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The interplay of thermodynamics and kinetics in
dictating organocatalytic reactivity and
selectivity*

Jordi Burés1,2, Alan Armstrong2, and Donna G. Blackmond1,2,‡

1Department of Chemistry, The Scripps Research Institute, La Jolla, CA 92037,
USA; 2Department of Chemistry, Imperial College London, London SW7 2AZ, UK

Abstract: Recent reports of the real-time identification of intermediates in organocatalytic
reactions by NMR spectroscopy coupled with detailed kinetic studies highlight a potential
role for stable intermediates reversibly formed downstream from what is generally consid-
ered to be the enantioselectivity-determining step. In this work, we employ kinetic modeling
to explore these concepts further. We demonstrate that when an intermediate is common to
multiple reaction pathways, the relative reactivity of these pathways dictates the ultimate out-
come, regardless of the relative stability of other intermediates connected to these pathways.
Kinetic modeling also illustrates important implications for enantioselectivity depending on
whether such intermediates lie on or off the catalytic cycle.

Keywords: asymmetric catalysis; catalysis; kinetics; mechanisms; modeling; reaction
thermo dynamics.

INTRODUCTION

In situ monitoring of reactive species has contributed to recent advances in the mechanistic under-
standing of organocatalytic reactions [1–3]. Since Gschwind and co-workers first identified enamines
formed between aldehydes and proline [1a], NMR spectroscopy has proven to be a tool vital to these
investigations, which have been expanded to include other pyrrolidine-based catalysts. All of this recent
work owes a large debt to early pioneering studies of the stoichiometric reactions of enamines by a
number of groups, including Seebach and co-workers [4], spanning a half-century of research [5]. 

One of the most successful organocatalytic transformations reported to date has been the conju-
gate addition of aldehydes to nitro-olefins, in particular reactions catalyzed by systems lacking a
Brønsted acid co-catalyst such as the diarylprolinol ethers introduced by Hayashi [6] and by Jorgensen
[7] (Scheme 1). Indeed, this transformation has become a benchmark reaction for assessing the per-
formance of new organocatalysts [8]. 

*Pure Appl. Chem. 85, 1919–2004 (2013). A collection of invited papers based on presentations at the 21st International
Conference on Physical Organic Chemistry (ICPOC-21), Durham, UK, 9–13 September 2012.
‡Corresponding author

Scheme 1 Conjugate addition of aldehydes to nitro-olefins catalyzed by diarylprolinol ethers.
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The accepted mechanistic paradigm in enamine catalysis for these systems relies on steric con-
siderations as shown in Scheme 2. It is thought that bulky substituents on the pyrrolidine ring block one
face of the enamine, making the approach of an electrophile more facile from the other face. In this
steric model, the enantio-determining transition state derives from this interaction between the enamine
and electrophile [9]. However, recent investigations have suggested that this model may be inadequate
to account for a number of the experimental observations in the Michael addition to nitro-olefins as well
as in a variety of other reactions effected by diarylprolinol ether catalysts. Most significantly, our group
[2a] and that of Seebach with Hayashi [3a] separately found that the resting state [10] in the catalytic
reaction of Scheme 1 is a cyclobutane species that occurs subsequent to the step shown in Scheme 2.
The formation of this species, as well as the electrophile attack step shown in Scheme 2, were found to
be rapidly reversible. This reversibility suggests that the stereochemical outcome may not in fact be
determined by the transition-state model shown in Scheme 2, highlighting a potential role for “down-
stream species” in dictating the ultimate product selectivity. Further studies have expanded on these
concepts [2,3,11]. 

The purpose of the present work is to employ kinetic modeling of selected reaction scenarios to
help clarify the relative roles of kinetics and thermodynamics in cases where downstream species may
be of consequence in the reaction mechanism. The main conclusions may be summarized as follows:

• When an intermediate species is common to several potential reaction pathways, the rate of each
pathway depends equally on the concentration of the common intermediate, regardless of the rel-
ative stability of the products formed along each pathway. Thus, a low rate of product formation
must be attributed to a low rate constant rather than to a fleeting concentration of the common
intermediate.

• Highly stable intermediate species may be highly dynamic, with rapid formation and dissociation
rates.

• When two intermediates are reversibly connected but react along parallel pathways to form two
products, a low rate of product formation on one of the pathways compared to the other may be
attributed to either (or both) a low rate constant and/or low intermediate concentration.

• The concentration of an intermediate species reversibly connected off-cycle to a steady-state cat-
alytic network with two parallel pathways can have no influence on the relative selectivity of
those pathways.

• The concentration of an intermediate species reversibly connected on-cycle to a steady-state cat-
alytic network with two parallel pathways can have a profound influence on the selectivity of
those pathways.

While some of these conclusions may not be intuitively obvious, they stem from basic principles
describing the thermodynamics and kinetics of reaction networks. The reaction simulations leading to
these conclusions are presented and discussed below. 

J. BURÉS et al.
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Scheme 2 Steric transition-state model for attack of a pyrrolidine-based enamine on an electrophile X=Y for
catalyst systems lacking a Brønsted acid co-catalyst.
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BACKGROUND

A recent study by Seebach and co-workers focused on the isolation and stoichiometric reaction of cyclic
intermediates formed between enamines of aldehydes with diphenylprolinol trimethylsilyl (TMS) ether
and nitrostyrenes [3b]. Stable cyclobutanes and 1,2-N-oxazines were observed by NMR spectroscopy,
and in some cases crystal structures were determined. Although the zwitterion shown in Scheme 3 is
not observed experimentally, this species is thought to play a central role, forming in the initial inter-
action between the enamine and the nitro-olefin and undergoing reactions in subsequent steps to give
downstream species both on and off the catalytic cycle.

In the case of linear aldehydes (R2 = H) and α-substituted nitro-olefins (R4 ≠ H) in stoichio metric
reactions with 4, Seebach found that the six-membered ring intermediates were favored over the
cyclobutane species for both propanal and for isovaleraldehyde (Scheme 4). Interestingly, addition of
the nitro-olefin was found to be irreversible for the former aldehyde and reversible for the latter.

© 2013, IUPAC Pure Appl. Chem., Vol. 85, No. 10, pp. 1919–1934, 2013
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Scheme 3 Central role of zwitterionic species in proposed reactions on the catalytic cycle (left) and in formation
of off-cycle species (right).

Scheme 4 Stable intermediates identified in stoichiometric studies by Seebach and co-workers.

Brought to you by | Imperial College London
Authenticated | 10.248.254.158

Download Date | 8/17/14 6:19 PM



Turnover of the catalyst, with formation of the nitroaldehyde reaction product, was not observed in
either case. The authors proposed that the failure of the catalytic reaction may be due not to a lack of
reactivity of species, but instead may be attributed to the high stability of the catalyst resting states.
Observation of a much higher stability for 6a compared to 6b was correlated with its irreversible for-
mation, with the proposal that such species serve as an off-cycle trap in which the catalyst “rests for-
ever” [3a].

Such correlations between stability and reactivity of intermediates have been shown to have
implications beyond catalyst turnover, also influencing selectivity in competitive pathways. For exam-
ple, the concept of high stability corresponding with low reactivity figured prominently in the mecha-
nistic rationalization of asymmetric hydrogenation of enamides by chiral Rh complexes studied by
Landis and Halpern [12]. Two diastereomeric intermediates were found to be present in a 10:1 ratio
while enantioselectivities of 98 % in excess of the product derived from the minor diastereomer were
obtained. The term “major-minor” paradigm has been coined to describe this scenario. Another unusual
selectivity paradigm termed “monopolizing kinetics” has been delineated in competitive reactions
where a more stable but less reactive intermediate leads to the major product by effectively monopoliz-
ing all of the catalyst in the slower pathway [13]. Both of these scenarios are in contrast with the “lock-
and-key” mechanism conventionally associated with enzyme catalysis, where the most stable interme-
diate is also most active, leading to the dominant product. All of these cases may be rationalized by the
Curtin–Hammett principle [14], which reveals that both the relative stabilities and relative reactivities
of interconverting intermediates may contribute, in varying degrees in different reactions and under dif-
ferent circumstances, to the ultimate selectivity achieved in competitive reaction pathways.

Our own studies in the Michael addition of aldehydes to nitro-olefins using diphenylprolinol ether
as catalyst revealed interesting features concerning the stability and reactivity of intermediates [2]. Both
linear (R2 = H) and α-branched (R2 ≠ H) aldehydes were observed to form stable cyclobutane inter-
mediates such as 7a and 7c (Scheme 5). In each case the cyclobutane was formed as a single diastereo -
mer, in rapid, quantitative, and reversible fashion. Detailed kinetic studies showed that the entire cata-
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Scheme 5 Stable intermediates identified in catalysis and crossover studies by Burés et al.
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lyst concentration was effectively sequestered as the cyclobutane within minutes of introducing the
reactants to the catalyst. If conversion to the product nitroaldehyde proceeds, it must therefore derive
from this species, either by retrieving the off-cycle species back onto the cycle or by reacting directly
from this species existing on the cycle itself. In fact, catalytic turnover was observed only for the reac-
tion with linear aldehydes (Scheme 5), with cyclobutane 7c acting as an inert resting state (<5 % con-
version in 24 h) preventing turnover to the α-branched nitroaldehyde product. However, further exper-
iments revealed not only was the catalyst not “trapped forever” as 7c, but that this species undergoes
facile interconversion with 7a in crossover experiments, with the unreactive species 7c found to be less
stable than the catalytically active 7a (see Supporting Information for ref. [2a]). Thus, a possible rea-
son for the low reactivity of α-substituted aldehydes to form product nitroaldehydes cannot be attrib-
uted to species such 7c being too stable to ring-open, as Seebach suggested [3a], and as was reiterated
recently by Moberg [8]. Thus, high stability in the formation of downstream intermediates is not nec-
essarily correlated with low catalytic turnover.

These results suggest the need to develop a better understanding of relationships between thermo -
dynamics (stability of intermediates) and kinetics (reactivity of intermediates) in systems featuring
downstream intermediates. Of particular interest is the central role played by species such as the zwit-
terion of Scheme 3, which may serve as a junction connecting a number of possible reaction pathways.
We probe these aspects further by turning to kinetic simulations [15] based on reaction scenarios
reported experimentally such as those of Schemes 4 and 5. The results of these simulations and their
mechanistic implications are discussed in the next section.

RESULTS AND DISCUSSION

Reactivity of zwitterions

Stoichiometric reactions arising from zwitterions
While Schemes 4 and 5 show experimentally observed downstream species directly formed from the
reaction between enamine and nitro-olefin, implicit in these reactions is the intermediacy of unobserved
species such as the zwitterion shown in Scheme 3. Such a species is likely to be formed initially from
reaction between enamine and nitro-olefin, even if its low steady-state concentration precludes its
experimental identification in most cases. Scheme 6 shows a simplified network of reaction steps
explicitly centered around a zwitterion according to the stoichiometric transformations described by
Seebach and co-workers [3b]. In the case of the isovaleraldehyde enamine 5b shown in Scheme 4, reac-
tion with α-methyl-substituted nitro-olefin α-Me-2 is suggested to lead to reversible formation of a
zwitterion that reacts further, reversibly, to form heterocycle 6b. The pathway to the nitroaldehyde prod-

© 2013, IUPAC Pure Appl. Chem., Vol. 85, No. 10, pp. 1919–1934, 2013
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Scheme 6 Network detailing a central role for reactions from zwitterion Z: (i) back to starting materials SM via
kSM; (ii) formation of stable cyclic intermediate SI via kSI; (iii) formation of catalytic reaction product P via kp.
Simulations are carried out for three cases with kSM = kSI set at different values relative to kp. Regeneration of the
catalyst and the presence of other species potentially involved in the network, such as water or acid additives, are
omitted for simplicity.
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uct presumably would also pass through this zwitterion, as in the general outline of Scheme 6. Lack of
product formation under catalytic conditions was rationalized by these authors with the suggestion that
the relative magnitude of the product-forming reaction rate (rate constant kp in Scheme 6) is very low
compared to those of the other two pathways emanating from the zwitterion, namely, its collapse to the
heterocycle SI (rate constant kSI in Scheme 6) and its dissociation back to starting materials SM,
 enamine and nitrostyrene (rate constant kSM in Scheme 6). The failure of the reaction to form product
P was proposed to be due not simply to lack of reactivity (low kp), but to the high stability (high Keq,SI)
of the off-cycle heterocycle SI. Thus, the rate of product formation is suggested to be influenced by the
rates of other reactions with the zwitterion Z as a reactant.

Reaction simulations were carried out based on the three different scenarios of relative reactivity
in the stoichiometric reaction network shown in Scheme 6. In each case, the equilibrium constant for
formation of Z from enamine and nitro-olefin is set at K = 1 M–1, in keeping with expectation of the
low Z concentration compared to that of other species. In like manner, the equilibrium constant for for-
mation of the stable off-cycle intermediate SI is set at Keq,SI = 1000 because of its experimentally
observed high stability. With these parameters, the concentration of the zwitterion never exceeds 0.1 %
of the total catalyst concentration. For simulations of cases 1–3 in Scheme 6, the product rate constant
kp is fixed, while the other two rate constants for reactions emanating from the zwitterion are set equal
(kSI = kSM) and are given values relative to kP spanning a range of seven orders of magnitude, from one
million fold greater (case 1) to tenfold smaller (case 3). This range allows us to test Seebach’s hypoth-
esis that much faster rates back to SM or off-cycle to SI are responsible for preventing the formation of
product P. The results of these simulations are shown in Fig. 1. 

Strikingly, Fig. 1 shows that for a given value of kp, identical temporal kinetic profiles are
obtained for all cases, regardless of whether the product formation rate constant kp is much smaller or
much larger in value than the rate constants for the other reactions of the zwitterion Z (Fig. 1a).
Zwitterion concentration decreases linearly with increasing conversion to product and is independent of
the relative values of the rate constants of the other reactions of the zwitterion, kSM or kSI (Fig. 1b).
These results show that the rate of product formation P is independent of the relative rates of zwitterion
dissociation back to starting materials or cyclization to form the stable off-cycle intermediate.

A second set of simulations was carried out employing the values of kSI and kSM from case 3 in
Scheme 6 and Fig. 1, but with the value of kp now varied over two orders of magnitude. The results of
these simulations are shown in Fig. 2, demonstrating that, as expected, the product formation rate is

J. BURÉS et al.
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Fig. 1 Kinetic simulations of the reaction network shown in Scheme 6 for the three cases shown spanning seven
orders of magnitude in the ratio of the product formation rate constant (kp = 0.1) to those of the other reaction
pathways emanating from zwitterion Z. Reaction time is in arbitrary units depending on the units chosen for the
rate constants. (a) Percent conversion to product P; (b) percent of catalyst present as zwitterion Z as a function of
conversion to product P. 
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slowed when kp is decreased while keeping all other parameters constant. However, Fig. 2b shows that
the zwitterion concentration [Z] at any given conversion level remains identical for all values of kp.
These results again demonstrate that the rate of the reaction to form product P is independent of the rate
constants for the other reversible reactions of the zwitterion. This is quantified by considering the ele-
mentary rate law for product formation given by eq. 1. Product formation depends only on the rate con-
stant kp and the concentration driving force [Z](t) and is not influenced by the relationship between kp
and other zwitterion reaction rate constants. 

rate(P) = kp�[Z](t) (1)

All reactions of the common zwitterion depend equally on its concentration. Thus, an observed
lack of reactivity specifically towards product—but not towards other pathways in these reaction net-
works—cannot be attributed to low zwitterion concentration. This highlights a critical feature of such
networks: if a zwitterion intermediate Z is a common reactant in several distinct reaction pathways and
is in reversible equilibrium with the other species in the network, its temporal concentration [Z](t) will
be dictated only by the thermodynamics of these equilibria. Consideration of the selectivity of pathways
leading from the common zwitterion must focus on the relative rate constants and not on the zwitterion
concentration.

These simulations lead to the general conclusion that the failure to observe nitroaldehyde prod-
uct in a reaction scheme such as that of Scheme 4, which is based on the experimental work of Seebach
and co-workers for the general network in Scheme 6, may be attributed to the “missing reactivity” of
the zwitterion Z specifically toward product formation, even while this species remains reactive
towards—and in dynamic equilibrium with—other species in the network. As long as formation of an
off-cycle intermediate from Z is not irreversible under the conditions of the experiment, then lack of
catalyst turnover cannot be attributed to the low concentration of Z. This holds important implications
for catalyst and reaction design: observation of reversibility in the formation of downstream species
makes it possible to explore specific means to promote reactivity of the zwitterion towards the product,
as in fact, has been observed experimentally by addition of additives such as acids. If, by contrast, an
off-cycle species is irreversibly formed, then it may be suggested that optimization of the reaction for
efficient catalysis should focus on finding a means of avoiding this reaction rather than directly pro-
moting the product-forming step.

© 2013, IUPAC Pure Appl. Chem., Vol. 85, No. 10, pp. 1919–1934, 2013
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Fig. 2 Kinetic simulations of the reaction network shown in Scheme 6 for case 3 with the product formation rate
constant kp together with simulations in which kp is decreased over two orders of magnitude. Reaction time is in
arbitrary units depending on the units chosen for the rate constants. (a) Percent conversion to product P; (b) percent
of catalyst present as zwitterion Z as a function of conversion to product P, with profiles plotted from reaction
initiation up to the conversion attained at the final time shown in Fig. 2a.
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Competitive catalytic reaction networks involving zwitterions
In analogy to the stoichiometric networks of Scheme 4 studied by Seebach and co-workers, the com-
petitive catalytic network of Scheme 5 is proposed to include zwitterionic species as the first interme-
diate formed upon reaction of enamines and nitro-olefins. Scheme 7 outlines a general competitive net-
work involving two aldehydes A and B whose respective enamines react with the same nitro-olefin to
form zwitterions ZA and ZB in reversible reactions. The zwitterions may cyclize to form stable cyclo -
butane intermediates SIA and SIB in reversible reactions, and they may react to form nitroaldehyde
products. 

Kinetic simulations of this reactant network were carried out under a number of different condi-
tions outlined in Scheme 7. We treat the case where aldehydes A and B form enamines and zwitterions
reversibly and with equal stability, but where one of the aldehydes (B in this case) is much less reactive
towards product formation (kp,A >> kp,B). The zwitterions also form stable, off-cycle cyclobutane inter-
mediates, and we treat two cases: one in which the cyclobutane SIA formed from A is much more sta-
ble than that formed from B, and the opposite case where SIA is much less stable than SIB. These sce-
narios probe the role of stable off-cycle intermediates in competitive reactions where one pathway is
significantly less reactive to form product than the other.

The results of these simulations are shown in Fig. 3. Conversion of aldehyde A to form product
PA is complete before any product PB is formed from the more inert aldehyde B. The reaction exhibits
zero-order kinetics in substrate concentrations for the case where the catalyst is sequestered as the sta-
ble, off-cycle cyclobutane on the active (PA) side of the network, resembling the kinetic profiles
observed experimentally for this reaction with linear aldehydes. Interestingly, simulations show that
when the resting state is the cyclobutane species formed from aldehyde B, which is inactive in forming
product, product PA formation from the linear aldehyde A is considerably slower and exhibits first-
order kinetics. In the presence of the unreactive aldehyde B, formation of SIB as the resting state serves
to decrease the active catalyst concentration available to the active side of the network, which proceeds
in the absence of SIA, albeit more slowly. The final conversion of A occurs with nitrostyrene released
via dissociation of SIB. This result confirms that the lack of reactivity observed experimentally for
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Scheme 7 Competitive reaction network with the enamines of two aldehydes A and B reacting reversibly with a
nitro-olefin to form their respective zwitterions ZA and ZB, their respective stable cyclobutane intermediates SIA
and SIB, and their respective reaction products PA and PB (with regeneration of the catalyst, not shown).
Simulations are carried out for the case where one product pathway is unreactive, varying the relative stability of
the two off-cycle intermediates.
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α-substituted aldehydes cannot be explained by the failure of the stable cyclobutane intermediates to
ring-open.

The origin of the very different reactivity towards nitroaldehyde product from linear and
 α-substituted aldehydes bears further discussion. The disparate reactivities are difficult to rationalize
solely by considering the zwitterion depicted in Scheme 2. Since the presence of R2 ≠ H hinders nei-
ther the formation of aldehyde enamine nor its reaction with nitro-olefins to form cyclobutanes, both of
which proceed in rapid, reversible fashion, significant differences in the further reactions of the respec-
tive zwitterions (R2 = H vs. R2 ≠ H) toward the nitroaldehyde product (protonation, deprotonation, or
hydrolysis) are difficult to explain. We proposed that this difference in reactivity may be explained if
linear and branched aldehydes proceed via different pathways, as shown in Scheme 8. Based on our
finding of kinetic stereospecificity in the formation of stable nitroaldehyde product enamines 8 from
linear aldehydes—species that cannot be formed from α-substituted aldehydes—the difference in lin-
ear vs. branched aldehyde activity may be attributed to a pathway that passes through the cyclobutane
7 and product enamine 8 for linear aldehydes. Cyclobutanes formed from linear aldehydes may undergo
deprotonation/protonation, possibly via the 1,2-N-oxazine 6 (observed experimentally as a minor
species in equilibrium with the cyclobutane for linear aldehydes only) to form the enamine 8. At this
point this novel route rejoins the conventional route with 8 undergoing hydrolysis to 9 and the product
nitroaldehyde 3. Interestingly, in contrast to the mechanism of Scheme 6, where the zwitterion concen-
tration could not be used to rationalize different reactivities of pathways emanating from this common
species, in the case depicted in Scheme 8 it is the low concentration of Z compared to 7 that is key to
explaining the difference in reactivity of two parallel pathways emanating from the two species. The
steps through cyclobutane 7 and product enamine 8 may be much faster than the direct hydrolysis of
the zwitterion Z, due simply to the much greater concentration driving force of [7] compared to [Z],
since nearly 100 % of the catalyst sits as 7 as the resting state. This highlights a critical implication of
species such as 7 being on rather than off the catalytic cycle.

© 2013, IUPAC Pure Appl. Chem., Vol. 85, No. 10, pp. 1919–1934, 2013
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Fig. 3 Simulation of reaction network of Scheme 7 carried out with equimolar amounts of aldehydes A and B and
nitrostyrene, with 10 mol % catalyst. Left: Conversion to product PA as a function of time for cases 1 and 2, where
the catalyst is sequestered as stable intermediate SIA and SIB, respectively. Right: Consumption of nitrostyrene as
a function of product formation for case 2, where the catalyst is sequestered as stable intermediate SIB. The
reactivity of SIB for ring-opening is demonstrated by the last 10 % conversion to product, which occurs after
dissociation of SIB frees up nitrostyrene for reaction on the A side of the network.
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Enantioselective catalytic reaction networks involving zwitterions

The results shown above shed some light on the relative role of reactivity and stability of stable inter-
mediates in competitive reactions between two different substrates. A more pertinent type of competi-
tion is that faced by intermediates in asymmetric catalytic transformations where a single set of sub-
strates may form different enantiomers or diastereomers. The role of stable downstream intermediates
may be explored in such cases, as outlined in Schemes 9 and 10. In these scenarios, we see again that
the position of the stable downstream species—whether it lies on or off the catalytic cycle—is key to
rationalizing both reactivity and selectivity.

Schemes 9 and 10 show two different pathways to product. The conventional catalytic pathway
with the cyclobutane species occurring off-cycle is shown with gray arrows. The novel pathway pro-
posing that these downstream intermediates lie on the cycle is shown at the outside of the scheme. It is
worth noting that both the conventional pathway and the novel pathway pass through zwitterion inter-
mediate species ZA and ZB, with facial selectivity (as described in Scheme 2) being determined by the
ratio of the equilibrium constants Kfac and Kent-fac for the reversible attack of the enamine on the
electro phile to form the zwitterions. ZA and ZB go on to form stable cyclobutane intermediates SIA and
SIB reversibly. This scenario represents the full catalytic cycle encompassing both facial selectivity at
the stereogenic bond-forming step and the possibility of parallel reaction pathways directly through the
zwitterion (off-cycle pathway) or through the stable cyclobutane intermediate (on-cycle pathway). For
simplicity, we assume that only one cyclobutane diastereomer is formed on either side of the network

J. BURÉS et al.
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Scheme 8 Alternate reaction pathway depicted on the left side of the scheme via cyclobutane 7 (in high
concentration) that is proposed to operate in parallel with the pathway directly through zwitterion Z (in low
concentration) for linear aldehydes. The sluggish activity observed for α-substituted compared to linear aldehydes
is rationalized because the novel pathway via a species such as 8 is not available for the latter but is highly
competitive for the former. 

Brought to you by | Imperial College London
Authenticated | 10.248.254.158

Download Date | 8/17/14 6:19 PM



© 2013, IUPAC Pure Appl. Chem., Vol. 85, No. 10, pp. 1919–1934, 2013

Organocatalytic reactions 1929

Scheme 9 Catalytic cycles with two alternate pathways as in Scheme 8 but including facial selectivity to two
enantiomeric zwitterions. Pathways at the outside of the scheme show the enantiomeric cyclobutane species SIA
and SIB being directly on the catalytic cycle to products PA and PB, respectively. Gray arrows show the
conventional pathway to products from the zwitterions with the cyclobutane species ZA and ZB as off-cycle
intermediates.

Scheme 10 Networks for simulations of enantiomeric catalytic cycles shown in Scheme 9. Gray arrows show
reaction to product along the conventional pathways from the zwitterions. Pathways at the outside of the scheme
show the new proposed pathways through the cyclobutane species. For both networks, simulations are carried out
for two ratios of the product formation rate constant and for cases where each cyclobutane intermediate serves as
the resting state.
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(opposite configuration at all centers except that of the catalyst). In addition, we assume perfect
diastereoselectivity to the syn product in all cases.

Further steps to product along the conventional route are collapsed as the rate-determining kp,A
and kp,B shown with gray arrows. In this scenario, the cyclobutane species lie off the catalytic cycle,
connected as reversible reservoirs of stable intermediates. For the “on-cycle” route shown at the outside
of the scheme, the pathway to product passes through the cyclobutane species rather than considering
it as an off-cycle intermediate. Again, further steps to product are collapsed in the simulations as the
rate-determining k'p,A and k'p,B. Our simulations explore cases where the stable resting state sequester-
ing most of the catalyst concentration occurs on each side of the network.

For both the on- and off-cycle scenarios described in Schemes 9 and 10, our simulations explore
how enantioselectivity is influenced by the following factors: (i) facial selectivity in formation of the
zwitterions, Kfac vs. Kent-fac; (ii) the relative stability of the two cyclobutane intermediates either on or
off the cycle, Keq,A vs. Keq,B; and (iii) the relative rate constants for product formation, either from the
cyclobutanes (k'p,A vs. k'p,B) or from the zwitterions (kp,A vs. kp,B). 

Conventional (off-cycle) pathway
Figure 4 presents results of simulations for the case shown with gray arrows in Schemes 9 and 10, where
the cyclobutane species occurs off of the catalytic cycle. Figure 4a shows product enantioselectivity for
four different levels of facial selectivity in the addition of the enamine to nitrostyrene for the case where
the product formation rate is identical for each side of the network (kp,A = kp,B). The simulations treat
the case where the resting state is the cyclobutane SIA (Keq,A >> Keq,B, solid bars) and the case where
the resting state is SIB ((Keq,B >> Keq,A, hatched bars). Figure 4b presents results of similar simulations
where the ratio of product formation rate constants is kp,A = kp,B = 10:1. Figure 4a shows that when the
network exhibits neither facial selectivity at the nitrostyrene addition step nor selectivity at the product
formation step, the reaction gives racemic product regardless of the relative stability of off-cycle
cyclobutanes. Increasing facial selectivity gives increased product enantioselectivity, but again the
result is independent of whether the catalyst resting state is on the side of the network with high facial
selectivity or on the side with low selectivity. Figure 4b shows that increasing selectivity in the product
formation step gives increasing enantioselectivity. High facial selectivity and high product formation
selectivity combine to give the highest enantiomeric excesses. Strikingly, the position of the resting
state of the catalyst, sequestering the majority of the catalyst as either SIA or SIB, has no influence on
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Fig. 4 Product enantiomeric excess (%) as a function of facial selectivity (A:B) for the reactions outlined in
Schemes 9 and 10 for the conventional pathway where the stable cyclobutanes SIA and SIB occurring off-cycle.
Left: product rate constant ratio kp,A:kp,B = 1:1; case 1, solid bars: SIA as resting state; case 2, hatched bars: SIB
as resting state. Right: product rate constant ratio kp,A:kp,B = 10:1; case 3, solid bars: SIA as resting state; case 4,
hatched bars: SIB as resting state.
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the product enantiomeric excess in any case. These results demonstrate that the downstream cyclo -
butane intermediate has no effect on product selectivity if it lies off of the catalytic cycle.

Novel (on-cycle) pathway
Figure 5 presents results of simulations for the case shown by the pathways at the outside of Schemes
9 and 10, where the cyclobutane species appear as species on the active catalytic cycle. In contrast to
the results for the conventional pathway presented in Fig. 4, it is clear that the relative stability of the
catalyst resting state has a significant impact on the product selectivity when it lies on the cycle. When
the majority of the catalyst concentration is sequestered as one of the cyclobutane species, its concen-
tration dictates the product enantiomeric excess, regardless of either facial selectivity in the electrophile
addition step or selectivity in the product formation step, and dictated only by which cyclobutane
species dominates. Indeed, high facial selectivity can be completely overruled by high stability of the
cyclobutane species on the other side of the network. A network with 10:1 facial selectivity towards the
P side of the network gives high enantiomeric excess towards the opposite product when the cyclobu-
tane on the opposite side is more stable than that on the side dictated by the facial selectivity step. Only
at very high facial selectivity and very high product formation selectivity does the strong bias towards
the opposite cyclobutane intermediate begin to be countered. Similarly, product selectivity in a system
exhibiting neither facial selectivity in the electrophile addition step nor selectivity in the product for-
mation step will be completely dictated by the relative stability of the cyclobutane intermediates on the
two sides of the network.

The results of these simulations of the networks shown in Schemes 9 and 10 highlight a number
of important implications for reactions where stable downstream species are observed. Clearly, the
question of whether such species lie on or off the catalytic cycle is important for understanding their
role in both reactivity and selectivity. When downstream species lie off of the catalytic cycle, their pres-
ence may influence the overall observed reactivity by decreasing the active catalyst concentration, but
as Fig. 4 shows, off-cycle species have no influence on product enantioselectivity, regardless of whether
most of the catalyst concentration rests off-cycle on the major or minor product side of the network.
This conclusion is dramatically altered if the downstream species lie on the cycle. In such cases, the rel-
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Fig. 5 Product enantiomeric excess (%) as a function of facial selectivity (A:B) for the reactions outlined in
Schemes 9 and 10 for the novel pathway where the stable cyclobutanes SIA and SIB occurring on-cycle. Left:
product rate constant ratio k'p,A:k'p,B = 1:1; case 1', solid bars: SIA as resting state; case 2', hatched bars: SIB as
resting state. Right: product rate constant ratio k'p,A:k'p,B = 10:1; case 3', solid bars: SIA as resting state; case 4'
hatched bars: SIB as resting state.
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ative stability of downstream species plays a significant role in ultimate product selectivity, regardless
of the facial selectivity inherent in the attack of the enamine on the electrophile. 

These findings may help to inform catalyst design. Rather than simply considering the transition-
state model of Scheme 2, the relative stability of potential downstream intermediates may be employed
as a catalyst design tool. It may be considered likely that the steric considerations that inform the tran-
sition state of Scheme 2—and thus facial selectivity—may similarly apply to considerations of the rel-
ative stability of downstream intermediates; if so, the dramatic results of the solid bars in Fig. 5 may
serve to outline the limiting cases rather than representing practical examples. Most importantly, these
simulations demonstrate that each level in the catalytic network has the potential to dictate selectivity.
Nuances in the choice of catalyst substituents that impact the resulting intermediate structures differ-
ently might play an important role in ultimate product selectivity. 

The imperative for distinguishing between on- and off-cycle downstream intermediates becomes
particularly evident in the case of the “benchmark” reaction of Scheme 1, the conjugate addition of
nitro-olefins. While the diphenylprolinol ether catalyst 3 routinely achieves >98 % ee in this reaction,
employing different electrophiles with the same enamine 5a often yields lower selectivities. For exam-
ple, amination of 5a with DEAD yields 79 % ee [2c]. Interestingly, the kinetic profile of that reaction
suggests that no downstream intermediates are formed in that case and that the reaction between
 enamine and electrophile is irreversible, meaning that the enantio-determining step may be considered
to be as depicted in the conventional transition-state model of Scheme 2. Given this analysis, perhaps
79 % ee should be considered as the “benchmark” facial selectivity for an X=Y electrophile following
the steric transition state model of Scheme 2. The lower selectivity of the reaction with DEAD in fact
may represent the true facial selectivity of enamine 5a towards general electrophiles X=Y in irreversible
reactions. By contrast, the simulation results of Fig. 5 support the suggestion that the near-perfect
enantio selectivity observed for nitro-olefins as electrophiles may not represent a benchmark of the step
shown in Scheme 2, but could in fact be due to the role of the stable cyclobutane species reversibly
equilibrated with upstream species and lying directly on the catalytic cycle. Thus, the intrinsic selec-
tivity of this transition state would be enhanced by the contribution of the on-cycle, downstream,
reversibly formed cyclobutane in a way that may benefit a variety of catalysts in this particular reaction
but that is not general for reactions of other electrophiles. The designation of the reaction of Scheme 1
as a benchmark for testing the intrinsic selectivity of different catalysts according to the transition-state
model of Scheme 2 may thus be called into question.

CONCLUSIONS

Kinetic modeling of stoichiometric and catalytic reaction networks has shed light on the mechanism and
role of intermediates in organocatalytic reactions using diarylprolinol ether catalysts. These studies help
to address the role of intermediates formed downstream from the step generally considered to be
 enantio-differentiating in enamine catalysis. The central role of zwitterionic intermediates formed from
the interaction between enamines and nitro-olefins is addressed. When such a species is common to sev-
eral different reaction pathways, its low concentration cannot be invoked to explain differences in rela-
tive reactivities of these pathways. Thus, when downstream intermediates are connected reversibly but
off-cycle to such zwitterions, the relative stability of these off-cycle intermediates cannot influence
selectivity on the catalytic cycle. By contrast, if downstream intermediates lie on the catalytic cycle,
they may represent a parallel reaction pathway in competition with pathways through the zwitterion. In
such cases, the relative stability of these intermediates can have a significant effect on the stereochem-
ical outcome of the reaction. These results may help to stimulate ideas for catalyst design, and they
highlight the critical importance of distinguishing on- and off-cycle species for increasing mechanistic
understanding and practical reaction optimization.
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SUPPLEMENTARY INFORMATION 

Supplementary information is available online (http://dx.doi.org/10.1351/PAC-CON-13-01-14).
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