
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 1

1/
29

/2
02

5 
4:

02
:3

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Potassium tert-b
aWarren and Katherine Schlinger Laboratory

Division of Chemistry and Chemical Engine

1200 East California Boulevard, Pasadena,

edu
bDepartment of Chemistry, University of Pitt

15260, USA

† Electronic supplementary information (E
spectroscopic data (1H NMR, 13C NMR
Cartesian coordinates, and energies
2253010, 2253012 and 2253013. For ES
other electronic format see DOI: https://d

‡ Principal Investigator

Cite this: Chem. Sci., 2025, 16, 9863

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 20th September 2024
Accepted 12th April 2025

DOI: 10.1039/d4sc06391k

rsc.li/chemical-science

© 2025 The Author(s). Published by
utoxide mediated stereoselective/
direct Mannich reaction of a-substituted-g-lactams
with in situ generated aryl N-silyl imines†

Tyler D. Casselman,a Mithun C. Madhusudhanan,b Binh Khanh Mai, b Peng Liu ‡b

and Brian M. Stoltz ‡a

A potassium tert-butoxide (KOt-Bu)-mediated Mannich reaction between a-substituted-g-lactams and N-

silyl imines is reported. N-silyl imines are generated in situ from readily available aryl nitriles and directly

combined with the lactams, without preformation of the lactam enolate, to afford the a-quaternary

center-bearing Mannich bases in high yield and with high diastereoselectivity (24 examples). This

reaction is shown to be catalytic with respect to KOt-Bu and the catalytic mechanism has been

investigated using density functional theory calculations. The computational investigations suggest that

the diastereoselectivity is controlled by explicit interactions between a binuclear potassium complex and

both the imine nitrogen and the enolate oxygen atoms in the selectivity-determining transition states.

The Mannich products are shown to be useful in accessing novel spirocyclic pyrrolidines.
Introduction

Since the seminal report in 19121 the Mannich reaction has
become an important method for C–C bond formation in
synthetic organic chemistry.2 The resulting b-amino carbonyl
motif produced by this reaction is present in many alkaloid
natural products3 and biologically relevant molecules.4 Due to
its synthetic utility, the Mannich reaction has received signi-
cant attention since the early 1990's,5 particularly toward the
development of stereoselective variants.6 Despite the prevalence
of quaternary centers in complex synthetic targets,7 the stereo-
selective Mannich reactions using non-stabilized enolates
forming such quaternary centers remains largely underex-
plored.8 A signicant number of these reports rely on the
enolate-stabilization (pKa < 30 in DMSO)9 provided by an a-
electron-withdrawing10 or an a-aryl11 group to achieve in situ
enolization and the desired reactivity. Notable exceptions
include those reported by the Barbas group12 and the Trost
group,13 utilizing a-substituted aldehydes and ketones. To our
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knowledge, a stereoselective Mannich reaction using unstabi-
lized, a-substituted lactams as pro-nucleophiles to form
quaternary centers has not been reported.

Using amides as pro-nucleophiles has been a signicant
challenge in developing stereoselective Mannich reactions due
to their low C–H acidity (pKa z 30–35 in DMSO)9 and the
instability of the corresponding metal enolates.14 To overcome
these challenges, amide auxiliaries have been critical to
promote these stereoselective Mannich reactions (Scheme 1a).15

These auxiliaries have proven to be effective; however, they
require additional steps for installation and removal, and are
incompatible with cyclic, lactam pro-nucleophiles. A few
notable examples using simple, amide pro-nucleophiles
without the need for auxiliaries were reported by the Yama-
guchi group16 in 2010 and, more recently, the Kobayashi group
in 2021.17 To circumvent the isolation of the unstable amide
enolates, the Yamaguchi group16 developed a catalytic so
enolization to promote the diastereoselective direct Mannich
reaction (Scheme 1b). Similarly, the Kobayashi group17 worked
to address enolate stability by designing a chiral potassium salt
catalyst to deliver enantioenriched Mannich bases with simple,
acyclic amide pro-nucleophiles (Scheme 1c). However, these
systems have not been demonstrated to promote the stereo-
selective, direct Mannich reaction using a-substituted, unac-
tivated amides to generate quaternary centers. Here we report
a protocol that enables the diastereoselective direct Mannich
reaction of simple, a-branched unactivated g-lactams in high
diastereoselectivity.18 To the best of our knowledge, this is the
rst report on the utilization of simple, a-substituted amide
pro-nucleophiles in a diastereoselective direct Mannich reac-
tion without preformation of the lactam enolate.
Chem. Sci., 2025, 16, 9863–9871 | 9863
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Scheme 1 Stereoselective Mannich reaction of Amides.

Table 1 Optimization of the Mannich reactiona

Entry Base Imine T (°C) R1 c 4d (dr) 5d

1 LiHMDS 3a −10 °C Bz 20% (2 : 1) 0%
2 LiHMDS 3a 25 °C Bz 40% (2 : 1) 0%
3 LiHMDS 3b −10 °C H(TMS) 20% (2 : 1) 40%
4 LiHMDS 3b −40 °C H(TMS) 14% (2 : 1) 36%
5 KOt-Bu 3b −40 °C H(TMS) 85% (9 : 1) 5%
6b KOt-Bu 3b −40 °C H(TMS) 90% (20 : 1) 5%
7b,e KOt-Bu 3b −40 °C H(TMS) 95% (20 : 1) 0%

a Reaction conditions: 1 (0.2 mmol), 3 (1.0 equiv.), 3.0 mL toluene at X °
C, 8 h; b Lactam 2 was used instead of 1. c When imine 3b is used,
product 4 was observed as the primary amine. d Isolated yields.
e Reaction was performed with 1.0 mmol 2, 1.5 equiv. 3b, 15.0 mL
toluene, −40 to 25 °C, 8 h. ortho-OMe-Ph (OMP), para-OMe-Ph (PMP).

Scheme 2 Preliminary scope of a-substituted lactams.
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Results and discussion

We began investigating the use of unactivated a-substituted-g-
lactam 1 as a Mannich donor with N-acyl imine 3a as the
acceptor and employing LiHMDS as the base. We discovered
that the unactivated lactam 1 is a competent pro-nucleophile
under these conditions, but the diastereoselectivity and yield
of the reaction were low (Table 1, entry 1). Increasing the
temperature to 25 °C led to increased yield, but the dr remained
low (Table 1, entry 2). Changing the acceptor from the N-acyl
imine 3a to the N-silyl imine 3b resulted in the desired C–C
bond formation in moderate yield, but an unexpected imine
condensation adduct 5 was observed and isolated along with
the desired Mannich base 4 (Table 1, entry 3). Using KOt-Bu as
the base drastically improved the overall yield and minimized
the formation of 5. The lability of the N–Si bond allowed for the
primary amine 4 to be isolated in 85% yield and a 9 : 1 dr aer
aqueous workup (Table 1, entry 5). Finally, switching from the
ortho-methoxy-phenyl (OMP) lactam 1 to the para-methoxy-
phenyl (PMP) lactam 2 dramatically improved the dr to 20 : 1
and increased the yield to 90% (Table 1, entry 6). Using these
conditions, the reaction can be performed on a 1 mmol scale
with similar yield and dr (Table 1, entry 7). Having identied the
optimized reaction conditions, we next turned to exploring the
9864 | Chem. Sci., 2025, 16, 9863–9871
generality of the reaction with respect to the a-substitution of
the lactam.

Gratifyingly, the reaction tolerates larger alkyl substituents,
as lactams 2a–c afforded the desired Mannich products 4a–c
(Scheme 2) as the primary amine in high yields and diastereo-
meric ratios. To our delight, performing the reaction using
lactam 2a on a 1 mmol scale delivered the corresponding
product 4a in 87% yield and a 20 : 1 dr. A major limitation to the
scope of our reaction was the need to isolate the water-sensitive
N-silyl imine 3b. Our initial approach toward synthesizing the
N-silyl imine was through an Aza-Peterson reaction to afford
imine 3b.19 Due to the instability of N-silyl imines and chal-
lenging isolation,20 we focused our efforts to develop a tele-
scoped hydrosilylation/direct Mannich process.

We began our investigation of a telescoped process with
amodied catalytic hydrosilylation procedure using H–SiMe2Ph
and catalytic B(C6F5)3 in toluene (Scheme 3).21 Following the
catalytic hydrosilylation, the reaction mixture was directly
added to a solution of KOt-Bu and lactam 2 in toluene to
perform the diastereoselective Mannich reaction.

A variety of Mannich donor substrates possessing a-alkyl
substitution were subjected to this telescoped reaction
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Alternative synthesis of N-silyl imines.
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sequence (Scheme 4). An excess of the aryl nitrile 6was shown to
be necessary for complete conversion of the lactam Mannich
donor due to the formation of the imine transfer adduct
between the silyl imine Mannich acceptor 3ca and the Mannich
base 4, resulting in products akin to 5. Gratifyingly, this side
product can be hydrolyzed upon workup to afford the primary
amine 4. Notably, in situ generated imine 3ca (Scheme 3) per-
formed comparably using the telescoped catalytic conditions to
those obtained through the two step Aza-Peterson approach.
The use of excess aryl nitrile for electron decient substrates
(Scheme 4) was necessary to generate a sufficient concentration
of the desired imine as overreduction to the benzyl amine cat-
alysed by B(C6F5)3 was observed in the crude reaction mixture
aer hydrosilylation.

Allylic and benzylic substitution was generally tolerated at
the a-position of the g-lactam pro-nucleophile (Scheme 4).
Gratifyingly, we observed the reaction performed well on
Scheme 4 Substrate scope for the tandem hydrosilylation/direct Mannic
(3 mol%), PhMe2SiH (4.0 equiv.), toluene (1 mL), 25 °C, 1 h; 2nd step: 2 (0.2
(0.5 mL) was added in the 2nd step.

© 2025 The Author(s). Published by the Royal Society of Chemistry
modest scale as product 4d was isolated in an 86% yield and
14 : 1 dr. Sterically congested motifs such as the ortho-Br and
ortho-CN benzylic lactams (4f and 4g) gave the desired products
in moderate yield and diastereoselectivity, requiring ethereal
cosolvents to assist in solubility of the bulkier lactam pro-
nucleophiles. Mannich donors bearing b-tertiary carbon
centers were also competent, delivering the desired products 4h
and 4i in good diastereoselectivity. Notably, b-amino lactam 4i
possesses three contiguous stereocenters formed with a 9 : 1
ratio of the major diastereomer relative to all others, potentially
owing to A1,3 strain in the corresponding potassium enolate of
2i.22 Lactam donor 2j, possessing a methyl group at the g-
position, afforded the desired Mannich product 4j in 95% yield
and 10 : 1 dr (see ESI† for details on the tentative assignment of
the relative stereochemistry of 4i and 4j).22 This suggests that
substitution on the backbone of the g-lactam can impart facial
selectivity for the approach of the N-silyl imine electrophile. For
the electrophile scope, electron-neutral as well as electron-
decient arenes are well tolerated in the telescoped reaction
sequence. Electron-releasing substituents on the aryl nitrile
were not viable pro-electrophiles for the transformation due to
the inability to engage in the B(C6F5)3-catalyzed hydrosilylation
under our optimized reaction conditions.23 Additionally, we
observed the rate of hydrosilylation and the susceptibility of the
N-silyl imines to undergo exhaustive hydrosilylation to the
corresponding benzylic amine to be dependent on the substi-
tution of the aryl nitrile. Ortho-substitution on the aryl nitriles
delivered the desired amines 4l, 4o, and 4u bearing a tri-
uoromethyl, uoro and bromo group respectively.

Notably, the more sterically demanding24 and electron
withdrawing25 ortho-CF3 group afforded the Mannich base 4l in
an excellent 20 : 1 dr, while the ortho-F substituted aryl nitrile
h reaction. Standard reaction conditions: 1st step: 6 (3.0 equiv.), B(C6F5)3
mmol), KOt-Bu (1.2 equiv.), toluene (2 mL), –78 to 25 °C, 16 h (a) Et2O

Chem. Sci., 2025, 16, 9863–9871 | 9865
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Fig. 1 Xray structure of 4w. For the detailed procedure and condi-
tions, see ESI.† CCDC 2253010.

Scheme 6 Selected spirocyclizations of Mannich products.
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delivered the product 4o in a modest 3.5 : 1 dr. Unfortunately,
the ortho-Cl and ortho-I substituted aryl nitriles (4r and 4x) did
not deliver any desired product due to failures at the hydro-
silylation portion of the tandem sequence.26 Gratifyingly, meta-
and para-substitution on the arene was well tolerated for elec-
tron withdrawing substituents, as the corresponding products
were obtained in modest to excellent yield with high diaster-
eoselectivity. The relative stereochemistry was unambiguously
conrmed by X-ray diffraction (Fig. 1). By analogy, the relative
conguration was adopted for the remaining scope entries.

The primary amine products provide an excellent functional
group handle to allow for further derivatization via N-func-
tionalization and cross-coupling chemistry. Primary amine 4d
underwent facile N-Ts and N-Boc protection to afford the cor-
responding protected amines 7 and 8 in 96% and 95% yields,
respectively. Protected amines 7 and 8 cleanly underwent
a CAN-promoted N-PMP cleavage to afford the secondary
amides 9 and 10, respectively, in excellent yields (Scheme 5).

Functionalization of b-amino lactam 4d with acryloyl chlo-
ride delivered acrylamide 12 in an 88% yield (Scheme 6). Sub-
jecting acrylamide 12 to Grubbs' 2nd generation catalyst led to
the isolation of the desired spirocyclic 3-lactam 13 in 84%
yield.27 Inspired by Wolfe's two-step, one-pot intramolecular
carboamination, we subjected amine 4d to the disclosed Pd-
catalyzed conditions.28 Gratifyingly, the reaction proceeds with
an 82% yield for the bis-arylated spirocyclic pyrrolidine 15a
using bromobenzene as the aryl halide electrophile without the
need to isolate the intermediate aniline 14a. Using the more
electron-rich 4-bromoanisole led to lower yield and diaster-
eoselectivity of the isolated spirocyclic product 15b with
signicant isolation of the retro-Mannich product 2d.

Gratifyingly, using 3,5-dimethyl bromobenzene as the aryl
halide delivered the desired spirocyclic pyrrolidine 15c in good
yield and diastereoselectivity. Highly electron-decient aryl
halides such as 3-bromopyridine were not tolerated. Addition-
ally, using the N-Boc protected product 8 as a substrate for the
Pd-catalyzed carboamination led to the formation of the N-Boc
pyrrolidine 16 using electron-rich aryl halides. However,
Scheme 5 Protecting group manipulation of Mannich product 4d.

9866 | Chem. Sci., 2025, 16, 9863–9871
electron-decient aryl halides such as 3-bromopyridine were
not tolerated. We also identied ortho-Br benzylic product 4f as
a suitable candidate for an intramolecular Buchwald–Hartwig-
type coupling.29 Subjecting amine 4f to the intramolecular
C–N arylation afforded spirocyclic tetrahydroquinoline 17 in an
80% yield, but diminished diastereoselectivity. A minor product
18 assigned as the dihydroquinoline was observed, presumably
arising from the oxidation of the major anti diastereomer
resulting in lower dr of the isolated tetrahydroquinoline 17.30

During our optimization campaign, we discovered that
substoichiometric KOt-Bu can be employed while still deliv-
ering the resulting Mannich product in up to 95% yield and 12 :
1 dr with base loadings as low as 35 mol% (see Scheme S3† for
details).31 As shown in Scheme 7, we hypothesized that forma-
tion of potassium enolate 2a0 through the deprotonation of
lactam 2a with KOt-Bu dimer 19b would liberate an equivalent
of tert-butanol, which could serve to protonate potassium amide
20 formed aer C–C bond formation and regenerate the KOt-Bu
dimer 19b (Scheme 7).32 The N-silyl amine product 21 would
then be protonated upon aqueous work up to deliver the desired
product 4a.

The mechanism that controls the diastereoselectivity of the
Mannich reaction and the potential role of KOt-Bu17,32 was
investigated using density functional theory (DFT) calcula-
tions.33,34 Considering the potassium tert-butoxide tetramer can
easily dissociate to a dimer,32a and binuclear potassium
complexes32,35 have been described in previous reports as the
active species in the potassium-catalyzed a-alkylation of benzyl
suldes,36 dimeric potassium tert-butoxide was used as the base
in the calculations, in which one toluene solvent molecule was
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 7 Proposed catalytic cycle.

Fig. 2 Computed imine addition pathways involving a dipotassium
enolate complex 2a0. Gibbs free energies are calculated with respect to
lactam 2a, [KOt-Bu]2, and imine 3b. Toluene molecules in the 3D
images are omitted for clarity.
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added to bind to each potassium to account for explicit solvent
effects. Our DFT calculations indicate that deprotonation of
lactam 2a with potassium tert-butoxide dimer to form potassium
enolate 2a0 is endergonic by 2.3 kcal mol−1 (see Fig. S3†). Aer
careful conformational search of the transition state (TS) of the
reaction between 2a0 and imine 3b, we located the lowest-energy
TS conformers, TS1 and TS2, leading to the anti- and syn-prod-
ucts 4a and 4a-epi, respectively (Fig. 2 and S5 in the ESI† for the
computed reaction energy proles). The computed activation
free energy for TS1 (DG‡ = 14.2 kcal mol−1 with respect to 2a) is
2.3 kcal mol−1 lower than that for TS2 (DG‡ = 16.5 kcal mol−1),
which is in agreement with the experimentally observed dia-
stereoselectivity of 20 : 1. In TS1 and TS2, both potassium atoms
bind to the tert-butoxide oxygen and the enolate oxygen, forming
a rhombus-shaped geometry that resembles the KOt-Bu dimer.
Although this four-atom K2O2 core structure remains similar in
TS1 and TS2, when the different prochiral p-faces of the imine
are involved in bond formation, different interactions between
the imine and potassium are observed.

In the transition state leading to the favoured anti-product
(TS1), the imine C]N bond is synclinal with the enolate
oxygen, enabling a stabilizing interaction (2.69 Å) between the
electron-rich imine nitrogen and one of the potassium atoms.
The relatively late transition state, evidenced by the shorter
forming C–C bond (2.08 Å compared to 2.23 Å in TS2), increases
the negative charge on the imine nitrogen (see Fig. S4† for
computed NPA charges) and thus further promotes the N–K
interaction in TS1. In TS2, the Ph group on the imine, rather
than imine C]N bond, points towards the enolate oxygen and
the potassium atoms.

As a result, a cation–p interaction37 (2.95 Å) between
a potassium and the Ph group is observed, in place of the N–K
interaction. Because the Ph group is less negatively charged and
is a worse donor than the imine nitrogen, this cation–p inter-
action is expected to be weaker than the N–K interaction in TS1.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The imine N–K interaction was also observed in a less stable TS
conformer (TS3) leading to the minor product 4a-epi. TS3 is less
stable than both TS1 and TS2 because this stereoisomeric
transition state has a boat geometry rather than the chair
geometry in TS1 and TS2. Taken together, the DFT calculations
indicate that the stabilizing imine–potassium interaction in the
chair-like imine addition transition state (TS1) controls the
diastereoselectivity of the Mannich reaction.

We took inspiration from the Kobayashi report17 to render
this transformation asymmetric via introduction of a catalytic,
chiral potassium salt. Catalytic levels of KOt-Bu were required to
suppress the racemic, background Mannich reaction. Gratify-
ingly, we observed modest levels of stereoselectivity with the
introduction of K-Box-1, delivering the desired amine 4b in 60%
ee with good yield and dr (Table 2, entry 1).

Utilizing Indabox precatalyst L2 lacking the acidic methylene
C–H bond in precatalyst L1 resulted in suppression of reactivity
and stereoselectivity, suggesting that the potassium salt is the
active catalyst in this transformation. Signicant optimization
of solvent and stoichiometry (see Table S2†) resulted in no
improvement of the observed enantioselectivity. To improve the
enantioselectivity of this transformation, we focused on altering
the silane identity to provide a handle to modify the steric and
electronic inuence around the imine electrophile. Diaryl
silanes required elevated temperatures to perform the hydro-
silylation (Table 2, entries 3–4); however, the telescoped
Chem. Sci., 2025, 16, 9863–9871 | 9867
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Table 2 Optimization of the asymmetric Mannich reactiona

Entry H-SiR3 X (°C) 4b (dr) % ee

1 PhMe2SiH 25 °C 93% (12 : 1) 60%
2 PhMe2SiH

b 25 °C 33% (11 : 1) 3%
3 Ph2MeSIH 40 °C 95% (10 : 1) 4%
4 Ph2SiH2 40 °C 85% (11 : 1) 3%
5 Ph3SiH

c 100 °C 0% (n.d.) n.d
6 t-BuMe2SiH

c 40 °C 0% (n.d.) n.d
7 Et3SiH 25 °C 17% (11 : 1) 52%
8 BnMe2SiH 25 °C 89% (13 : 1) 72%

a K-Box: Dissolve L1 (15 mol%) and KHMDS (15mol%) in THF (0.75mL)
at 0 °C for 0.5 h Imine 3: nitrile 6 (0.6 mmol), B(C6F5)3, silane (0.8 mmol)
in toluene at X °C. 4b: Add K-Box to a solution of 2b (0.2 mmol) in
toluene (3.0 mL) at −78 °C, add Imine 3 slowly and held at 25 °C
overnight. b L2 was used instead of L1. c No hydrosilylation observed.

Scheme 8 Preliminary substrate scope for the enantioselective
transformation.
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Mannich reaction proceeded in much lower levels of enantio-
selectivity. Electronically decient Ph3Si–H and sterically bulky
t-BuMe2Si–H were unable to perform the hydrosilylation, even
at elevated temperatures (Table 2, entries 5–6). Triethyl silane
promoted the desired telescoped hydrosilylation/Mannich
reaction, but in diminished yield and enantioselectivity. Grati-
fyingly, performing the telescoped process using BnMe2Si–H
resulted in the formation of amine 4b in good yield, dr, and an
improved enantioselectivity of 72% ee (Table 2, entry 8). Addi-
tional optimization of the silane source resulted in no further
improvement to date (see Scheme S4†).
9868 | Chem. Sci., 2025, 16, 9863–9871
Aer extensive optimization of the reaction conditions, we
focused our efforts toward determining if the observed enan-
tioselectivity was general to other aryl nitrile pro-electrophiles
and lactam pro-nucleophiles. To our delight, Mannich prod-
ucts 4a, 4b and 4w were synthesized in great yield and diaster-
eoselectivity while maintaining a modest enantioselectivity (72–
73% ee) (Scheme 8). Further investigation is ongoing to identify
the absolute conguration of the products formed, improve the
enantioselectivity and scope of this telescoped transformation.

Conclusion

In conclusion, we have reported a telescoped hydrosilylation/
direct Mannich reaction that couples a-substituted-g-lactams
with aryl nitriles to afford b-amino lactam products bearing an
all-carbon quaternary stereocenter. This two-step, one-pot
process generates the desired Mannich bases in excellent dia-
stereoselectivity and yield. Electron-neutral and electron-poor
aryl nitriles were demonstrated to be competent pro-
electrophiles, and a wide a-substitution scope of the pro-
nucleophiles has been established. The Mannich products
have been shown to be valuable building blocks for further
exploration, especially toward the synthesis of complex spi-
rocyclic saturated N-heterocycles. The reaction was shown to be
promoted by substoichiometric levels of KOt-Bu, as low as
35 mol%, with computational analysis elucidating a potential
mechanism for catalysis as well as the transition states
involving a binuclear potassium complex promoting the desired
C–C bond formation and controlling the diastereoselectivity.
Further investigations toward rendering this transformation
asymmetric are ongoing in our laboratory and will be disclosed
in due course.
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