, as has been described
previously,” provides an accurate and virtually continuous measure
of reaction rate as a function of time. The characteristic s-shaped
temporal conversion profile expected for a reaction exhibiting an
accelerating rate is shown in Fig. 1 for the a-amination carried out
in DMF, a significantly more polar medium than the chlorinated
hydrocarbon solvents used in earlier studies. Fig. 1 also shows that
this rate acceleration is not observed in the aldol reaction of
Scheme 2. This difference in the shape of the conversion profiles
for the reaction of Scheme 1 compared to Scheme 2 was observed
in all solvents we have tested, including CH,Cl,, CHCl;, DMF,
DMSO and CH;CN.

An important consideration is the solubility of proline, which is
low in most organic solvents. The rate increase observed in Fig. 1
might simply be attributed to an increase in the concentration of
proline present in the active catalytic cycle, if undissolved proline
becomes solubilised over the course of the reaction. However, this
fails to explain why the aldol reaction does not show a similar
accelerating rate behavior. This hypothesis may be tested if the
reaction were studied under conditions of complete homogeneity
in the reaction mixture. A number of recent studies have focused
on the synthesis of proline derivatives or proline-inspired catalysts
with an improved solubility in organic solvents for aldol and other
transformations.®'® We prepared compound 8 by derivatizing
4-hydroxyproline with (‘Pr),(CgH,7)SiCl (see the ESIt). 8 is
completely soluble in CHCI; and other low dielectric solvents,
even at temperatures as low as 0 °C. Fig. 2 compares the behavior
of 8 as a catalyst in place of proline (4) in the a-aminoxylation
reaction of Scheme 1 and the aldol reaction of Scheme 2, carried
out in CHCl;. The kinetic profile of the a-aminoxylation reaction
using 8 shows the s-shaped profile of an increasing rate, while aldol
reactions carried out using 8 do not exhibit rate acceleration.
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Fig. 1 Fraction conversion vs. reaction time for proline-mediated
reactions in DMF. See the ESI for details.}
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Fig. 2 Fraction conversion vs. time using soluble proline derivative 8 as
the catalyst in CHCl;. See the ESI for details. T

Ourresults highlight a special feature of the reactions of Scheme 1
that cannot be rationalized simply by considering proline solubility.
Quantitative kinetic analysis provides mechanistic evidence of a
role for the reaction product in these reactions. A simple example of
global reaction kinetics for a dual reaction pathway is described by
eqn. 1, in which the rate of one pathway (I) depends on substrate
and catalyst concentrations 1 and 4, while a second pathway (II)
also depends on product 3 concentration. As will be shown later,
the reaction is zero-order with respect to [2a] or [2b].

total reaction rate = r(I) + r(Il) = )
(ki x [1] x [4]) + (knr x [1] x [4] x [3])

Complex rate behavior will be observed in cases where product
acceleration is observed, because reaction rate initially increases as
product [3] increases, but eventually must decrease as reactant [1] is
fully consumed. The reaction progress kinetic profiles that are
derived from these opposite contributions from substrate [1] and
product [3] to the reaction rate may be deconvoluted by a simple
algebraic manipulation of the rate law in eqn. 1 to give eqn. 2,
which effectively normalizes the reaction rate at any given time by
the concentration of reactant 1 at that time.

total reaction rate _ r(I)+r(II)
1] [1]

A large number of data points may be obtained over the course
of a reaction via reaction progress measurements, with each point

= (kp x [4]) + (ku x [4] x [3]) (2)

describing a unique condition of (rate, [1], [3], time). We may use
these data to construct plots in the form of eqn. 2, where the
function on the left-hand side of the equality sign (rate/[1]) is
plotted on the y-axis and [3] is plotted on the x-axis. Eqn. 2 has the
form of a straight line with a gradient = ky; x [4] and y-intercept =
ky % [4]. Thus, the slope provides information about the kinetics of
the product-assisted pathway II, while the y-intercept relates to the
kinetics of the conventional pathway I. Fig. 3 shows plots of this
“graphical rate equation™ using reaction progress data from
reaction calormetric monitoring of the reactions of Scheme 1
(o-aminoxylation, Fig. 3a; a-amination, Fig. 3b), carried out with
different initial concentrations of reactants 1 and either 2a or 2b.
As has been discussed previously,” such plots can yield several
important pieces of information. Firstly, when reaction progress
rate profiles, normalized by a substrate concentration, fall on top
of one another (“overlay”) for reactions carried out at different
“excess” values,'! this overlay demonstrates that the reaction
follows first-order kinetics in the “normalized” substrate concen-
tration (1 in this example). Secondly, the positive linear gradient of
the plots demonstrates first-order kinetics in the concentration of
the species plotted on the x-axis (product 3a or 3b in this case). In
addition, the overlay between runs carried out at different
concentrations of electrophile 2a or 2b confirms that the reaction
is zero-order with respect to electrophile concentration. The
relative contributions of pathways I and II depend on [3], and may
be determined from the ratio of the slope and the intercept of plots
in Fig. 3, as seen in eqn. 3. The data in Fig. 3 show that pathway II
contributes more to the overall rate for the a-aminxoylation
reaction than it does for the o-amination.

reaction rate (II) _ slope x [3]

3)

reaction rate (I)  intercept

A point that is not illustrated explicitly in Fig. 3 is that reactions
carried out at different concentrations [1] require significantly
different times for completion. For example, reaction at the lowest
[1]in Fig. 3b requires nearly twice as long for complete conversion as
those at the highest [1] (see the ESI¥), yet they bear the same kinetic
relationship to instantaneous product concentration. This confirms
that the relationship indicated by the “overlay” of curves is a
function of reaction stoichiometry and not simply a temporal
relationship, as might be expected if the autoinductive behavior was
related to dynamic processes unrelated to the catalytic network.

These observations suggest that the product is associated with
the catalyst in the rate-limiting step of pathway II. One possible
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Fig. 3 Graphical rate equation of rate/[aldehyde] vs. [product] according
to eqn. 2 for the reactions of Scheme 1. (a) a-Aminoxylation at 5 °C in
CHCl3, 0.07 M 4. (b) a-Amination at 10 °C in CH,Cl,, 0.14 M 4.
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Scheme 3 Parallel catalytic cycles for reactions of Scheme 1.

mechanism consistent with these data is shown in Scheme 3,
illustrated for the example of a-amination. This proposes that a
product-proline adduct is reversibly formed in Pathway II, with
rate-limiting addition of the aldehyde occurring prior to full
dissociation of the reaction product. This product-assisted cycle
could exist in parallel with the conventional catalytic cycle that has
been proposed for proline-mediated aldol reactions, shown in I on
the top of Scheme 3. As the reactions of Scheme 1 proceed,
product-proline-binding channels a greater fraction of the proline
into this product-assisted cycle, and the higher reactivity of it
results in a concomitant increase in rate. Product stereochemistry is
determined in steps common to cycles I and II.

While the kinetic data support the role of a product—proline
adduct in the catalytic cycle, as shown in Scheme 3, these data
cannot provide further information about the nature of such a
species. We proposed previously, on the basis of computational
evidence, that this species is a hydrogen bonded adduct.'” The
question of why reactant 1 might add more readily to proline as it
is releasing the hydrogen bound product than it does to free
proline may be addressed using theoretical calculations of the
electrostatic potential near to the van der Waals surface of two
proline conformations obtained vie DFT calculations using
B3LYP/6-31G(d) (see the ESIT). One globally optimal “closed”
conformation is shown in Fig. 4A, with the lone pair on N
providing a hydrogen bonding attachment point for the carboxylic
proton, causing proline to fold in on itself such that A is not
optimally positioned for the Breonsted acid-assisted nucleophilic
attack that characterizes proline’s reaction with carbonyl groups.'®
Structure Fig. 4B is an “open” proline conformation, similar to
those used in other theoretical studies as the starting point for
probing interactions between proline and aldehydes or ketones.'*
A hydrogen bonded product—proline complex will resemble
conformation B rather than the more stable conformation A. If
association of aldehyde to this complex commences prior to full
product dissociation, the catalyst may be maintained in its active
conformation from one cycle to the next. In the non-product-
assisted pathway, proline readily reverts to the more stable
conformation A, meaning that a significant reactivation energy
cost is incurred with each cycle.

Fig. 4 Electrostatic potential near to the van der Waals surface for
“closed” (A) and “open” (B) proline; see the ESL.{

The importance of hydrogen bond mediation in asymmetric
catalysis has been highlighted recently.® A reaction product that
uses hydrogen bonding to enable higher efficiency in its own
catalytic production suggests a tool for the evolutionary develop-
ment of primitive amino acid catalysts and provides a mechanistic
rationale that may help in the design of new organocatalysts.
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