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ABSTRACT: The SN2 reaction exhibits the classic Walden
inversion, indicative of the stereospecific backside attack of the
nucleophile on the stereogenic center. Observation of the inversion
of the stereocenter provides evidence for an SN2-type displacement.
However, this maxim is contingent on substitution proceeding on a
discrete stereocenter. Here we report an SN2 reaction that leads to
enantioenrichment of product despite starting from a racemic
mixture of starting material. The enantioconvergent reaction
proceeds through a dynamic Walden cycle, involving an equilibrating
mixture of enantiomers, initiated by a chiral aminocatalyst and terminated by a stereoselective SN2 reaction at a tertiary carbon to
provide a quaternary carbon stereocenter. A combination of computational, kinetic, and empirical studies elucidates the multifaceted
role of the chiral organocatalyst to provide a model example of the Curtin−Hammett principle. These examples challenge the notion
of enantioenriched products exclusively arising from predefined stereocenters when operating through an SN2 mechanism. Based on
these principles, examples are included to highlight the generality of the mechanism. We anticipate the asymmetric SN2 dynamic
kinetic resolution to be used for a variety of future reactions.

■ INTRODUCTION

The bimolecular nucleophilic substitution reaction (SN2) is a
fundamental mechanism in organic chemistry.1 A key attribute
of the SN2 mechanism is the stereospecific “backside” attack of
the nucleophile to the reactive carbon center, leading to the
synchronous bond formation of the nucleophile with the bond
cleavage of the leaving group as the rate-determining step,
Scheme 1A.2−4 The concerted substitution leads to the iconic
Walden inversion, resulting in an absolute configuration
opposite that of the starting material.1,5 By this approach, the
preparation of enantioenriched compounds necessitates
substitution on a discrete, predefined stereocenter (Scheme
1B).
SN2 substrates provide an appealing manifold for funda-

mental synthetic diversifications, which allows for the
compilation of libraries with an array of nucleophiles and
stereocenters. An attractive feature of these processes is the
potential access to both absolute configurations through
iterative stereospecific substitutions. This was first realized by
Walden in 1896,2 in what is known as the Walden cycle, for the
stepwise conversion of (+)-malic acid to (−)-malic acid and
back again (Scheme 1C).6 Elements and principles of the
Walden cycle have had a profound impact on the field of
organic chemistry and has manifested into several powerful
synthetic methodologies such as the Appel, Finkelstein, and
Mitsunobu reactions,7 etc. However, only a few dynamic
versions of this Walden cyclea dynamic interconversion of
enantiomers of the substrate through an SN2 substitution

followed by a stereoselective SN2 reaction (asymmetric SN2
dynamic kinetic resolution)have been reported.8

While an SN2 mechanism is classically not stereodetermining
(the latter is simply a function of the starting material
stereochemistry), the stereospecificity of the reaction has been
leveraged to access diastereoselective reactions.9−12 However,
due to the crowded, highly ordered transition state, the
substitution is sensitive to steric hindrance and is generally
limited to secondary stereocenters.7 Despite this limitation,
rare examples have been reported to furnish tetrasubstituted
tertiary stereocenters.13−18 Nevertheless, stereoselective exam-
ples remain contingent on the enantiopurity of the starting
material bearing the leaving group (Scheme 1B).
Several stereoselective strategies have been developed to

install leaving groups in an enantioconvergent manner. Among
these approaches, dynamic kinetic resolution (DKR) pathways
have distinguished themselves as an operationally facile and
efficient approach to provide compounds with high enantio-
selectivity.8,19−25 DKR processes hinge on two distinct
catalytic cycles. The first involves the rapid interconversion
of one stereocenter of a compound to another (stereomutative
transformation). The second slower cycle proceeds to
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Scheme 1. (A) SN2 Mechanism Depicting the Stereospecific Substitution; (B) Typical Results from an SN2 Reaction; Rare
Example of Enantioenrichment from an SN2 Reaction (This Work, Gray); (C) The Classical Walden Cycle

Scheme 2. (A) Aminocatalytic Oxidative Coupling of α-Branched Aldehydes 1 with Indoles 2; (B) Possible Reaction Courses
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selectively and irreversibly convert one enantiomer to product.
In marked contrast to kinetic resolution processes, DKR
pathways provide theoretical yields and enantioselectivity of up
to 100%.26,27

Here we present an asymmetric SN2 dynamic kinetic
resolution (SN2-DKR) mechanism leading to the formation
of enantiomerically enriched stereocenters. In stark contrast to
previous methods,18 the reaction proceeds via an unselective,
amino-catalyzed installation of an O-bound quinol leaving
group. Combined computational and experimental investiga-
tions support an unprecedented amino-catalyzed SN2-DKR
event promoted by the endogenous leaving group, prior to an
irreversible SN2, to stereoselectively forge a C−C bond.
Mechanistic studies elucidate a unique trifunctional role of the
aminocatalyst: (1) HOMO-raising by enamine formation prior
to oxidation, (2) stereomutative transformation via directed

leaving group installation, and (3) kinetic resolution through
activation of the leaving group. Despite the stereospecificity of
the SN2 reaction, the stereomutative transformation preceding
the rate-determining substitution renders the SN2 step as
stereodetermining.

■ RESULTS AND DISCUSSION

Stereoselective construction of quaternary carbon centers
(substituted by four carbons) is a long-standing challenge in
organic chemistry.28,29 We have been pursuing the develop-
ment of novel methodologies to construct tetrasubstituted
tertiary centers based on an amino-catalyzed oxidative coupling
strategy wherein α-branched aldehydes are coupled to a variety
of nucleophiles at a tertiary site.18,30−32 The amino acid
derived primary amine catalyst 3a, bearing a pendent tertiary
amine, proved critical for satisfactory stereoselectivity. Notably,

Scheme 3. (A) The Two Different Oxidation Pathways Investigated Computationally: Radical Generation vs Two-Electron
Oxidation; (B) Calculated Energy Profiles for the Two Different Oxidation Pathways
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previous studies of related reactions have suggested an
enantioselective oxidation preceding an SN2 substitution.18

During the course of our studies, indole 2 was identified as a
suitable carbon-based nucleophile for the stereoselective
construction of quaternary carbon centers with only electron-
rich arenes (Scheme 2A).31 Further attempts to develop a
general methodology proved unfruitful. Due to the synthetic
challenge of forming quaternary carbon stereocenters in an
enantioselective manner,33 we pursued mechanistic studies to
improve the understanding of the reaction pathway in hopes of
discovering a more general methodology.
There are at least three plausible pathways for the

transformation shown in Scheme 2A. Path 1, employing singly
occupied molecular orbital (SOMO)-activation, enlists a
nascent radical formed upon single-electron oxidation, which
combines with the carbon-based nucleophile and is sub-
sequently oxidized a second time.34,35 The second pathway
(path 2) invokes a similar covalent activation strategy, but
proceeds through a two-electron oxidation to form a cationic

intermediate prior to nucleophile addition (SN1).
36 Finally,

path 3 operates through an inner-sphere two-electron
oxidation by the quinone oxidant, effectively installing a
leaving group that is displaced upon attack from the incoming
nucleophile (SN2).
Formation and isolation of the neutral O-bound 2,3-

dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) adduct
(Scheme 2B, path 3) provided unambiguous evidence of a
two-electron oxidation preceding nucleophilic addition, which
excludes path 1 as the predominant pathway.18 Furthermore,
unlike previously reported quinol adducts, these proved to be
remarkably labile leaving groups toward substitution; however,
it remained unclear whether the DDQ adduct acted as a
cationic reservoir or if it was displaced in a nucleophilic attack.

Oxidation and Installation of a Leaving Group.
Previous studies by Mayr37 and List,38 employing related
carbonyl compounds with quinones, yielded contrasting
conclusions on the mechanism of oxidation. Mayr et al.
provided evidence for a two-electron polar mechanism, while
List et al. deduced that the reaction occurred by a proton-
coupled electron transfer (PCET) pathway. Notably, different
activation strategies and quinones were used, leaving the
mechanism of oxidation ambiguous with aminocatalyst 3a.
While rate studies typically aid in the differentiation of various
pathways, due to the heterogeneity of the oxidation step, we
utilized computational studies to further investigate the
oxidation event and to distinguish potential pathways for the
complete umpolung coupling.
The two different oxidation paths outlined in Scheme 3A

were evaluated. First, the α-branched aldehyde couples with
the primary amine catalyst to generate an enamine
intermediate I. From this intermediate the top reaction
pathway involves a nucleophilic attack of the enamine carbon
on the electrophilic oxygen atom in DDQ through a two-
electron polar reaction path in a singlet state. The bottom
reaction path describes a PCET pathway proceeding via an

Figure 1. Transition state structures for the two possible approaches
of DDQ to the enamine intermediate I and the free energy differences
calculated at the (SMD:CH2Cl2)-ωB97X-D/def2-TZVPP//
(SMD:CH2Cl2)-ωB97X-D/6-311G(d,p) level of theory. Energies
are denoted in kcal/mol. Bond lengths are denoted in Å.

Figure 2. Top: Reaction investigated kinetically. Bottom-left: Concentration of intermediate 4e-DDQ as a function of time for different indole 2a
concentrations. Bottom-right: Initial reaction rate as a function of indole 2a concentration.
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outer-sphere single-electron oxidation and proton transfer to
generate a radical pair, which then recombines.

These two pathways were computationally explored and are
summarized in Scheme 3B. The formation of the enamine

Figure 3. Calculated energy profile for the SN2 reaction to the right and the uncatalyzed SN2 background reaction to the left at the (SMD:CH2Cl2)-
ωB97X-D/def2-TZVPP//(SMD:CH2Cl2)-M06-2X/6-31G(d) level of theory. Energies are denoted in kcal/mol.

Figure 4. Top: Reaction investigated kinetically. Bottom: Initial reaction rate as a function of organocatalyst concentration.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c02193
J. Am. Chem. Soc. 2021, 143, 7509−7520

7513

https://pubs.acs.org/doi/10.1021/jacs.1c02193?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c02193?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c02193?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c02193?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c02193?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c02193?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c02193?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c02193?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c02193?rel=cite-as&ref=PDF&jav=VoR


intermediate I is exergonic by 1.6 kcal/mol. Evaluation of the
radical pathway provided an uphill free energy change for the
PCET pathway of 8.0 kcal/mol. The thermodynamic feasibility
suggests that this radical pair may be present and/or involved
in the reaction. Alternatively, the direct two-electron inner-
sphere oxidation of the enamine with DDQ proceeds with only
a 7.6 kcal/mol energy barrier to yield the DDQ adduct. The
subsequent proton transfer from nitrogen to oxygen is
presumed to be mediated by a weak base (amine) and acid
(water) present in the reaction mixture.
The computational study indicated that the two-electron

oxidation (top reaction path, Scheme 3A) is the predominant
pathway, but only marginally. With the feasibility of both
pathways determined, we aimed to experimentally interrogate
the oxidation event. A radical clock experiment, employing an
α-branched aldehyde bearing a cyclopropyl group (1f), was
performed in order to probe for a radical pair species, shown in
eq 1. Under these conditions, the two-electron-oxidized
intermediate 4l-DDQ was formed in combination with the
ring-opened diene 5 in a 3:1 ratio. While the DDQ adduct 4l-
DDQ with the radical clock intact was the major product, the

ring-opened diene 5 provides indirect evidence of a fleeting
radical species.

Figure 5. (A) Transition state structures for the two possible SN2
reactions calculated at the (SMD:CH2Cl2)-ωB97X-D/def2-TZVPP//
(SMD:CH2Cl2)-ωB97X-D/6-311G(d,p) level of theory. Truhlar’s
quasi-harmonic corrections were applied for ΔΔG⧧ with the
frequency cutoff of 100 cm−1. (B) Enantiomeric excess as a function
of time. Energies are denoted in kcal/mol. Bond lengths are denoted
in Å.

Figure 6. (A) Calculated energy profile for the (R)-zwitterionic
intermediate in equilibrium with its (S)-diastereomer at the
(SMD:CH2Cl2)-ωB97X-D/def2-TZVPP//(SMD:CH2Cl2)-M06-2X/
6-31G(d) level of theory. (B) Enantiomeric excess as a function of
organocatalyst loadings. (C) Intrinsic reaction coordinate calculation
for the SN2 process at the (SMD:CH2Cl2)-M06-2X/6-31G(d) level of
theory. Energies are denoted in kcal/mol.
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In the two-electron polar reaction path (Scheme 3A, top),
DDQ approaches the enamine intermediate I from the same
site as the morpholine moiety of the primary amine catalyst.
Further evaluation of the direct attack of DDQ on I, for the
“two-electron oxidation” pathway leads to an unexpected
feature. In stark contrast to other methodologies, the
installation of the leaving group in this case is stereochemically
unselective, as the energy difference is only 0.1 kcal/mol for
the diastereomeric transition states (Figure 1). The incoming
DDQ fails to distinguish between the morpholine and the tert-
butyl moieties.
Formation of an All-Carbon Quaternary Stereo-

center. With the pathway of the installation of the leaving
group identified, we set out to gain insight into this atypical
substitution. We undertook rate studies to probe the kinetic
order of the reaction postoxidation. The DDQ adduct was
generated in situ, and the reaction was monitored (Figure 2,
top; see Supporting Information). Under these conditions
(pseudo-first-order), the reaction of this adduct with indole

proceeded cleanly with first-order kinetic behavior attributed
to first-order dependence of the DDQ adduct. Subsequent rate
studies perturbing the concentration of indole lead to
proportional deviation in ro shown in Figure 2, bottom.
Plotting the initial rate of the reaction as a function of indole
concentration gave a linear relationship, also illustrating a first-
order dependence in indole.39 Taken together, these data are
consistent with an SN2 mechanism (Scheme 2B, path 3).
Despite the changes in nucleophile concentration, in all cases
87% ee was obtained. Notably, the intersection through the
origin in Figure 2, bottom, suggests no SN1 character,
eliminating path 2 in Scheme 2B as a major contributor to
the overall reaction mechanism.
We computationally explored the nature of the reactive

species and possible pathways for this step (Figure 3). The free
energy profiles calculated for these three substitution pathways
are shown in Figure 3. Beginning with the two imine
intermediates, the equilibrium favors the zwitterionic species
by 3.2 kcal/mol. Notably, a “triple π-stacking” among the
attacking indole, the aryl substituent of the imine, and the
hydroquinone leaving group is observed in all substitution
transition states. An SN2 reaction at a tertiary center is
impeded due to its highly substituted nature and is calculated
to be the rate-determining step in this case. The transition state
originating from the zwitterionic species has an extra hydrogen
bond between the morpholine moiety and the leaving

Figure 7. (A) Racemization via amino-catalyzed dynamic Walden cycle (DWC). (B) Trifunctional role of the aminocatalyst: (left) oxidation via
enamine catalysis; (center) amino-catalyzed DWC; (right) activation of the leaving group for termination of the dynamic kinetic resolution by SN2
substitution.
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hydroquinone, which contributes to a 2.4 kcal/mol energy
difference of the transition states of two equilibrating reactive
imine species and renders the substitution by the zwitterionic
species the preferred pathway. The uncatalyzed background
pathway is the least competitive due to the necessity of an
endergonic hydrolysis.40

The calculated SN2 mechanism suggests that the reactive
center, 4e-DDQ, is condensed with the aminocatalyst 3a. As
such, kinetic experiments were performed to determine an
order in the aminocatalyst (Figure 4, top). Since the catalyst is
required to generate the DDQ adduct, amendments to the
previously applied conditions were made to ensure appropriate
interpretations (see Supporting Information). The DDQ
adduct was generated in situ using 1 mol % aminocatalyst.
Upon complete conversion to the adduct, supplementary
aminocatalyst (1−10 mol %) was added followed by 40 equiv
of indole (Figure 4, top). A proportional initial rate
enhancement progressed with increased concentrations of
aminocatalyst indicating a first-order dependence, consistent
with the computed rate-determining step. The resulting y-
intercept is consistent with an uncatalyzed background
reaction as a minor reaction pathway (Figure 4, bottom).
Origin of Stereoselectivity in the SN2 Reaction. Based

on the computational studies, the oxidation of the enamine
intermediate is unselective and provides both enantiomers in
near equal quantities. As a consequence, the stereodetermining
step would occur postoxidation and during the course of the

bimolecular indole substitution reaction. To directly probe the
hypothesis, the intermediate was formed using an achiral
catalyst, isolated as a racemate, and subjected to two distinct,
stereodetermining conditions shown in eq 2 and eq 3. When

applying aminocatalyst (S)-3a, the product 4fa was formed
with 78% ee (eq 2). However, application of the aminocatalyst
(R)-3a led to a complete shift in the favored enantiomer
resulting in 82% ee of ent-4fa (eq 3). Furthermore, omission of
aminocatalyst resulted in the racemic formation of the indole
coupled product. These studies succinctly exhibit the
enantioselectivity as a salient feature of the aminocatalyst.
Upon condensation of the primary amine catalyst with the

DDQ adduct, intramolecular interactions may promote the

Scheme 4. Application of SN2-DKR for the General Organocatalytic Oxidative Coupling of α-Branched Aldehydes with Indoles
for the Formation of Quaternary Carbona

aAbsolute configuration was determined using single-crystal X-ray crystallography of 4bb and assigned in analogy. * = Starting from the 4-DDQ.
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substitution of one diastereomer over another. Two lowest-
energy diastereomeric transition states calculated for the
substitution step are presented in Figure 5A. Aside from the
stacking interaction existing in both diastereomeric transition
states, the diastereomeric transition state whose leaving
hydroquinone is located on the top of the imine plane benefits
from a 1.58 Å hydrogen bonding with the morpholine moiety
(TS-major), while the other has a much weaker C−H···N
interaction of 2.21 Å with the incoming indole placed at the
top (TS-minor). This critical interaction again plays the
decisive role by introducing the chirality of the aminocatalyst
to the substitution process, leading to satisfying enantiose-
lectivity. Accordingly, a 1.5 kcal/mol difference in enthalpy is
obtained between the two diastereomeric transition states.
Figure 5A shows both the ΔΔH⧧ and ΔΔG⧧ values, since we
found that the E and H at various levels always give a
preference for TS-major, while the ΔG values are near zero and
favor the major or the minor TS at different computational
levels. The kinetic preference does agree with the observed
enantioselectivity; however, complete consumption of starting
material and yields greater than 50% from a racemate rule out a
kinetic resolution regime.8,19,26,27 These key attributes imply a
stereomutative transformation prior to indole substitution.
More specifically, enantiomeric excess as a function of time
appears marginally insensitive to conversion dependence and
most closely resembles a DYKAT (dynamic kinetic asymmetric
transformation) type 1 scenario, as shown in Figure 5B.26

One baffling aspect in this process is that since the indole
substitution step is rate-determining and highly exergonic, the
stereomutative transformation could not be feasible unless it is
much faster and highly reversible, requiring a much better
nucleophile than indole in the reaction system. We investigated
the possibility of epimerization of the stereocenter driven by
the self-substitution of hydroquinone.8 DFT calculations were
performed to test this hypothesis (Figure 6A). Indeed, an R-
zwitterionic intermediate is found to be in a fast equilibrium
with its S-diastereomer. The indistinguishable energies of these
diastereomers predict that they will be a 1:1 mixture at
equilibrium; one of these can then undergo the indole
substitution at a faster rate, resulting in the major observed
enantiomer. A transition state of self-substitution is located
with a 20.3 kcal/mol energy barrier and should then be faster
than substitution with indole (∼30 kcal/mol, Figure 3). In this
interconversion process, the morpholine moiety on the
aminocatalyst subtly directs the incoming hydroquinone: the
basic tertiary amine deprotonates the hydroquinone and forms
a hydrogen bond during the self-substitution. At the same time,
the negative charge is prone to concentrate on the attacking
oxygen atom of hydroquinone. The hydroquinone hence
exhibits an anionic property in the transition state, making it a
better nucleophile relative to indole. The unexpected SN2-DKR
nicely explains the behavior of enantiomeric excess and
conversion rate, though violating the common intuition that
Walden inversion occurs on a def initive stereocenter during SN2. In
fact, this process is an exemplar model of the Curtin−Hammett
principle.
Trifunctional Role of the Aminocatalyst. To indirectly

probe the occurrence of the stereomutative transformation
prior to the rate-determining indole substitution, the
enantiomeric excess was evaluated as a function of amino-
catalyst loading. As shown in Figure 6B, the observed
correlation affirms aminocatalyst involvement in the preceding
interconversion step of the reaction mechanism. A near

racemic mixture of product at low catalyst concentrations is
consistent with an unselective oxidation and a diminished rate
of interconversion prior to indole substitution.
Additional studies were performed to confirm the vital role

of the tertiary amine moiety. The protonation of the
morpholine moiety on the aminocatalyst plays multiple roles
throughout the substitution: that is, it promotes the hydro-
quinone-mediated stereomutative interconversion, facilitating
indole substitution by stabilizing the transition state and
effectuating the stereoinduction from the chiral aminocatalyst.
To further expose the function of this molecular fragment, we
have conducted an intrinsic reaction coordinate (IRC)
calculation for the substitution process (Figure 6C). Bond
lengths of the cleaving C−O bond and the critical hydrogen
bond are recorded at each point along the IRC pathway.
Starting with the plots that represent the primary structures of
the reaction at the left top, the hydrogen bond length changes
from ∼2.15 Å to 2.00 Å as the C−O bond cleaves, suggesting
that this hydrogen bonding initiates the “abstraction” of the
C−O bond by strengthening the attractive force of O···H
interaction. Subsequently, a remarkable linear correlation
appears as the C−O bond is cleaving, ranging from 1.6 to
3.1 Å, clearly corresponding to the stabilization effect of the
hydrogen bond. The transition state is located at the late stage
of this region. After the leaving group has been completely
substituted by the nucleophile, the hydrogen bonding is
fortified to a higher degree, neutralizing the negative charge on
the leaving group.
From the IRC in Figure 6C, it was found that the N−H of

the protonated morpholino moiety in the catalyst clearly plays
an important role. To experimentally investigate this, a catalyst
without the amine moiety was prepared. The amine-bearing
morpholine group in catalyst 3a was substituted for the isostere
cyclohexyl for catalyst 3b (eq 4 and eq 5). As a result,

differences in reactivity can be ascribed to the lack of H-
bonding interactions. Remarkably, a racemic mixture of
products was obtained when this isostere was used, despite
the aminocatalyst bearing an identical stereocenter.41 This
emphasizes the pivotal role of the H-bonding interactions
deduced in the IRC to achieve high enantioselectivity.
In placing these empirical studies in the greater context of

the density functional theory (DFT) calculations, these results
affirm a Curtin−Hammett regime initiated by the tertiary
amine moiety of the catalyst. Notably, the dynamic self-
substitution pathway describing the racemization of the DDQ
adduct is reminiscent of the Walden cycle.1−4,6 In analogy,
both enantiomers of the reactive DDQ adduct are accessible by
consecutive SN2 reactions as depicted in Figure 7A. An
enantiomer of the DDQ adduct is condensed with the chiral
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aminocatalyst to form a transient diastereomer. The resulting
diastereomer is in equilibrium with its epimer traversed
through the self-substitution and, finally, hydrolyzed to provide
access to the antipodal enantiomer. Departure from the
racemization event ensues upon the rate-determining sub-
stitution with indole. As a consequence of the differences in
enthalpy between TS-major and TS-minor, the dynamic
Walden cycle allows for the indole substitution to primarily
funnel through one diastereomer, rendering the SN2 stereo-
selective. Together these two processes combine to establish the
asymmetric SN2 dynamic kinetic resolution reaction. Remarkably,
a single aminocatalyst facilitates the conversion of racemic
starting material to enantioenriched product through the use of
three distinct catalytic cycles, as depicted in Figure 7B.
Mechanistically Guided Methodology. Based on the

novel mechanistic principles identified in the SN2-DKR
pathway, the methodology for the enantioselective formation
of quaternary carbon stereocenters was refined (Scheme 4).
We have identified that the oxidation process can proceed with
only 1 mol % aminocatalyst leading to racemic 4-DDQ. Since
aminocatalysts could be deactivated under oxidizing con-
ditions, only 1 mol % of catalyst was employed to oxidize the
aldehyde to the DDQ adduct. Upon full conversion to the
intermediate, 20 mol % of aminocatalyst was added in
conjunction with the indole nucleophile. This adaptation
maximized the aminocatalyst concentration for the SN2-DKR
and allows for the enantioselective addition of indoles to
electron-neutral and -deficient α-branched aldehydes with a
variety of indoles. Notably, these aldehydes were incompatible
with previously established methodologies. Aldehydes bearing
para-substituted halogens are amenable to this protocol,
providing complementary and facile access to increased
complexity via the aldehyde or aryl halide synthon.
Furthermore, N-alkylated indoles cleanly furnished the desired
products, indicating minimal influence of the N−H moiety.
Finally, the methodology was applied to derivatize a
pharmaceutical (naproxen) and translated to compounds
suitable for bioconjugation via click chemistry. Generally,
moderate to high yields were obtained with high enantiose-
lectivity to form a quaternary carbon stereocenter through this
unusual SN2-DKR process at a tertiary carbon center.

■ CONCLUSION
By integrating DFT, kinetic, and empirical studies, we have
uncovered an atypical pathway for the catalytic, stereoselective
formation of quaternary carbon stereocenters. This pathway
consists of three elementary steps: (1) oxidation of the
enamine species, (2) racemization, and (3) substitution.
Peculiar aspects include an SN2-DKR event resembling a
dynamic Walden cycle (epimerization via SN2 reaction)
terminated by a rate-determining SN2 at a tetrasubstituted
tertiary center. Through a Curtin−Hammett regime, the
stereospecific SN2 also becomes stereoselective, effectively
distinguishing between two transient diastereomers. Notably
computational and experimental studies have shown that the
aminocatalyst bearing a primary amine for condensation and a
tertiary amine moiety for hydrogen bonding is essential in each
of the three elementary steps of the reaction. These studies
were instructive in refining the protocol to develop a more
general methodology. Moreover, our investigations establish
that stereomututive processes can occur through an SN2
mechanism and permit stereoselective reactions through a
stereospecific substitution. We anticipate these results to

rekindle interest in the SN2 mechanism as a synthetic tool
for stereoselective reactions.42
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