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ABSTRACT: A new general de novo synthesis of pharmaceuti-
cally important N-(hetero)aryl piperidines is reported. This proto-
col uses a robustly diastereoselective reductive amination/aza-
Michael reaction sequence to achieve rapid construction of com-
plex polysubstituted ring systems starting from widely available 
heterocyclic amine nucleophiles and carbonyl electrophiles. Nota-
bly, the diastereoselectivity of this process is enhanced by the 
presence of water, and DFT calculations support a stereochemical 
model involving a facially selective protonation of a water-
coordinated enol intermediate. 

Piperidine is the most common nitrogen heterocycle in FDA-
approved pharmaceuticals and thus represents a key structure in 
drug discovery.1 The importance of this motif has motivated the 
development of numerous methods for stereoselective construc-
tion or elaboration of piperidine ring systems.2 Separate from 
these efforts, N-arylation and N-(hetero)arylation of piperidines 
have emerged as essential tactics for the preparation of a wide 
variety of prospective drug molecules.3 Traditional approaches to 
these C(sp2)–N bond constructions rely on SNAr reactions4 or 
transition metal-catalyzed cross-coupling methods5 (Scheme 1a), 
and although these strategies are widely implemented, they are 
also notably limited in scope. SNAr reactions depend on the intrin-
sic electron-deficiency of aromatic electrophiles, and thus, elec-
tron-rich aromatics, including five-membered heterocycles, are 
notoriously problematic substrates. Advances in C–N cross-
coupling technology have overcome some of these limitations, but 
the coupling of piperidines6 with 5-membered heteroaromatics 
continues to be exceptionally challenging with current methodol-
ogies.7 These shortcomings are exacerbated when either coupling 
partner contains steric bulk proximal to the reaction site. Further, 
Pd-catalyzed C–N coupling can result in loss of stereochemical 
integrity due to off-cycle 𝛽-hydride elimination8 or deprotonation 
pathways. 

We were motivated by these methodological limitations to sur-
vey alternative bond disconnections for the preparation of N-
(hetero)aryl piperidines. Ultimately, we chose to pursue methods 
involving de novo synthesis of the piperidine ring as these have 
the potential to be modular and convergent, providing access to 
products with substitution at any point of the ring system from 
relatively simple precursors. While several cyclization strategies 

for piperidine synthesis have been reported, these often exhibit 
poor generality, suffer from low regio- or stereochemical control, 
or require protecting group manipulations or multi-step substrate 
syntheses.2f Herein, we present a reliably diastereoselective reduc-
tive amination/aza-Michael synthesis of functionalized N-
(hetero)aryl piperidines starting from widely available heterocy-
clic amine nucleophiles (Scheme 1b); we further show that this 
transformation is highly tolerant of steric hinderance and readily 
furnishes products that would be very difficult to generate using 
traditional N-(hetero)arylation methodology. 

 

Scheme 1. Synthetic approaches to N-aryl piperidines 

 

Our optimization studies began with substrates A and B be-
cause the resulting product (2a) represents a desirable, yet syn-
thetically challenging class of compounds to access (Table 1). We 
reasoned that the reductive amination step would be relatively 
straightforward, and indeed the linear intermediate (1) formed 
rapidly in the presence of sodium triacetoxyborohydride (STAB) 
in 1,2-dichloroethane (DCE) and was isolable in good yield.9 We 
next explored the impact of solvent and temperature on the effi-
ciency and selectivity of the subsequent aza-Michael cyclization. 
Heating 1 at 60 ºC in trifluoroethanol (TFE), a solvent known to 
be well-suited for aza-Michael reactions,10 resulted in quantitative 
conversion to the desired product with a diastereomeric ratio (dr) 
of 8:1 (favoring the cis isomer, 2a, Entry 1). The undesired lactam 
(3) was not detected. The reaction profile in EtOH was signifi-
cantly more complex than that of TFE, which impeded dr meas-
urement (Entry 2), whereas in MeOH, the desired reaction oc-
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Table 1. Effects of solvent and temperature on diastereoselectivitya 

      
aReactions were conducted on a 0.2 mmol scale. Solvent and water mixtures are 50% v/v. Analysis by 1H NMR spectroscopy was con-
ducted on the crude reaction mixtures to determine dr (cis:trans) 

curred in quantitative yield (Entry 3) and with improved diastere-
oselectivity (11:1 cis:trans). Unexpectedly, the inclusion of water 
(50% v/v) in alcohol solvents resulted in a significant enhance-
ment in both the rate and diastereoselectivity (Entries 4‒6, see SI), 
and further improvement in the dr was obtained upon lowering the 
temperature to 30 ºC. The optimal solvent combination identified 
was MeOH/H2O (Entry 11), which yielded 2a with 20:1 dr, alt-
hough TFE/H2O also provided good results (Entry 7). Finally, we 
found that we could streamline our protocol by omitting the isola-
tion of 1; simply quenching excess STAB with NaOH after the 
reductive amination step and performing a solvent-swap to 
MeOH/H2O afforded 2a in a more convenient procedure with no 
deterioration in yield or selectivity (Table 2). 

Having established an optimal set of reaction conditions, we 
next explored the scope of ketones tolerated in the reaction with 
pyrazole A. In general, the ketone electrophiles were readily pre-
pared in one or two steps (see SI).11 Aliphatic ketones were well 
tolerated (2a, b; Table 2). Acetophenone derivatives with varying 
electronic properties were also competent in the reaction (2c‒e) 
but gave lower yields due to a more challenging reductive amina-
tion step. A cyclic ketone provided access to the all-cis decahy-
droquinoline (2f) as the major product. In addition to α,β-
unsaturated esters, cyanoalkenes (2g), nitroalkenes (2h, j), and 2-
vinylpyridines (2i) all serve as suitable Michael acceptors, permit-
ting variation of the C5 substituent and providing functional han-
dles for further elaboration. Notably, the high reactivity of the 
nitroalkene acceptor enabled formation of the exceptionally hin-
dered 2,5,6-trisubstituted piperidine 2j, in which N1 is flanked on 
either side by phenyl and methyl groups. Variation in tether-
length within the unsaturated ester series (Examples 2k and 2l) 
revealed that the desired general reactivity is specific to formation 
of six-membered rings: a truncated ketone, which would have led 
to a pyrrolidine product in the normal pathway, instead exclusive-
ly formed lactam 2k, in accordance with Baldwin’s Rules.12 Addi-
tionally, attempts to generate azepane 2l via the homologated 
ketone yielded only the uncyclized reductive amination product. 

Extension of this approach to aldehyde-containing electro-
philes, which were generally available in a single step via 
enamine-catalyzed α-alkylation chemistry,13 enabled the diastere-
oselective preparation of 3,5-disubstituted piperidines (Table 3). 
Due to the facile nature of the reductive amination with these 
substrates, that step could be performed in methanol, which elimi-

nated the need for solvent swapping; consequently, the reaction 
sequence could be conducted in a single pot by simply adding 
water to effect cyclization. Thus, 3,5-disubstituted piperidine 
products 4a‒f were formed in moderate to good yield and with 
high diastereoselectivity, although formation of lactam products 
analogous to 3 (Table 1) was competitive with the desired path-
way in some cases. Cyclization reactions of aldehyde substrates 
were similarly functional-group tolerant as their ketone counter-
parts, yet interestingly generated trans- rather than cis-
disubstituted piperidines as the major diastereomers (vide infra). 

Following our investigation of electrophilic coupling partners, 
we next explored the nucleophile scope. Taking keto-acrylate B as 
our standard electrophile, we found that the amination/cyclization 
sequence was compatible with a wide assortment of aryl- and 
(hetero)arylamine nucleophiles (Table 4). In the course of these 
studies, we observed that substrates less electron-rich than A un-
dergo sluggish aza-Michael cyclizations in MeOH/H2O. However, 
using TFE/H2O led to significantly higher rates of cyclization, 
therefore we employed the later solvent system in our survey of 
nucleophiles (See SI).  

Aniline derivatives were competent nucleophiles, affording the 
cis-2,5-disubstituted piperidines in good yield and diastereoselec-
tivity (Table 4, examples 5a‒5f); however, ortho substitution 
required higher reaction temperatures to achieve complete conver-
sion and resulted in lower diastereoselectivity (5c compared to 
5d). Electron-donor-substituted 3-aminopyridines formed the 
corresponding piperidines (5g, h) in useful yields and with com-
parable diastereomeric ratios to those obtained with other anilines. 
As example 5h demonstrates, application of this protocol to elec-
tronically differentiated bis(amino)heterocycle substrates selec-
tively generates N-(hetero)aryl piperidines with the opposite regi-
ochemical outcome one would obtain in an SNAr or C–N cross-
coupling reaction of the corresponding dihaloheterocycle. Addi-
tionally, functionalized or hindered 5-membered heteroaromatic 
amines gave good yields of the cis-disubstituted piperidines (ex-
amples 5i‒r), although elevated temperatures and elongated reac-
tion time were sometimes required for efficient cyclization (5n‒p, 
r, s).  

The routinely high diastereoselectivities achieved via the reduc-
tive amination/aza-Michael cyclization protocol is an important 
advantage of this synthetic approach, yet the mechanistic basis for 
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Table 2. Scope of the ketone-containing electrophilesa 

 
aReactions conducted on a 1.0 mmol scale. Isolated yields are 
reported as an average of two runs. Products isolated as a single 
diastereomer unless otherwise noted. Analysis by 1H NMR spec-
troscopy of the crude mixture was conducted to determine the dr 
(cis:trans). bIsolated as a 2.5:1 mixture of diastereomers. Reduc-
tive amination/aza-Michael cyclization conducted in MeOH. cIso-
lated as a 4:1 mixture of diastereomers. 

this selectivity was not readily intuitable, nor was the origin of the 
opposing sense of diastereoselectivity obtained with 2,5- versus 
3,5-disubstituted products. To address this, we undertook a com-
putational study to better understand the influence of both reactant 
structure and reaction medium on the stereochemical outcome. 
DFT geometry optimizations at the M06-2X/6-31G**-
SMD(water) level14 indicated that the two possible diastereomers 
(5a and 5a-trans) were similar in energy, suggesting that dia-
stereoselection occurs under kinetic control. Corroborating this 

result, equilibrating 5a under basic conditions resulted in an ero-
sion of stereochemistry and a 1.4:1 (cis:trans) diastereomeric 
mixture was observed (see SI). 

In related, cyclohexane-based systems, Zimmerman has ration-
alized the observed stereochemical distribution of products by 
invoking irreversible kinetic protonation of a six-membered exo-
cyclic enol intermediate at the more accessible exo face of its 
thermodynamically favored chair-conformer.15 Accordingly, we 
computationally analyzed the conformations of exocyclic enol 
intermediates 8 and 9 (Scheme 2a, b), which arise from aza-
Michael reactions of Int-5a and Int-6a, respectively. In the ab-
sence of explicit solvation, our calculations predicted a favored 
conformer for 8 that, upon protonation, would yield the opposite 
diastereomer than that experimentally obtained (see SI), while for 
9 the diastereoselectivity would be underestimated. It is known, 
however, that implicit continuum solvation models do not satis-
factorily treat specific solvent–solute interactions, which are im-
portant for accurate description of the solvation of amines in pro-
tic solvents.16 Indeed, when one or two explicit water (or MeOH) 
molecules were included to account for hydrogen bonding with 
solvent, the lowest-energy conformers of 8 and 9 (Scheme 2a, b), 
would now lead to the experimentally observed diastereomers 5a 
and 6a upon protonation from the exo faces. This computational 
model predicts diastereomeric ratios that are in good agreement 
with the experimental values. Furthermore, alternative models 
invoking an axial protonation of the unsolvated enol chair con-
formers were unable to consistently account for the observed ste-
reochemical outcome (see SI). 
 
Table 3. Scope of the aldehyde-containing electrophilesa 

 
aReactions conducted on a 1.0 mmol scale. Isolated yields are 
reported as an average of two runs. Products isolated as a single 
diastereomer. Analysis by 1H NMR spectroscopy of the crude 
mixture was conducted to determine the dr (cis:trans).
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Table 4. Reaction scope of keto-acrylate B with various nucleophilesa 

NMe

OMe

O

N

O

OMe

Me

+

1.1 equiv

1) DCE, STAB, rt

2) TFE/H2O, 40 – 140 °CMe

O

Me N

dr = cis:trans

NH2

82%, 40 °C, 24 h
17:1 dr

71%, 60 °C, 24 h
15:1 dr

16 h – 4 d

5a 5b

O

OMe

OMe

O

Cl

NMe

OMe

O

N

O

OMe

Me

NMe

O

OMe

82%, 40 °C, 24 h
17:1 dr

54%, 60 °C, 24 h
4.8:1 dr

77%, 80 °C, 22 h
13:1 dr

5c 5db 5ec

OMe

OMe Me

Me

OH

NMe

OMe

O

N

O

OMe

Me

NMe

O

OMe

54%, 60 °C, 27 h
6:1 dr

82%, 60 °C, 23 h
17:1 dr

24%, 60 °C, 24 h
16:1 dr

5f 5gd

5hd

N

OMe

N

NH2

NMe

OMe

O

N

O

OMe

Me NMe

O

OMe

99%, 60 °C, 24 h
13:1 dr

72%, 60 °C, 19 h
7:1 dr

83%, 80 °C, 4 d
13:1 dr

5ie 5jf 5ke

OMe

OMe

Cl

N N
Me

F

N N

Me Me

Me

N N
MeO2S

NMe

OMe

O

N

O

OMe

Me

72%, 80 °C, 16 h
10:1 dr

60%, 80 °C, 30 h
12:1 dr

5lg 5mc

NMe

OMe

O

N

O

OMe

Me
NMe

O

OMe

91%, 40 °C, 24 h
17:1 dr

35%, 140 °C, 4 d
5:1 dr

84%, 80 °C, 51 h
14:1 dr

5qd 5rj5oh

N N

N

N
S N

N

N

N

N

O

N

SO2Me

Me

Cl
NMe

OMe

O

33%, 80 °C, 53 h
10:1 dr

5pi

O N

N

O

OMe

Me

35%, 80 °C, 53 h
4:1 dr

5s

N

B

NMe

O

OMe

58%, 80 °C, 5 d
10:1 dr

5n

N

N N

Me

Me

 

aReactions conducted on a 1.0 mmol scale. Products isolated as a single diastereomer unless otherwise stated. Analysis by 1H NMR spec-
troscopy of the crude mixture was conducted to determine the diastereoselectivity (cis:trans). bIsolated dr of 4.4:1. cIsolated dr of 9:1. dIso-
lated dr of 17:1. eIsolated dr of 12:1. fIsolated dr of 7:1. gIsolated dr of >20:1. hIsolated dr of 13:1. iIsolated dr of 15:1. jIsolated dr of 3:1. 

Extending our synthetic method further, we considered the re-
action of a β-alkyl aldehyde with aniline to form a 4,5-
disubstituted piperidine (7, Scheme 2c). For the lowest-energy 
conformers of 8 and 9, the methyl group sits in an equatorial posi-
tion; however, for 10, an equatorial-methyl conformation results 
in A1,3 strain with the exocyclic alkylidene substituent. This unfa-
vorable interaction places the methyl group in an axial position 
for the lowest-energy conformer of 10. Preferential protonation at 
the exo-face of 10, as generally required by our model, would lead 
to 7, though we expected selectivity to be moderate due to the 
orientation of the methyl group. Consistent with this reasoning, 
we found that Int-7 underwent cyclization in good yield to give 
the trans diastereomer as the major product (cis:trans = 1:2) and 
with minimal selectivity.  

In summary, we have developed a reductive amination/aza-
Michael reaction sequence that furnishes a wide variety of N-aryl 
and N-(heteroaryl)piperidines with robust and predictable dia-
stereoselectivity starting from simple precursors. This method 
easily furnishes numerous medicinally relevant product chemo-

types that remain inaccessible through current state-of-the-art N-
(hetero)arylation reactions and thus represents an important and 
practical complement to those methods; it is additionally modular 
and highly functional-group tolerant, and we therefore expect that 
it will be a broadly useful synthetic tool. It emerged in the course 
of our investigations that the rate and diastereoselectivity of this 
transformation were strongly dependent on the nature of the protic 
solvent mixture, and, with the support of DFT computational stud-
ies, we have put forward a stereochemical model for the cycliza-
tion step predicated on stereodetermining protonation of a water-
coordinated enol intermediate; this model successfully accounts 
for both the observed solvent effect and the differing stereochemi-
cal outcomes observed for the 2,5- and 3,5-disubstituted piperi-
dine product classes. We are currently exploring strategies for 
developing asymmetric variants of this general transformation. 
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Scheme 2. Computational model predicting observed dia-
stereoselectivitiesa 

NMe

OMe

O

NMe

Ph

H

O
H

HO

OMe

HA

Me

NHPh

OMe

O

Ph

cis-selective protonation

TFE/water, 40 °C

5a
Int-5a

N

OMe

O

N
Ph

H

O
H

HO

OMe

HA

H

NHPh

OMe

O

Ph

trans-selective protonation

Me

Me

Me

6a
Int-6a

H OMe

O

N

OMe

O

Ph 7

Me

Me

N
Ph

H

O
H

OH

OMe

Me

trans-selective protonation

a.

b.

c.

82%, 17:1 dr

MeOH/water, 60 °C

72%, 1:5 dr

MeOH/water, 60 °C

74%, 1:2 dr

NHPh

Int-7

HA

8

9

10

aReactions conducted on a 1.0 mmol scale. Analysis by 1H NMR 
spectroscopy of the crude mixture was conducted to determine the 
diastereoselectivity (cis:trans). a) Predictive DFT model for the 
cis selective protonation of 8 to form 5a. b) Predictive DFT model 
for the trans selective protonation of 9 to form 6a. c) Predictive 
DFT model for the trans selective protonation of 10 to form 7. 

Supporting Information 

The Supporting Information is available free of charge on the 
ACS Publications website. 
 
Experimental procedures and characterization data (PDF). Com-
putational methods, energies and Cartesian coordinates of all op-
timized structures. (PDF) 
 

AUTHOR INFORMATION 

Corresponding Author 

*aaron.sather@merck.com 

Present Addresses 

§Department of Chemistry, University of British Columbia, 2036 
Main Mall, Vancouver, B.C. Canada V6T 1Z1 
 
Notes 
The authors declare no competing financial interests. 

ACKNOWLEDGMENTS  

We thank Emma Edelstein, Cayetana Zarate Saez, Michael Ardo-
lino, Thomas Lyons, Danica Rankic, Kelsey Poremba, Emily, 
Corcoran, Matthew Maddess, Alec Christian, Duane DeMong 

(MRL Boston); Louis-Charles Campeau and Kevin Campos 
(MRL Rahway) for helpful advice and guidance during the prepa-
ration of this manuscript. We also thank Yuan Jiang for assistance 
with HRMS analysis (MRL Boston) and Hongming Li (MRL 
Boston) and Huangguang Zhang for assistance in preparation of 
the electrophile starting materials.  

REFERENCES 

(1) (a) Vitaku, E.; Smith, D. T.; Njardarson, J. T., Analysis of the Struc-
tural Diversity, Substitution Patterns, and Frequency of Nitrogen Hetero-
cycles among U.S. FDA Approved Pharmaceuticals. J. Med. Chem. 2014, 
57, 10257-10274; (b) Taylor, R. D.; MacCoss, M.; Lawson, A. D. G., 
Rings in Drugs. J. Med. Chem. 2014, 57, 5845-5859. 
(2) (a) Amara, Z.; Caron, J.; Joseph, D., Recent contributions from the 
asymmetric aza-Michael reaction to alkaloids total synthesis. Nat. Prod. 
Rep. 2013, 30, 1211-1225; (b) Beng, T. K.; Takeuchi, H.; Weber, M.; 
Sarpong, R., Stereocontrolled synthesis of vicinally functionalized piperi-
dines by nucleophilic β-addition of alkyllithiums to α-aryl substituted 
piperidine enecarbamates. Chem. Commun. 2015, 51, 7653-7656; (c) 
Kubota, K.; Watanabe, Y.; Hayama, K.; Ito, H., Enantioselective Synthe-
sis of Chiral Piperidines via the Stepwise Dearomatization/Borylation of 
Pyridines. J. Am. Chem. Soc. 2016, 138, 4338-4341; (d) Qu, B.; 
Mangunuru, H. P. R.; Wei, X.; Fandrick, K. R.; Desrosiers, J.-N.; Sieber, 
J. D.; Kurouski, D.; Haddad, N.; Samankumara, L. P.; Lee, H.; Savoie, J.; 
Ma, S.; Grinberg, N.; Sarvestani, M.; Yee, N. K.; Song, J. J.; Senanayake, 
C. H., Synthesis of Enantioenriched 2-Alkyl Piperidine Derivatives 
through Asymmetric Reduction of Pyridinium Salts. Org. Lett. 2016, 18, 
4920-4923; (e) Topczewski, J. J.; Cabrera, P. J.; Saper, N. I.; Sanford, M. 
S., Palladium-catalysed transannular C–H functionalization of alicyclic 
amines. Nature 2016, 531, 220-224; (f) Nebe, M. M.; Opatz, T., Chapter 
Five - Synthesis of Piperidines and Dehydropiperidines: Construction of 
the Six-Membered Ring. In Adv. Heterocycl. Chem., Scriven, E. F. V.; 
Ramsden, C. A., Eds. Academic Press: 2017; Vol. 122, pp 191-244; (g) 
Kandepedu, N.; Abrunhosa-Thomas, I.; Troin, Y., Stereoselective strate-
gies for the construction of polysubstituted piperidinic compounds and 
their applications in natural products' synthesis. Org. Chem. Front. 2017, 
4, 1655-1704; (h) Sandmeier, T.; Krautwald, S.; Carreira, E. M., Stereose-
lective Synthesis of Piperidines by Iridium-Catalyzed Cyclocondensation. 
Angew. Chem. Int. Ed. 2017, 129, 11673-11677; (i) Edwards, P. M.; 
Schafer, L. L., In Situ Generation of a Regio- and Diastereoselective 
Hydroaminoalkylation Catalyst Using Commercially Available Starting 
Materials. Org. Lett. 2017, 19, 5720-5723; (j) Chen, W.; Ma, L.; Paul, A.; 
Seidel, D., Direct α-C–H bond functionalization of unprotected cyclic 
amines. Nat. Chem. 2018, 10, 165-169; (k) Roque, J. B.; Kuroda, Y.; 
Göttemann, L. T.; Sarpong, R., Deconstructive diversification of cyclic 
amines. Nature 2018, 564, 244-248; (l) Firth, J. D.; Canipa, S. J.; Ferris, 
L.; O'Brien, P., Gram-Scale Synthesis of the (−)-Sparteine Surrogate and 
(−)-Sparteine. Angew. Chem. Int. Ed. 2018, 57, 223-226; (m) Barát, V.; 
Csókás, D.; Bates, R. W., Synthesis of (−)-Cytisine Using a 6-endo aza-
Michael Addition. J. Org. Chem. 2018, 83, 9088-9095; (n) Cabrera, P. J.; 
Lee, M.; Sanford, M. S., Second-Generation Palladium Catalyst System 
for Transannular C–H Functionalization of Azabicycloalkanes. J. Am. 
Chem. Soc. 2018, 140, 5599-5606; (o) Qu, B.; Mangunuru, H. P. R.; 
Tcyrulnikov, S.; Rivalti, D.; Zatolochnaya, O. V.; Kurouski, D.; 
Radomkit, S.; Biswas, S.; Karyakarte, S.; Fandrick, K. R.; Sieber, J. D.; 
Rodriguez, S.; Desrosiers, J.-N.; Haddad, N.; McKellop, K.; Pennino, S.; 
Lee, H.; Yee, N. K.; Song, J. J.; Kozlowski, M. C.; Senanayake, C. H., 
Enantioselective Synthesis of α-(Hetero)aryl Piperidines through 
Asymmetric Hydrogenation of Pyridinium Salts and Its Mechanistic 
Insights. Org. Lett. 2018, 20, 1333-1337. (p) McKerrall, S. J.; Nguyen, T.; 
Lai, K. W.; Bergeron, P.; Deng, L.; DiPasquale, A.; Chang, J. H.; Chen, J.; 
Chernov-Rogan, T.; Hackos, D. H.; Maher, J.; Ortwine, D. F.; Pang, J.; 
Payandeh, J.; Proctor, W. R.; Shields, S. D.; Vogt, J.; Ji, P.; Liu, W.; 
Ballini, E.; Schumann, L.; Tarozzo, G.; Bankar, G.; Chowdhury, S.; Ha-
san, A.; Johnson, J. P.; Khakh, K.; Lin, S.; Cohen, C. J.; Dehnhardt, C. 
M.; Safina, B. S.; Sutherlin, D. P., Structure- and Ligand-Based Discovery 
of Chromane Arylsulfonamide Nav1.7 Inhibitors for the Treatment of 
Chronic Pain. J. Med. Chem. 2019, 62, 4091-4109; (q) Paul, A.; Seidel, 
D., α-Functionalization of Cyclic Secondary Amines: Lewis Acid Promot-
ed Addition of Organometallics to Transient Imines. J. Am. Chem. Soc. 
2019, 141, 8778-8782; (r) Hassan, I. S.; Ta, A. N.; Danneman, M. W.; 
Semakul, N.; Burns, M.; Basch, C. H.; Dippon, V. N.; McNaughton, B. 
R.; Rovis, T., Asymmetric δ-Lactam Synthesis with a Monomeric Strep-

Page 5 of 7

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

tavidin Artificial Metalloenzyme. J. Am. Chem. Soc. 2019, 141, 4815-
4819; (s) Zhang, Z.; Zhang, X.; Nagib, D. A., Chiral Piperidines from 
Acyclic Amines via Enantioselective, Radical-Mediated δ C–H Cyanation. 
Chem 2019, 5, 3127-3134.  
(3) (a) Watson, K. G.; Brown, R. N.; Cameron, R.; Chalmers, D. K.; Ham-
ilton, S.; Jin, B.; Krippner, G. Y.; Luttick, A.; McConnell, D. B.; Reece, P. 
A.; Ryan, J.; Stanislawski, P. C.; Tucker, S. P.; Wu, W.-Y.; Barnard, D. 
L.; Sidwell, R. W., An Orally Bioavailable Oxime Ether Capsid Binder 
with Potent Activity against Human Rhinovirus. J. Med. Chem. 2003, 46, 
3181-3184; (b) Graneto, M. J.; Kurumbail, R. G.; Vazquez, M. L.; Shieh, 
H.-S.; Pawlitz, J. L.; Williams, J. M.; Stallings, W. C.; Geng, L.; Naraian, 
A. S.; Koszyk, F. J.; Stealey, M. A.; Xu, X. D.; Weier, R. M.; Hanson, G. 
J.; Mourey, R. J.; Compton, R. P.; Mnich, S. J.; Anderson, G. D.; Mo-
nahan, J. B.; Devraj, R., Synthesis, Crystal Structure, and Activity of 
Pyrazole-Based Inhibitors of p38 Kinase. J. Med. Chem. 2007, 50, 5712-
5719.(c) Semple, G.; Fioravanti, B.; Pereira, G.; Calderon, I.; Uy, J.; Choi, 
K.; Xiong, Y.; Ren, A.; Morgan, M.; Dave, V.; Thomsen, W.; Unett, D. J.; 
Xing, C.; Bossie, S.; Carroll, C.; Chu, Z.-L.; Grottick, A. J.; Hauser, E. K.; 
Leonard, J.; Jones, R. M., Discovery of the First Potent and Orally Effica-
cious Agonist of the Orphan G-Protein Coupled Receptor 119. J. Med. 
Chem. 2008, 51, 5172-5175; (d) Paruch, K.; Dwyer, M. P.; Alvarez, C.; 
Brown, C.; Chan, T.-Y.; Doll, R. J.; Keertikar, K.; Knutson, C.; 
McKittrick, B.; Rivera, J.; Rossman, R.; Tucker, G.; Fischmann, T.; Hru-
za, A.; Madison, V.; Nomeir, A. A.; Wang, Y.; Kirschmeier, P.; Lees, E.; 
Parry, D.; Sgambellone, N.; Seghezzi, W.; Schultz, L.; Shanahan, F.; 
Wiswell, D.; Xu, X.; Zhou, Q.; James, R. A.; Paradkar, V. M.; Park, H.; 
Rokosz, L. R.; Stauffer, T. M.; Guzi, T. J., Discovery of Dinaciclib (SCH 
727965): A Potent and Selective Inhibitor of Cyclin-Dependent Kinases. 
ACS Med, Chem, Lett, 2010, 1, 204-208; (e) Medina, J. R.; Becker, C. J.; 
Blackledge, C. W.; Duquenne, C.; Feng, Y.; Grant, S. W.; Heerding, D.; 
Li, W. H.; Miller, W. H.; Romeril, S. P.; Scherzer, D.; Shu, A.; Bobko, M. 
A.; Chadderton, A. R.; Dumble, M.; Gardiner, C. M.; Gilbert, S.; Liu, Q.; 
Rabindran, S. K.; Sudakin, V.; Xiang, H.; Brady, P. G.; Campobasso, N.; 
Ward, P.; Axten, J. M., Structure-Based Design of Potent and Selective 3-
Phosphoinositide-Dependent Kinase-1 (PDK1) Inhibitors. J. Med. Chem. 
2011, 54, 1871-1895; (f) Sakairi, M.; Kogami, M.; Torii, M.; Kataoka, H.; 
Fujieda, H.; Makino, M.; Kataoka, D.; Okamoto, R.; Miyazawa, T.; Oka-
be, M.; Inoue, M.; Takahashi, N.; Harada, S.; Watanabe, N., Synthesis and 
SAR studies of bicyclic amine series GPR119 agonists. Bioorg. Med. 
Chem. Lett. 2012, 22, 5123-5128; (g) Goel, P.; Alam, O.; Naim, M. J.; 
Nawaz, F.; Iqbal, M.; Alam, M. I., Recent advancement of piperidine 
moiety in treatment of cancer- A review. Eur. J. Med. Chem. 2018, 157, 
480-502;  
(4) Vlasov, V. M., Nucleophilic substitution of the nitro group, fluorine 
and chlorine in aromatic compounds. Russ. Chem. Rev. 2003, 72, 681-703. 
(5) Ruiz-Castillo, P.; Buchwald, S. L., Applications of Palladium-
Catalyzed C–N Cross-Coupling Reactions. Chem. Rev. 2016, 116, 12564-
12649. 
(6) (a) Park, N. H.; Vinogradova, E. V.; Surry, D. S.; Buchwald, S. L., 
Design of New Ligands for the Palladium-Catalyzed Arylation of α-
Branched Secondary Amines. Angew. Chem. Int. Ed. 2015, 54, 8259-
8262; (b) Khadra, A.; Mayer, S.; Mitchell, D.; Rodriguez, M. J.; Organ, 
M. G., A General Protocol for the Broad-Spectrum Cross-Coupling of 
Nonactivated Sterically Hindered 1° and 2° Amines. Organometallics 
2017, 36, 3573-3577. 
(7) Sather, A. C.; Martinot, T. A., Data-Rich Experimentation Enables 
Palladium-Catalyzed Couplings of Piperidines and Five-Membered (Het-
ero)aromatic Electrophiles. Org. Process Res. Dev. 2019, 23, 1725-1739. 
(8) Murahashi, S.; Yoshimura, N.; Tsumiyama, T.; Kojima, T., Catalytic 
alkyl group exchange reaction of primary and secondary amines. J. Am. 
Chem. Soc. 1983, 105, 5002-5011. 
(9) Abdel-Magid, A. F.; Carson, K. G.; Harris, B. D.; Maryanoff, C. A.; 
Shah, R. D., Reductive Amination of Aldehydes and Ketones with Sodium 
Triacetoxyborohydride. Studies on Direct and Indirect Reductive Amina-
tion Procedures. J. Org. Chem. 1996, 61, 3849-3862. 
(10) (a) De, K.; Legros, J.; Crousse, B.; Bonnet-Delpon, D., Solvent-
Promoted and -Controlled Aza-Michael Reaction with Aromatic Amines. 
J. Org. Chem. 2009, 74, 6260-6265; (b) Fedotova, A.; Kondrashov, E.; 
Legros, J.; Maddaluno, J.; Rulev, A. Y., Solvent effects in the aza-Michael 
addition of anilines. C. R. Chim. 2018, 21, 639-643. 
(11) (a) Lee, G. H.; Choi, E. B.; Lee, E.; Pak, C. S., Reductive Cyclization 
of Ketones Tethered to Activated Olefins Mediated by Magnesium in 
Methanol. J. Org. Chem. 1994, 59, 1428-1443; (b) Bizet, V.; Lefebvre, V.; 
Baudoux, J.; Lasne, M.-C.; Boulange, A.; Leleu, S.; Franck, X.; Rouden, 

J., Metal-Free SN2' Decarboxylative Rearrangement of β-Keto Esters. 
Eur. J. Org. Chem. 2011, 4170-4175.  
(12) Baldwin, J. E., Rules for ring closure. J. Chem. Soc. Chem. Commun. 
1976, 734-736. 
(13) Gómez-Bengoa, E.; Landa, A.; Lizarraga, A.; Mielgo, A.; Oiarbide, 
M.; Palomo, C., Catalytic asymmetric α-alkylation of aldehydes via a 
SN2′-type addition-elimination pathway. Chem. Sci. 2011, 2, 353-357. 
(14) (a) Zhao, Y.; Truhlar, D. G., The M06 suite of density functionals for 
main group thermochemistry, thermochemical kinetics, noncovalent inter-
actions, excited states, and transition elements: two new functionals and 
systematic testing of four M06-class functionals and 12 other functionals. 
Theor. Chem. Acc. 2008, 120, 215-241; (b) Marenich, A. V.; Cramer, C. 
J.; Truhlar, D. G., Universal Solvation Model Based on Solute Electron 
Density and on a Continuum Model of the Solvent Defined by the Bulk 
Dielectric Constant and Atomic Surface Tensions. J. Phys. Chem. B 2009, 
113, 6378-6396. 
(15) (a) Zimmerman, H. E., The Stereochemistry of the Ketonization 
Reaction of enols. J. Org. Chem. 1955, 20, 549-557. (b) Zimmerman, H. 
E., Kinetic Protonation of Enols, Enolates, and Analogues. The Stereo-
chemistry of Ketonization. Acc. Chem. Res. 1987, 20, 263-268. 
(16) Sánchez-Lozano, M.; Cabaleiro-Lago, E. M.; Hermida-Ramón, J. M.; 
Estévez, C. M., A computational study of the protonation of simple 
amines in water clusters. Phys. Chem. Chem. Phys. 2013, 15, 18204-
18216. 
  
 

Page 6 of 7

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

7

 

 

Page 7 of 7

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


