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Abstract A general and efficient method for the synthesis of highly
enantiopure 4-amino-1,2,3,4-tetradydropyridine derivatives based on
chiral phosphoric acid catalyzed intramolecular nucleophilic addition of
tertiary enamides to imines has been developed. We have also demon-
strated a substrate engineering strategy to significantly improve the en-
antioselectivity of asymmetric catalysis

Key words tertiary enamides, 1,2,3,4-tetrahydropyridines, asymmet-
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Chiral six-membered N-heterocyclic compounds such as
functionalized 4-aminopiperidines are used extensively in
the study of synthetic pharmaceutics and drug discovery.!
(25,4R)-1-(3,5-dimethylbenzoyl)-2-benzyl-4-((quinolin-3-
ylmethyl)amino) piperidine CGP 49823, for instance, is an
orally and centrally active nonpeptide NK1 antagonist?
while carmegliptin is a potent and long-acting dipeptidyl
peptidase IV inhibitor for the treatment of type Il diabetes.>
Synthesis of functionalized 4-aminopiperidine requires
multistep reactions? or reductive amination of prefunction-
alized piperidine-4-one derivatives.> The documented
methods suffer, however, from drawbacks such as tedious
stepwise chemical manipulations or low chemical yields.
The development of general and asymmetric catalytic
methods for the synthesis of highly enantiopure diverse 4-
aminopiperidine derivatives is therefore highly desirable.

Tertiary enamides are variants of enamines in which
one of the N-alkyl groups is replaced by an electron-attract-
ing moiety such as carbonyl. Various synthetic methods
have been established allowing facile accesses to tertiary
enamides.® Unfortunately, due to the electronic effect of
carbonyl group, tertiary enamides show much diminished
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enaminic activity and had been noted for a long time as in-
ert and not useful chemical entities in organic synthesis.”~°
However, we envisioned that tertiary enamides would be a
type of shelf-stable nucleophiles with tunable reactivity
based on the fluxional cross-conjugational system compris-
ing carbon-carbon double bond, lone-pair electrons on ni-
trogen atom and carbonyl group (C=C-N-C=0). We have
demonstrated in recent years that tertiary enamides behave
indeed as unique and invaluable synthons in chemical syn-
thesis. They are able to undergo stereoselective nucleophilic
addition reactions to epoxides,'' carbonyls,'”> iminiums,!3
nitriliums,' and activated alkynes,'> furnishing diverse ni-
trogen-containing heterocyclic compounds which are not
easily obtained by other means. To further explore the syn-
thetic applications of tertiary enamides and to develop new
methods for the construction of chiral 4-aminopiperi-
dines,'® we have undertaken the current study of catalytic
asymmetric cyclization reactions of tertiary enamides. We
disclose herein a chiral phosphoric acid catalyzed intramo-
lecular nucleophilic addition of tertiary enamides to imines
and a substrate engineering strategy to achieve high enantio-
selectivity in the synthesis of diverse 4-aminopiperidine
derivatives.

We started our study with the examination of the cy-
clization of tertiary enamide 3aa, which was obtained
quantitatively from the reaction of aldehyde 1a with ben-
zylamine 2a (see Supporting Information for details), under
asymmetric catalysis. Chiral Lewis acids catalysts such as
BINOL-Ti/spiro-Ti complex, Salen-AlCl, Pybox/Sn(OTf),,
Brgnsted acids such as camphorsulphonic acid and a chiral
thiourea were found to be able to effect the transformation
of 3aa to afford 4-aminopiperide product 4aa in good to ex-
cellent yields. Disappointedly, the enantiomeric excess val-
ues obtained were very low in all cases (Supporting Infor-
mation)."” We then focused on chiral phosphoric acids
(CPA) as they were renowned catalysts to activate imine
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functionality enantioselectively.'8-20 A series of 17 chiral BI-
NOL-derived phosphoric acids CC1-CC17 (Supporting In-
formation), which have fine-tuned electronic and steric ef-
fects, were tested as catalysts in the transformation of 3aa
into 4ab. All chiral phosphoric acids showed appallingly
low activity and enantioselectivity (Supporting Informa-
tion) except 2,2'-bis(2,4,6-triisopropylpohenyl)-substituted
chiral phosphoric acid CC8 which produced 4aa in 91% yield
with 48.3% ee after 18 h in dichloromethane (DCM, Table 1).
Unfortunately, further optimization of reaction conditions
by screening reaction media, temperature, and reaction
time did not lead to the improvement of enantiocontrol,
with ee values never exceeding 48.3% (Supporting Informa-
tion).

Although extensive examination of catalysts fabricated
from different chiral scaffolds and of various reaction pa-
rameters may probably result in a better enantioselective
reaction, we adopted completely a different approach to
achieve efficient synthesis of highly enantiopure 4-amino-
piperidine structures. In biocatalysis and biotransforma-
tion, substrate engineering, namely, structural modification
of the reactants in order to best-fit the active site of en-
zymes, is a powerful strategy to realize high enzymatic ac-
tivity and selectivity. In comparison to protein engineering,
substrate engineering is generally easy-to-handle, time-
saving, and cost-effective.?! For example, we have demon-
strated previously the dramatic improvement of enantiose-
lectivity in enzyme-catalyzed hydrolysis of B-hydroxy and
B-amino nitriles and carboxamides simply by protecting
hydroxyl or amino with a benzyl group.??

Based on the assumption of effective recognition of a
larger chiral pocket of CC8 toward imine moiety through
both steric and electronic (mt/m and C-H/m) interactions,
imine substrates bearing N-diphenylmethyl (DPM, 3ab), N-
di(4-methoxyphenyl)methyl (DMPM, 3ac), 10,11-dihydro-
5H-dibenzo[a,d][7]annulen-5-yl (DHDBA, 3ad) and 5H-
dibenzo[a,d][7]annulen-5-yl (DBA, 3ae) were designed and
synthesized from the condensation reaction between alde-
hyde and the corresponding amines (Supporting Informa-
tion). Their intramolecular cyclization reactions were in-
vestigated under the catalysis of CC8. To our delight, sub-
strate engineering led to significant improvement of both
efficiency and enantioselectivity of the catalytic transfor-
mation. As indicated in Table 1, under the identical condi-
tions such as using CCl, as solvent, the ee values obtained
from the reaction of 3ab and of 3aa were 77.8% and 35.2%,
respectively, although comparable enantioselectivity was
observed when reactions were performed in DCM (Table 1,
entries 1, 2, 4, and 5). After further examining catalyst load-
ing, reaction temperature and substrate concentration (Ta-
ble 1, entries 6-10), an ee value of 88.8% was achieved for
product 4ab (Table 1, entry 11). On contrary, under such
optimized conditions, namely, refluxing reactant (2.5 mM)
with chiral catalyst (20 mol%) in CCl,, reaction of 3aa af-
forded product 4aa with only 33.1% ee (Table 1, entry 3). In-

creasing the bulkiness of N-substituent by replacing DPM
(3ab) with DMPM (3ac) caused slight decrease of enantio-
selectivity (Table 1, entry 12). After locking the conforma-
tion of two phenyl substituents by forming a fused carbocy-
clic structure, the resulting DHDBA-bearing substrate 3ad
underwent a remarkably high enantioselective cyclization
reaction to afford 4ad in an almost quantitative yield with
94.0% ee (Table 1, entry 13). Further rigidification of the
carbocyclic ring substituent, however, had a detrimental ef-
fect on enantioselectivity of chiral catalysis. This has been
exemplified by the drastic erosion of ee from 94.0% for the

Table 1 Development of Catalytic Enantioselective Nucleophilic Addi-
tion of Tertiary Enamides to Imines by Means of a Substrate Engineering
Strategy
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NH; NH,
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Entry 2 ccs Solvent Temp (°C) Time Yield (%)> ee (%)
(mol%)

1 2a 10 DCM rt 18h 91 48.3
2 2a 10 cdcl, rt 48 h 88 35.2
3d 2a 20 ccl, reflux 7h 92 331
4 2b 10 DCM rt 2h 97 411
5 2b 10 ccl, rt 8h 99 77.8

6 2b 10 cdcl, 0 48 h trace n.d.
7 2b 10 ccl, 40 1.5h 95 80.5
8 2b 10 cdal, reflux 10 min 98 84.6
9 2b 5 ccl, reflux 30 min 96 72.9
10 2b 20 cdcl, reflux 5 min 98 87.2
114 2b 20 ccl, reflux 10 min 98 88.8
129 2c 20 cdal, reflux 10 min 97 87.1
13¢ 2d 20 cd, reflux 5 min 99 94.0
144 2e 20 cdcl, reflux 5 min 97 60.0

2 Reaction conditions: 1a (0.5 mmol), 2 (0.5 mmol), solvent, rt, 5-10 min,
then CPA CC8, ¢ 10 mM.

b Isolated yield.

¢ Enantiomeric excess of 4 was determined by HPLC analysis on chiral sta-
tionary phase.

4 The reaction was carried out in the concentration of ¢ 2.5 mM.
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reaction of DHDBA-substituted imine 3ad to 60.0% for the
reaction of DBA-substituted imine analogue 3ae (Table 1,
entries 13 and 14).

Since N-DPM- and N-DHDBA-substituted imines exhib-
ited high level of enantiocontrol under catalysis of chiral
phosphoric acid CC8, the scope of intramolecular nucleo-
philic addition of tertiary enamides to imines was then sur-
veyed on substrates derived from amines 2b and 2d. The re-
actions were conveniently conducted using imines formed
in situ. The results summarized in Scheme 1 show clearly
that tertiary enamides undergo generally efficient cycliza-
tion reaction to produce 4-amino-1,2,3,4-tetrahydropyri-
dine derivatives irrespective of the nature of the substitu-
ents. For example, reaction of all aryl-substituted tertiary
enamides in which phenyl group contains either electron-
withdrawing or electron-donating group(s) at different po-
sition(s) went completion within 0.5 h to generate hetero-
cyclic products in high yields. Only in the case of N-acetyl-
substituted enamide 3ib and cyclohexanone-derived enam-
ide 3jb, a long reaction time (ca. 24-36 h) was required due
to their lower enaminic reactivity. Good to excellent enantio-
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Scheme 1 Catalytic enantioselective synthesis of 4-amino-1,2,3,4-tet-
rahydropyridine derivatives from tertiary enamides. 2 Reflux in CCl,.
Room temperature in CCl,.

selectivity was achieved using either DPM or DHDBA sub-
stituent on imine moiety. It is worth noting that, however,
DPM outweighed DHDBA in a number of cases in the con-
trol of enantioselectivity of chiral phosphoric acid catalyzed
transformation. It implied that the enantioselectivity of in-
tramolecular nucleophilic addition of enamide moiety to
chiral phosphoric acid activated imine moiety is governed
by both the N-substituent on imine and the variation of ste-
ric and electronic effects of substituents bonded to enamide
segment. The outcomes manifested again the potential of
substrate engineering strategy in the synthesis of a targeted
enantiopure 4-amino-1,2,3,4-tetrahydropyridine com-
pound under the catalysis of chiral phosphoric acid.?

Advantage of substrate engineering protocol was fur-
ther demonstrated by easy removable of the N-protection
group. Treatment of 4ca with trifluoroacetic acid at ambi-
ent temperature thus gave product 5 (Scheme 2). Derivat-
ization of free amino group would therefore feasibly permit
the generation of diverse compounds. To determine the ab-
solute configuration of the product 4, an authentic sample
of (S)-4-hydroxy-1,2,3,4-tetrahydropyridine 6'"® was con-
verted into (R)-4-amino-1,2,3,4-tetrahydropyridine (R)-5
through azide intermediate 7 (Scheme 3). The absolute S-
configuration was assigned to products 4ac on the basis of
the comparison of specific rotation values between (S)-5
(Scheme 2) and (R)-5 (Scheme 3).

In conclusion, we have shown a general and efficient
method for the synthesis of highly enantiopure 4-amino-
1,2,3,4-tetrahydropyridine derivatives based on intramo-
lecular nucleophilic addition of tertiary enamides to

_DMPM
HN

TFA/anisol, rt

N

O)\Ph

4ac, 87.1% ee

61%

(8)-5, [odao® = —37.2°

Scheme 2 Synthesis of (S)-5 from 4ac through deprotection of DMPM
group

(PhO),PON3 (1.2 equiv)
DBU (1.05 equiv), toluene, rt

81%

6, 95.2% ee

Zn/AICI5 6H0 (1:1)
EtOH/H,0 (1:2)
_—
53%

(R)-5, [o20® = +35.1°

Scheme 3 Synthesis of (R)-5 from authentic sample (S)-6
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imines. We have also demonstrated a substrate engineering
strategy enabling significant improvement of the enantio-
selectivity of chiral phosphoric acid catalyzed reaction.
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column chromatography on silica gel to yield pure product 4ab. (br's, 1 H). *C NMR (100 MHz, CDCl;): 6 = 170.9, 144.0, 143.8,
0il (98% yield); ee 88.8% (chiral HPLC analysis). IR (KBr): 3422, 140.6, 137.8, 136.2, 131.2, 130.7, 128.7, 128.6, 128.3, 128.1,
1723, 1656, 1601 cm™'. 'TH NMR (400 MHz, CDCl;): § = 7.21- 127.5,127.34,127.27,127.2,121.3, 118.6, 64.4, 48.8, 44.1, 31.2.
7.44 (m, 17 H), 6.99 (brs, 2 H), 5.50 (br's, 1 H), 5.08 (s, 1 H), 4.05 HRMS (ESI): m/z calcd for C3;H,,BrN,O [M + Na]*, [M + 2 + Na]*:
(brs, 1 H),3.74 (br s, 1 H), 3.41 (brs, 1 H), 2.00 (br s, 2 H), 1.62 521.1229, 523.1213; found: 521.1226, 523.1216.
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