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Mannich-type Reactions of Cyclic Nitrones: Effective Methods for 
the Enantioselective Synthesis of Piperidine-containing Alkaloids 
Vladislav G. Lisnyak, Tessa Lynch-Colameta, and Scott A. Snyder*[a] 

 

Abstract: Although there are dozens of biologically active 2-
substituted and 2,6-disubstituted piperidines, only a limited number 
of approaches exist for their synthesis. Herein is described two  
Mannich-type additions to nitrones, one using β-ketoacids under 
catalyst-free conditions and another using methyl ketones in the 
presence of chiral thioureas, which can generate a broad array of 
such 2-substituted materials, as well as other ring variants, in the 
form of β-N-hydroxy-aminoketones.  Both processes have broad 
scope, with the latter providing products with high enantioselectivity 
(up to 98%). The combination of these methods, along with other 
critical steps, has enabled 8-step total syntheses of the 2,6-
disubstituted piperidine alkaloids (–)-lobeline and (–)-sedinone. 

Although piperidine rings are a ubiquitous structural feature 
of alkaloid-based natural products and pharmaceuticals, equally 
common is their possession of 2- or 2,6-substitution patterning 
that includes a β-carbonyl and/or alcohol functionality.[1]  
Molecules such as those drawn in Scheme 1 (1–7) are 
representative examples isolated from a diverse array of plants 
and insects.[2] Biosynthetically, these side-chains are believed to 
arise via Mannich-type additions of carbonyl-derived 
nucleophiles onto piperidine-derived iminium intermediates.[2f,3] 

Scheme 1 provides two approaches that can proceed with 
enantiocontrol in a laboratory setting.  The first utilizes L-proline 
to effect direct Mannich-type reactions between imines 8 and 
varied ketones 9 (primarily methyl) to produce aminoketones of 
type 10, noting that only one example where R3 ≠ H has been 
described.[4] The second utilizes a chiral copper (I)-conjugated 
BrØnsted base pair to catalyze a stepwise ring-opening/aldol 
addition/dehydration cascade followed by a stereodefining aza-
Michael reaction[5] starting from cyclic hemiaminal 11 and methyl 
ketones 12.[6] While both approaches possess significant power, 
these methods only work effectively if the intermediates have 
appropriate stability, noting that the synthesis of some starting 
materials can be step intensive, particularly for more complex 
piperidines and related azacycles. As such, we wondered 
whether a complementary, and potentially more general, method 
could be developed utilizing cyclic nitrones as an iminium 
surrogate. That conjecture was based on the fact that such 
species are readily prepared in one step via oxidation of their 
corresponding secondary amines[7] or hydroxylamines (more 
mild),[8] are reasonably stable compounds that exist in cyclic 
form exclusively as the more reactive E-isomers,[9] and are well 
documented to accept a variety of nucleophiles.[10] Herein, we 

show that nitrones, both cyclic and acyclic, are indeed effective 
substrates for Mannich-type additions with β-ketoacids, simply 
upon dissolution, as well as an array of methyl ketones when 
appropriate promoters are added.  When chiral thioureas are 
used as catalysts in the latter process, the reaction proceeds 
with good to excellent enantiocontrol and can serve as a 
foundational method to generate key chiral centers leading to 
the rapid and stereocontrolled total synthesis of 2,6-disubstituted 
natural products such as (–)-lobeline (3) and (–)-sedinone (4). 

 

Scheme 1. Selected piperidine-containing natural products, precedent for 
enantioselective functionalizations to generate such heterocycles, and two 
unique approaches based on using nitrones. 

As shown in Scheme 1, we began our investigations by 
exploring whether cyclic nitrones of type 14 could provide an 
alternative to the well-established decarboxylative Mannich-type 
reaction between cyclic imines and β-ketoacids (i.e. the Schöpf 
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reaction).[11] Given that this imine variant is known to be slow, 
low-yielding, and pH-dependent with side reactions often 
observed,[11,12] we anticipated that an alternative and broadly 
effective variant, even in racemic format, could be of value. 
Pleasingly, we found that 14 and 15 could readily merge, without 
any added catalyst,[13] simply upon stirring in CH2Cl2 at 23 °C.  
 
Table 1. Exploration of substrate scope with various nitrones (14) and β-
ketoacids (15).[a] 

 
[a] Reactions were performed with 14 (0.50 mmol) and 15 (0.76 mmol) in air; 
[b] 2 h reaction time; [c] performed in MeOH; [d] 1.5 equiv of 14 with 1.0 equiv 
of 15. 

 

Table 1 provides the products synthesized (19–27), where 
no further optimization was performed from our initial condition 
hit given the generally smooth and high yielding outcomes (50–
90%); the one exception was product 26, obtained in 34% yield 
from a conjugated starting material. Of note, nitrones of different 
ring sizes and acyclic systems (which tend to be less reactive)[9] 
worked well with several β-ketoacids; products 23 and 24 are of 
particular significance given challenges observed for adding 
heterocycles and hindered alkyl-containing β-ketoacids onto 
imines.[14] Finally, the success of a pregnenolone-derived β-
ketoacid to form 27 (77% yield, dr = 2:1) highlights the ability to 
use the reaction for late-stage functionalization. 

We next performed several screens to determine if these 
transformations could proceed with enantiocontrol.  
Unfortunately, all efforts with β-ketoacids as well as several 
additional probes using β-ketoesters failed.  Our first effective hit 
came when we changed the nucleophile partner to a simple 
ketone, using enamine activation[15] to promote this slower-to-
achieve union. As shown in Table 2, when nitrone 28 was 
coupled with an excess of acetone (29) in CH2Cl2 in the 
presence of L-proline (30, 20 mol %), 31 was formed in 60% 
yield and 54% ee (measured after derivatization of the 
hydroxylamine, see Supporting Information). However, 
subsequent exploration of the more challenging, and arguably 

more useful from the standpoint of complex molecule 
synthesis,[2f] reaction with acetophenone (32) proved to be rather 
poor under these conditions (7% yield, 12% ee). As a result, all 
further optimizations were performed with ketone 32. 

Table 2. Exploration of varied catalysts to achieve enantioselective addition of 
acetophenone (32) to nitrone 28.[a] 

      
[a] Reactions were performed with 28 (0.5 mmol) and 32 (1.5 mmol) in air; [b] 
without added BzOH. 

 

We quickly found that chiral primary amine catalysts such as 
34 and 35 could dramatically enhance ee (80–86%), albeit with 
no yield improvement (10–25%). Inspired by reports from both 
Schreiner[16] and Takemoto[17] showing that thiourea-based 
hydrogen bonding catalysts[18] can increase the rate of both 
[3+2]-cycloadditions and nucleophilic additions to nitrones, we 
then tested bifunctional catalyst 36.[19] Pleasingly, it provided a 
further increase in enantioselectivity (90% ee), but still with no 
improvement in yield (26%). Interestingly, the analogous 
squaramide 37[20] performed worse (20% yield, 65% ee). 
Ultimately, varying the thiourea side-chain resulted in a 
significant increase in both parameters, with Jacobsen catalyst 
38[21] affording 33[22] in 45% yield and 88% ee. Further screening 
with this promoter (see SI) showed that when the loading of the 
catalyst and benzoic acid additive were increased to 20 mol % 
and 40 mol %, respectively, the desired product was obtained in 
84% yield and 90% ee (Table 3). 

As presented in the remainder of Table 3, use of these 
optimized conditions with a range of 6-membered cyclic 
nitrones[23] bearing varied substituents at the 2-, 3-, and 4-
positions afforded products 40–43 in good yields and up to 98% 
ee. Of particular note, a “heterocyclic” nitrone[24] also reacted 
successfully to afford an effective synthesis of 44. As denoted in 
Table 4, different electron-rich and -deficient acetophenones 
were also tested with nitrone 28 to afford 46–51 in good to 
moderate yields (54–70%) and high enantioselectivity (86–93% 
ee). Pleasingly, these same conditions were readily extended to 
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alkyl methyl ketones to generate 31 and 52–59, similarly in good 
to moderate yields (51–90%) and high enantioselectivity (94–
96% ee).[25] Of note, while additional substitution at the ketone α-
position did decrease yield in some cases, the enantioselectivity 
remained high with excellent regiocontrol using a range of 
unique substituents, including fluorine and methoxy groups. The 
formation of 58, in fact, is in contrast to the preferential product 
generated under enamine catalysis,[21b,26] highlighting an 
element of complementarity. 

Table 3. Exploration of nitrone scope using 32 under optimized conditions.[a] 

              
[a] Reactions were performed with 17 (0.5 mmol) and 32 (1.5 mmol) in air.  

 

Equally critical, although the oxidation state of the products 
is higher than that found in most natural targets, as well as 
materials produced using iminium intermediates, the 
hydroxylamine moiety serves to protect against in situ 
racemization.[27] For example, with 33 only 3% ee was lost 
following 20 h of standing in MeOH at 23 °C. When stored neat 
at –20 °C, all products sampled (31, 33, 46, 50, and 51) were 
configurationally stable after several months except for those 
bearing electron-withdrawing substituents on the aromatic ring 
(47–49). Moreover, unlike the parent secondary amines that 
normally require an additional Boc-protection step in order to be 
purified,[4] 16, 39, and 45 can be chromatographed directly.[28]  

Additionally, as tested with 31 and 33, the N–OH bond can be 
readily cleaved with Zn/AcOH (see SI) to provide the 
corresponding free amine.  

Finally, we sought to explore the power of these methods to 
accomplish total syntheses of (–)-lobeline (3, cf. Scheme 1) and 
(–)-sedinone (4).  While the former target has been prepared 
numerous times,[29] the most efficient syntheses from Boehringer 
Ingelheim, Birman, and Stoltz at 2, 5 and 11 steps, respectively 
took advantage of the target’s inherent symmetry. By contrast, 
non-symmetric (–)-sedinone (4) has been synthesized twice, as 
a racemate in 9 steps from commercial materials and in optically 
active form as a partial synthesis from (–)-norsedamine (1).[30] 
Our approach sought the first unified solution capable of 
accessing both targets and numerous analogs, given the known 

therapeutic value of 3 as a potent antagonist at nicotinic 
acetylcholine receptors.[2f,31] 

As noted in Scheme 2, those efforts commenced with 
application of the developed catalytic protocol for the preparation 
of 33, previously conducted on 0.5 mmol scale, to now generate 
gram quantities in a single pot. While the yield dropped slightly 
on 10 mmol scale (84% to 70%), the enantioselectivity did not 
change (90% ee). Next, a syn-reduction of 33 was achieved 
using Zn(BH4)2

[32] to deliver the desired alcohol as a 9:1 mixture 
of diastereomers about the new chiral center, with subsequent 
silylation (TBSOTf, i-Pr2NEt) affording 60 in 67% yield over two 
steps without significant deterioration in enantiomeric excess 
(89% ee). Pleasingly, crystals of 60 proved suitable for 
diffraction, confirming its absolute (S,S)-configuration and, by 
analogy, all the other products as shown in Tables 2–4. 

Table 4. Exploration of substrate scope with nitrone 28 using methyl ketones 
12 under optimized conditions.[a] 

[a] Reactions were performed with 28 (0.5 mmol) and 12 (1.5 mmol) in air; [b] 
16 h reaction time; [c] ee was determined after O-benzoylation; [d] combined 
yield; [e] major regioisomer. 

 

With an eye towards using the β-ketoacid variant of the 
nitrone addition, hydroxyamine 60 was then oxidized with high 
regioselectivity using IBX[8d] to afford a 4:1 ratio of aldonitrone 61 
and its corresponding ketonitrone (undrawn). By contrast, 
application of more common oxidation agents, such as HgO[33] 
or MnO2,[8c] provided little or no regiocontrol. Next, separate 
addition of the two requisite β-ketoacids (15, R = Ph or Me) to 
crude nitrone 61 smoothly afforded the corresponding 
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disubstituted hydroxylamines, but predominantly with a trans-
2,6-arrangement on the piperidine ring (~4:1 dr for both).[34]  
Subsequent efforts to effect reductive cleavage of their N–O 
bonds indeed produced the desired secondary amines, but 
these products were prone to equilibration, likely via retro-aza-
Michael/aza-Michael pathways,[29ab,35] to ultimately favor the 2,6-
cis-isomers.[36] Unfortunately, all attempts to N-alkylate these 
cis-isomers were unsuccessful; by contrast, the trans-isomers 
participated in reductive amination readily. Based on these 
results and on the fact that the trans-isomers can be converted 
into cis-isomers at a later stage (vide infra),[29e] we developed a 
one-pot procedure combining these two operations to minimize 
isomerization by using Zn/AcOH in the presence of aqueous 
formaldehyde.[37] This operation afforded N-methylamines 62 
and 63 in 75% and 76% yield, respectively, from common 
intermediate 61. For these products, equilibration was still 
observed, with the dr of 62 being batch dependent (~1:1), while 
63 was less prone to epimerization (dr = 1:5.4 favoring the trans-
isomer). Finally, after acidic TBS removal[35] and subsequent 
basic work-up, we obtained the desired aminoalcohol 
intermediates (i.e. 3 and 4) with the same dr as the silylated 
starting materials. 

 

Scheme 2. Total syntheses of (–)-lobeline (3) and (–)-sedinone (4) using both 
variants of the developed nitrone Mannich chemistry: a) 32 (3.0 equiv), 38 (20 
mol %), BzOH (40 mol %), CH2Cl2, 23 °C, 48 h, 70%, 90% ee; b) Zn(BH4)2 (1.2 
equiv), THF, –78→0 °C, 4 h, 9:1 dr; c) TBSOTf (1.1 equiv), i-Pr2NEt (2.0 
equiv), CH2Cl2, 0→23 °C, 0.5 h, 67% over 2 steps, 89% ee; d) IBX (1.1 equiv), 
CH2Cl2, –20 °C, 4 h, 99%, 4:1 rr; e) 15 (1.5 equiv), CH2Cl2, 0→23 °C, 22 h; f) 
Zn (10 equiv), CH2O (6.0 equiv), AcOH, 23 °C, 4 h, 75-76% over 2 steps, ~1:1 
dr (cis:trans) (62), 1:5.4 dr (63); g) HCl (conc., 1.3 equiv), i-PrOH, 60 °C, 12 h; 
h) 3: CIDR, MeOH, 4 °C, 2 weeks, 90% over 2 steps; 4: MeOH, 23 °C, 12 h, 
then recrystallization (hexanes/EtOAc), 23→–20 ºC, 73% over 2 steps.  

Our goal now was to convert these mixtures into the desired 
cis-isomers. Encouraged by recent research using 
crystallization-induced dynamic resolution (CIDR),[38] we 
attempted to recrystallize their free bases. Pleasingly, slow 
evaporation of 3 in MeOH at 4 °C for several weeks exclusively 
afforded cis-disposed (–)-lobeline (3) in 90% yield over the final 
2 steps. Similar techniques, however, did not work for 4, 
presumably due its greater configurational stability. We 

ultimately found that three rounds of equilibration in MeOH (to 
1:1 dr) with selective precipitation of the cis-isomer in 
hexanes/EtOAc afforded (–)-sedinone (4) in 73% yield over 2 
steps.  

In conclusion, we have developed two distinct methods for 
Mannich-type additions to nitrones. These approaches 
encompass diverse substrate scope and potential for late-stage 
functionalizations, with one also affording opportunities for 
enantioselective syntheses with cyclic six-membered nitrones to 
generate the corresponding β-N-hydroxy-aminoketones in up to 
98% ee. As a result of the oxidation state of the products, 
purification is facile and racemization is slow. Finally, the serial 
execution of both methods, coupled with other unique operations, 
has enabled 8-step total syntheses of (–)-lobeline (3) and (–)-
sedinone (4) from a common intermediate. 
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Despite their prevalence, 2- and 2,6-
disubstituted piperidines are 
challenging to prepare asymmetrically, 
particularly when they possess β-
functionalization.  Herein, two new 
approaches based on the use of cyclic 
nitrones provides the means to readily 
fashion an array of such materials, 
one of which proceeds with high 
enantioselectivity (up to 98% ee) 
using a chiral thiourea promoter.  Of 
note, their sequential use has enabled 
8-step total syntheses of both (–)-
lobeline and (–)-sedinone from a 
common intermediate.   
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