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ABSTRACT

Piperidines, especially chiral piperidines, have served as important structural motifs
due to their great value in pharmaceutical chemistry during the last several decades.
Many chemists have focused their attention on the synthesis of piperidines with
different methods. However, the asymmetric hydrogenation (AH) of pyridine
derivatives is one of the most straightforward and efficient ways to access chiral
piperidines compared with other methods. As a part of AH, asymmetric transfer
hydrogenation (ATH) is a safer and operationally simpler reduction method.
Nonetheless, the ATH of pyridine derivatives to prepare chiral piperidines has rarely
been reported. In this thesis, we will present our contribution to the synthesis of
chiral piperidines via ATH.

Chapter 1 describes recent development on the synthesis of piperidines, especially
chiral piperidines.

Following an introduction to recent development in asymmetric hydrogenation to
synthesis chiral piperidines in Chapter 1, Chapter 2 depicts how to prepare 2 or
3-substituted pyridinium salts.

Chapter 3 describes the synthesis of chiral piperidines without hydrogenation in
detail. From this section, we can find the pros and cons of this method. Experimental

detail and NMR spectrums are provided in Chapter 4.
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CHAPTER 1 INTRODUCTION - RECENT DEVELOPMENTS IN

THE SYNTHESIS OF PIPERIDINES



1.1 Introduction
Piperidines are a family of heterocyclic compounds that have five -CH,- and one -NH-
group in their structures.! Piperidine has been widely used as chemical reagents
(solvents or bases), anesthetics, painkillers, and drug intermediates because of
biological activity.? According to DDR(drug data report), 12000 piperidine derivatives
were used as pharmaceutical intermediates during 1988-1998.3

Due to their various biological activities, numerous natural products containing
highly functionalised piperidine moiety were used as drugs.* For instance,
Pipermethystine from the Kava plant and 3,4-epoxy-5-pipermethystine are good
anti-anxiety agents.”> Spectaline, Canavaline and Spectalinine from plants possess

good cytotoxic activities.® oxathiapiprolin is an efficient fungicide (Figure 1).”
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Figure 1. Representative examples of natural piperidines with biological activies.




Due to their biological properties, the synthesis of piperidines has attracted much

attention during the last several decades. For example, Risperdal is used for

treatment of schizophrenia,® Concerta for attention deficit hyperactivity disorder,’

Aricept for Alzheimer’s disease,® Paroxetine as an antidepressant!! and Fentanyl as

a pain reliever.? Ticlopidine treats the coronary arteriosclerosis (Figure 2).1
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Figure 2. Piperidine derivatives as drugs.

Apart from being used as pharmaceutical intermediates, piperidines are also used

as insecticides and herbicides. For instance, dimepiperate!* and piperophos!> were

widely used to control Valerian and fescue (pests) in the rice fields (Scheme 3).

According to WO 2005095380, compound 1 could kill Citrus Scorpions and




Armyworms at 125mg/L and compound 2 from W02007040280 could control

Citrus and Diptera similar concentration at 125mg/L.
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Figure 3. Piperidine derivatives as insecticides and herbicides.

Compound 38 was reported to kill most of the noctuidae (over 80%) at 200mg/L.

In 2007, the same company combined quinoline and cinnamon piperidine to get

compound 4 which is used to kill plutella and aedes aegypti (Figure 3).%°



In Chapter I, an overview is given on the advances in the area of synthesizing
piperidines, with a focus on the chiral piperidines.
1.2 Synthesis of piperidines
Many methodologies for the synthesis of piperidines have been documented during
the last several decades.?® Piperidines could be prepared by hydrogenation of
pyridines. For example, some homogeneous catalysts like rhodium??, iridium?? and
metal free systems?® were used for the hydrogenation of pyridines, but the limited

substrate scope or strict conditions required restricted these ways to be widely used

(Scheme 1).
Homogeneous Rh, Ir, MFS etc
Heterogeneous Rh nanoparticles
N PR RuO,, Pd/C and PtO, - R_/j
, < Acidic conditions kN
N
H
Heterogeneous N-modified
Co nanoparticles »

Neutral conditions

Scheme 1. Known catalytic hydrogenations of pyridines.

In industry, heterogeneous catalysts are preferred, because they can be easily
separated from products and bare good stability. However, in generally, their
catalytic efficiency is not as good as homogeneous catalysts. Known heterogeneous
catalysts for the synthesis of piperidines via hydrogenation are based on heavy
metals like rhodium, palladium and so on.?* Recently, a new method was found with
heterogeneous N-modified cobalt nanoparticles in the neutral conditions. However,
high temperature over 140 °C and 60 bar hydrogen for 36 h were still needed

(Scheme 2).2°
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N H,, solvent, 140 °C, H, 60 bar
Scheme 2. The synthesis of piperidines via heterogeneous N-modified Co
nanoparticles under neutral conditions.
In 2004, it was found that pyrrole could be converted into piperidines via ring
expansion by V. Kumar and co-workers. They used nucleophilic reagent like TFAA

and DIPEA to attack 2-substituted pyrroles via bicyclic azaheterocycles salts (Scheme

3)_26

R4\—>\/LG Nu™ Nu
N > Rt
R THF, -78 °C, 20 h l}l

R
LG =OR, X, OMe,...

I
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Scheme 3. Formation of piperidines via expansion of ring.

1.3 Synthesis of chiral piperidines

Chirality is a chemical term to describe a molecule or ion which cannot be
overlapped by its mirror image.?” The synthesis of chiral piperidines has received
much attention in the field of organic synthesis and pharmaceutical chemistry.?®2°
1.3.1 Asymmetric Hydrogenation to synthesize chiral piperidines

In particularly, asymmetric hydrogenation of pyridines is a straightforward way to

access piperidines. However, due to the stabilizing aromaticity and strong
coordination ability of pyridines3® and piperidines which may poison catalysts,3! only
a few examples have been investigated in the past 20 years. Studer and co-workers

disclosed the first successful AH of pyridines using homogeneous rhodium



diphosphine catalysts in 2000. However,

conditions (Schemes 4 and figure 4).32

only 27% ee was achieved in the harsh

X 3H
| 2 Q R=COOEt
~ —_
N~ R Rh complex H R R=COOH
R
H
B R _ 3 (j/ R=COOEt
R=COOH
N
N/ Rh complex N

Scheme 4. First AH was realized by Studer and co-workers.

~

PPh J\/PPh > \\ y e EPhe
Ph,P” "2 P 2 Ph,P  PPhy ’
dppe prophos chiraphos bdpp
O CHs R R
PPh Ph  tBu PPF-P(t-Bu)
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Figure 4. Ligands for the synthesis of chiral piperidines used by Stude.

In 2003, Charette and co-workers established a novel and highly regioselective

approach to synthesize substituted 1,2,3,6-tetrahydropyridines, 2,6-disubstituted

1,2,3,6-tetrahydropyridines (Scheme 5).33 In the presence of RMgX, chlral piperidines

were synthesized.
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+ 2
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NHBz lllHBz

NHBZ NHBZ
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Scheme 5. Synthesis of tetrahydropyridines including chiral piperidines.



Entry RMgX 1/2 Yield(%)

1 MeMgBr 69/31 86
2 n-PrMgCl 81/19 85
3 i-PrMgBr >95/5 84

Table 1. Reaction conditions:1) CH,Cl; (5 ml), RMgX (0.7 mmol), 2) NaBH4 (1.4 mmol),
MeOH (2 ml)

Charette’s group realized asymmetric hydrogenation of N-acyliminopyridinium
ylides which could partly activate the pyridine rings. Concerning safety, this method
is not suitable in industrial scale.3* And also, this method still needs hydrogenation.

By contrast, chiral auxiliaries were used by Frank Glorius in 2004 (Scheme 6).3°
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Scheme 6. Chiral auxiliaries were used by Frank and co-workers.

The shortcoming of this method is the multi-step synthesis that was required. After
that, Rueping and co-workers applied the system of Hantzsch esters in the
asymmetric hydrogenation of pyridine derivatives with electron withdrawing
substituents such as cyano and carbonyl group installed at the meta- position of

pyridine ring, which were successfully reduced (Scheme 7) (Chart 1).3®




Ar
o] 1
EtO OFEt
W (4 equiv) 0-p20
CN N CN 0" “OH
® i L I
Bu ~ ~w Me

N Ar
N" Me jigand (5 mol %), benzene, 60 °C H ligand

Scheme 7. Hantzsch esters were used in the AH of pyridines by Rueping.

Entry Ar ee [%] | Yield[%]
1 PhsSi, [H]s 67 85
2 phenyl 46 83
3 4-biphenyl 44 82
4 3,5-(CF3)2CeHs 36 60
5 3,5-tBuz-4-MeOCgH, 56 69
6 anthracenyl 89 87
7 9-phenanthryl 75 80
8 1-naphthyl 35 68
9 2-naphthyl 32 50

Table 2. Hantzsch esters were used in the AH of pyridines by Rueping.

Hantzsch esters were also introduced into pyridine’s derivatives.3® From scheme 8,

chiral quinolines were synthesized using hantzsch esters.
Scheme 8. Hantzsch esters were used in AH of pyridine derivatives.
From Chart 1 and 2, Hantzsh ester were used in the reduction of pyridines or their
derivatives with moderate ee (52-79%). In 2008, Zhou and co-workers applied
[Ir(COD)CI]2/(S)-MeO-BiPhep/I, to the similar substrates and obtained good yield (up

to 98%) and high enantioselectivities (up to 97% ee) (Scheme 9).37



o [I(COD)CI], (1 mol %)

N (S) -MeO-Biphep (2.2 mol %)
| _ Benzene, |, (10 mol %)
N~ "R Hz (700 Psi), r.t

Scheme 9. The substituted pyridines were reduced.
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H

These substrates make it easier to accomplish hydrogenation reactions because

electron withdrawing substituents in the 3™ position and 2,6-disubstituents could

weaken the coordination ability of nitrogen. Later on, pyridinium salts were

introduced by the same group to obtain chiral piperidines at the first time (Scheme

10 and figure 5).38
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Scheme 10. First example for the synthesis of chiral piperidines from pyridinium

salts.
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Figure 5. Ligands for the synthesis of chiral piperidines from Zhou’s study
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Entry Ar Ligand Yield [%] ee [%]
1 Ph L1 97 75
2 2-MeOCgH4 L1 93 70
3 2-(Me0,C)CsHa L1 99 89
4 4-(Me0,C)CeHs L1 95 79
5 2-(iPrO,C)CeHa L1 98 92
6 2-(iPrO,C)Ce¢Ha L2 96 93
7 2-(iPrO,C)CgH4 L3 98 93
8 2-(iPrO,C)CeH4 L4 98 85
9 2-(iPrO,C)CeHa L5 98 91
10 2-(iPrO,C)CeHa L6 99 91

Table 3. Pyridinium salts were introduced

From table 2, we can see that current methodology works very well. The key to the

success of this method is that the pyridinium salts could weaken the coordinative

ability of pyridines and impair the stabilizing aromaticity of pyridines which enhance

the activation of pyridines. In addition, ester group can coordinate with iridium

which is good for combining with the catalyst.

Andersson synthesized the trans-2,3-dihydropyridine N-oxides and piperidines in

2009 (Scheme 11).*° In the first step, chiral center were got by using PhMgCI. After

that, Pd/C system were applied to reduced double bonds.

PhMgCI

THF, -40 °C ~
benzaldehyde,
-40 °C &

Ph Pd/C, MeOH . Ph
1,4-cyclohexadiene H
OH MW, 145 °C, 40 min (\/I/L‘OH
PR Boc,0, TEA N~ “Ph

) . |
dioxane/water 4:1 Boc

Scheme 11. N-oxides were accomplished by Andersson and co-workers.

The yield (28-76 %) of first step still needs to be improved. In 2013, the same group

altered this method by using different chiral ligands to introduce chiral centers

(Scheme 12).3° However, this method also need two steps (Scheme 13).4°

11



Py
s

1) Binol
| X ArMgX O
N_/ 2)[H] N “IAr
o ee up to 99%

Entry R Ar Yield% ee
1 Ph 4-MePh 86 70
2 Ph 3,5(Me)2Ph 76 62
3 Ph 4-biphenyl 68 46
4 Ph 4-(MeO)Ph 94 70
5 Ph 2-MePh 51 56
6 Ph 4-CIPh 71 80

Scheme 12. Different Ar groups were present in synthesize chiral piperidines.

Andersson used two steps to get N ylides which reduced to get chiral piperidines in

the presence of specific catalyst (Scheme 13).

\ 1) HoN- OO | A

| ®_
N" "R

NBz

N THF/H,0, 40 °C

2) BzCl, NaOH aq, r.t 4h

O/Pth

\B2 I, (2 mol %), CH,Cly, N” R
) H, (50 bar), r.t NHBz

Scheme 13. Specific steps in the Andersson’s study.

o
X
@ [Lir(cod)][BArF] (2 mol %) Q H
N™ 'R * N
Ly
0]

Andersson also used N-acyliminopyridinium ylides to synthesize chiral piperidines

(Scheme 14) (Figure 6).** He and co-workers tried many different types ligands to get

chiral centers in the pyridine rings. H, were used as hydrogen source. Chiral

piperidines were synthesized within 6 hours in the room temperature.

X =
B [Lir(cod)][BAFF] (2 mol %) - .
N I, (2 mol %), CH,Cly, N N

NBz H, 30 bar, 6 h, rt NHBz NHBz
- major minor

Scheme 14. N-acyliminopyridinium ylides were used by Andersson.
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Figure 6. Ligands for the synthesis of chiral piperidines in Andersson’s study.
In 2013, Mashima and co-workers discovered that iodine could improve
enantiomeric excess (up to 82%) whilst not all substituted were tolerated (Scheme

15).%2In this reaction, three chiral centers were realized in one step.

[{Ir(H)(chiral diphosphine)},(u-X)3]X

X,
R’ R’ H \\\\\\\ ///’///
/(\/[ i i \ & S X 2 I ~" X
| — iy
+ - ] % % P\\\\\\\\ np
N O / >~ R )
%

R Ar then basic workup R” N~ Ar
H

| H
[{Ir(H)(chiral diphosphine)}s(u-X)]X

Scheme 15. Di-, tri-substituent pyridines in the Mashima study.
In 2014, Zhang and co-workers screened more ligands (Scheme 16) and found that
MP2-SegPhos (L12) could improve enantioselectivities (>90% ee) (Scheme 16).%3
Iridium catalysts and phosphole ligands were introduced in this system while H; still

as hydrogen source.
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-CgH,-(R)-DTBM-SEGPHOS L12: (R)-MP2-SEGPHOS L13: (R)-PhP-SEGPHOS

OAO O/\ o

Scheme 16. Different chiral ligands were screened to obtain high ee by Zhang’s
group.

Zhou and co-workers have synthesized trifluoromethyl substituted piperidines with
multiple stereogenic centers in one step (Scheme 17).** Pyridines were reduced to
chiral piperidines with CF3 group in the third position, which limited this method

development in future.

[ir] CF
/E\IC% Phosphole Ligand O“C 3
R™SNZ DMAr 25°C, H, (800 psi) R N7 “Ar

CIH H
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o}
.0

o PPh,

o PPh,
g

o}

L1: (R)-SegPhos

O
o PPh,
Eo PPh,
o g

L2: (R)-SynPhos

X1
F O PPh,
FXO PPh,
F O ‘

L3: (R)-DifluorPhos

~0 ‘ PPh,
o l PPh,

L4: (R,4,S,S)-TunePhos

Entry Solvent Additive L Conv. [%] ee [%]
1 D/P (3:1) TCCA L1 >95 85
2 D/P (3:1) TCCA L2 9 78
3 D/P (3:1) TCCA L3 >95 88
4 D/P (3:1) TCCA L4 >95 79

Scheme 17. CFs- group in the 3™ position was studied by Zhou’s group.

Lefort’s group utilized mixed ligands for the asymmetric hydrogenation of

2-substituted pyridinium salts in 2016 (Scheme 18) .** [Ir(cod)Cl], as catalyst while

DCM as solvent in the 50 °C for 18 hours.

[Ir(cod)Cl]2 (1 mol %)
ligand (2.2 mol %)
P(p-CF3CgHy)3 (2.2 mol %)

Br L DCM, H, (50 bar) N" “Ar (S)< O/P_N
50 °C, 18h Bn /\
o) o} \
(S)< PN ) (R)< P-N (S)< PN
o O 0
L1 L2 L3
Entry Ligand Yield [%] ee [%]
1 L1 94 31
2 L2 87 49
3 L3 88 50

Scheme 18. Pyridinium salts were studied by Lefort and co-workers.

From scheme 18, we can see that the ee is only 30%. In 2016, Bo Qu and

co-workers used MeO-BoQPhos to carry out asymmetric hydrogenation of

pyridinium salts (Scheme 19).%¢ The same as previous result, H; still as hydrogen

source. The advantage of Bo Qu’s result, they found new type of ligands to reduce

pyridines.
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el

N [Ir(cod)CIl, (1 mol %) >l )
- MeO--BoQPhos (3 mol %) P, N
‘alkyl R tBu

N alkyl N
I, (5 mol %), 30 °C A P
Ar H, (450 psi), 24 h MeO--BoQPhos

[Ir(cod)Cl], (1 mol %)

MeO--BoQPhos (3 mol %) O
I, (5 mol %), Hp (600 psi)

R NS
24 h Bn —R
® (O 10
MeO PPh, o PPh, o PPh,
MeO g PPh; [o ] PPh; o) ! PPh,
(e} (0]
(R)-MeO-BIPHEP (R)-SYNPHOS (R)-SegPhos
63:37 er 63:37 er 63:37 er

o
< O /Q,P(C-hex) @\(O © o
o Ph,P A 2 U
_ 2 : Pthl\} E;EP\ N {

PN
= N OMe BU OMe
\\_P

O> (R)-(S)-Josiphos-001 (R)-PHOX-Pr Me%fj’fg:‘os

o 51:49 er 52:48 er '

(R)-MP2-SegPhos
59:41 er
Scheme 19. Bo Qu and co-workers used MeO-BoQPhos to accomplish AH for
pyridinium salts.
Although they got good results in terms of enantioselectivities and yields, only
limited substrates with substituents at the ortho-position were restricting the
method in synthetic applications. Lefort investigated the AH of 3-substituented

pyridinium salts, obtaining low vyield (from 2% to 57%) and moderate

enantioselectivities (from 33% to 90%) (Scheme 20).%’

R (tBu)zp\{?eipphz

R [Rh(cod),]OTf H

X A z
JosiPhos J002-2 =
U e
-N THF/MeOH (2:1) N
Br |
Bn 50 °C, 50 bar, 20h Bn JosiPhos J002-2

Scheme 20. AH of 3-substituted pyridinium salts.
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Metal-free catalysis was introduced in the hydrogenation by Du in 2013 (Scheme
26).2 The pyridines were reduction by H, into piperidines. From scheme 21, the yield

was over 90% while dr over 90%.

| N CeFs™ X (10 mol %) m
P HB(CFs) (10 mol %)

Ar N" A H, (50 bar), toluene Ar N A
100 °C, 20 h

Entry product Yield [%] dr [%]
1 Ar=Ar'=Ph 98 98:2
Ar=Ar'=4-MeCgH4 97 98:2

3 Ar=Ar'=4-MeOCgH,4 99 98:2
4 Ar=Ar'=4-tBuCeH,4 99 98:2
5 Ar=Ar'=3-MeCgH4 99 98:2
6 Ar=Ar'=2-MeCgH4 97 98:2
7 Ar=Ar'=2-MeCgH4 98 >99:1
8 Ar=Ar'=2-MeOCgH4 99 >99:1
9 Ar=Ar’=2-naphthyl 99 98:2
10 Ar=Ar'=2-furyl 93 90:10
11 Ar=4-FCgH4,Ar'=4-MeOCgH4 92 99:1

Scheme 21. Metal free were used to obtain chiral piperidines.
1.4 Research Significance
Chiral piperidines are very important compounds in nature and as many drug
intermediates. Numerous methods of synthesis were developed such as asymmetric
hydrogenation.

Asymmetric hydrogenation is an advanced methodology compared with others. It
is a straightforward method to get chiral piperidines and it is suitable for green
chemistry, as it minimizes or eliminates the use and generation of hazardous
substances.*

All previous asymmetric hydrogenation methods require high pressure of hydrogen.
Thus, finding another hydride source is urgently required. Our group developed a

new method to synthesize chiral piperidines using (R)-(+)- @ -methylbenzylamine as

17



amine source and formic acid as hydrogen source. The asymmetric transfer
hydrogenation allows pyridinium salts to be reduced to a new piperidine with high
diastereoselectivity (Scheme 22).°° This thesis aimed to expand the substrate scope

of this newly developed reaction.

. NH, R,
X ™M a
| - C X
NG N~ R
“IN" "R, [RhCp*Cly],, HCOOH 2
DCM/H,0 (15:1), )\ph
40 °C, air, 24h

Scheme 22. Synthesis of chiral piperidines without hydrogen.

A possible mechanism explaining the transamination is shown in Scheme 12. The
transamination reaction probably occurs after the initial reduction of the pyridinium
salt to a dihydropyridinium. The nucleophilic addition of water to the intermediate a
leads to the formation of b. After isomerisation to open the ring, ¢ was produced.
The condensation of the ring-opened product ¢ with the chiral amine unit, followed
by ring closure, would yield the amine-exchanged product h, which may undergo
further reduction to give the final product i (Scheme 23).

X *
) IRNCPCLL @ H,0 /(\/L
R "N~ HCOOH ® R

|
P ) °

a
NH;
0, —2m . L N
~ _ X _—
R™ "NH O R* NH N R™NH “NH

SN

H,0 /\E\L J\/@j [RhCp'Cly] Q

R"SN °N R N R
A A A e A

h i

) AN

c

-
(=]

Scheme 23. Proposed mechanism for the in situ transamination of pyridinium salts.
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1.5 Experimental proof of the displayed stereochemistry
Dr Wu in our group did this experiment to check stereochemistry. Phenyl group was
removed while Nitrogen was protected by Boc. 95% yield, 96% ee were got using
method A and 90% vyield, 96% ee in method B.
Q 1) Debenzylation O\
N 2} Boc protection

N~ "Ph

)\ Method A or B |
Ph Boc 95% vyield (A), 96% ee
90% vield (B), 96% ee

Method A (1) 1% Pd/C, 1 atm H,, EtOH, 6N HCI, 65 OC, 16 h
(2) 1 eq. Boc,0, 1.5 eq. NEt3, CH,Clo, rt, 2 h
Method B 1eq. Boc,0, 1 mol% Pd(OH),/C, EtOAc, 15 atm H,, rt, 16 h, one-pot

Scheme 24. Derivatization of asymmetric reductive transamination

C19H23N, M = 265.38, orthorhombic, space group P212121 (no. 19),a =

7.8158(6) A, b = 10.3447(7) A, c = 18.8075(14) A, V = 1520.63(19) A3,
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Z=4,T=100.0K, u(Moka)=0.499 mm-1, Dcalc=1.159 g/mm3,
13955 reflections measured (9.4 < 20© < 149.24), 3073 unique (Rint =

0.0281) which were used in all calculations. The final R1 was 0.0305

(>2sigma(l)) and wR2 was 0.0776 (all data).
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CHAPTER 2 PREPARATION OF 2 OR 3-SUBSTITUTED PYRIDINIUM SALTS
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2.1 Introduction

In order to exploit the asymmetric transamination method for the synthesis of

chiral piperidines, we firstly synthesized a number of different pyridinium salts. After

that, these pyridinium salts were used to synthesize the corresponding piperidines

via the asymmetric transamination.

This synthesis was carried out first using the Suzuki coupling. The reaction

mechanism is shown in Scheme 1. First of all, 2-bromopyridine reacts with Pd(PPhs),4

to form intermediate 1. The transmetalation of boronic acid with the intermediate 1

leads to the formation of 2. After reductive elimination to remove Pd(PPhs)s,

2-phenylpyridine is obtained (Scheme 25).!

A X

I~ 7

N N
Pd(PPhs)s

Br
Oxidative Addition

Reductive Elimination

X
A PhsP »
PhoP_ | 7 onpPd N
PhsP’ 3 Br
74 \ 1
R/

N

Transmetalation
"OH

i B(OH)
Br—B(OH)3 Rl_(j/ i
N

Scheme 25. The mechanism of Suzuki reaction.
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2.2 Synthesis of ortho- or meta-arylpyridines

d(PPha)s (3 mol%) Xy
BOR): (\ Na,CO5 | R “
/\2 Toluene-H,0-EtOH A (e
7

reflux

Scheme 26. Suzuki reaction to synthesize 2-phenylpyridines.
Boronic acids were reacted with 2-bromopyridine in the presence of Pd(PPhs)s, to
obtain the corresponding 2-phenylpyridines. The isolated yield for each compound is

listed in Figure 7.

d(PPha)s (3 mol%) Ny
B(OH), (\ N2,COs | - R, «
/\2 Toluene-H,O-EtOH N DR,
=

reflux
a-m 2a 3a-m
Entry Prod.[! Structure Yield®
1 3a (j\@ 97%
2 3b | X 100%
%
3 3c ™ f 100%
N/
4 3d | A 75%
N/
F
5 3e ‘ 95%
%
6 3f ~ 74%
N/
NO,
7 3g - 100%
|
Q@
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8 3h A 80%

N” F
F

9 3i “ . 85%
|
N7 o™

10 3] ~ 86%

N/

11 3k _coone 57%
|
%

12 3l 92%
| X
N/

13 3m N 75%
|
N/

[a] Reaction conditions: 3 mol % Pd(PPhs)s, 2.6 mmol 1a-m, 2 mmol 2a, 7 ml toluene, 1.5 ml
ethanol, 7 ml H,0, 15 mmol Na,COs 85 °C, 18h.
[b] Isolated yield.
Table 4. Synthesis of 2 or 3-phenylpyridines.
2.3 Synthesis of 2 or 3-arylpyridinium salts
The substituted pyridines were then reacted with iodoethane to

synthesize the following pyridinium salts (Scheme 27). The results are shown in the

Table 4.

Scheme 27. Synthesis of pyridinium salts.
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Entry

10

Prod.l?!

4a

4b

4c

4d

de

af

4g

4h

4i

4j

Structure

Yield!®!

92%

97%

95%

94%

95%

96%

98%

97%

98%

97%
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11 a4k COOMe 90%

12 4] | BN 80%
e e
13 4m 82%
| X
o, ﬁ/
N
14 4n | S 95%
@,
N
H
15 4o N 72%
| o)~
© |
P LN
16 4p ~ 92%
@
S r\\l\ \S/
17 4q N 82%
| o, “
YL N

[a] Reaction conditions: 2.75 mmol 3a-l, 2.75 mmol iodoethane, 5 ml CHsCN,
85 °C, overnight. [b] Isolated yield.

Table 5. Synthesis of pyridinium salts.

2.4 Synthesis of other pyridinium salts

A 2 or 3-alkylpyridine was mixed with iodoethane in CHsCN in a flask. The mixture
was refluxed at 85 °C overnight to afford the product. Other salts were prepared

similarly (Scheme 28).
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Scheme 28. Synthesis of 2 or 3- pyridinium salts.

Entry Prod. Structure Yield(b!
1 6a = 90%
| @1 CcN
oY
2 6b = 93%
e,
o=
6¢C SN 95%
e,
I@ PL CN
6d SN 92%
| @
© '\L
6e N 100%
|
oN”
N
6f N 95%
©
© “L -
6g 0 92%
Y o
®| ﬁ/
6h | S 95%
© ﬁ/ O~
0
6m 98%
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[a] Reaction conditions: 2.75 mmol 3a-l, 2.75 mmol iodoethane, 5 ml CHsCN, 85 °C,
overnight.
[b] Isolated yield. Determined by NMR.

Table 6. The results of synthesizing other pyridinium salts.
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CHAPTER 3 ASYMMETRIC REDUCTIVE TRANSAMINATION
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3.1 Introduction

Chapter 1 presented asymmetric hydrogenation of pyridines, especially about how
to synthesize chiral piperidines. In this chapter a brief introduction about asymmetric
transamination and synthesizing chiral piperidines via the transamination method
will be given .

Asymmetric transamination usually is used in the keto acids to generate amino
acids.? In this process, an enzyme plays a crucial role in the transamination. Keto
acids are combined with PMP via asymmetric [1,3]-hydrogen shift to generate PLP

and vice verse (Scheme 29).2

"B

2- X
H ’ll\H / O3PO |+/ \ H Ny
5 N 5
#04P0 Ny- #04P0 Ny -
| .
N
H

H
enzyme% R CO, l'li enzyme R \{/COZ
o)
N

N
H
NH,
i )\
RJKCOOH R™ T“COOH
enzyme% H enzyme ~, H o
BH NH, B
OH
OH 043P0 N
20,P0 | X |,
/
i PMP PLP N
N H
o H

enzyme Mo oo _ H -
B ‘ enzyme, . R__CO, enzyme R_|_CO,
JHOL BH B
A g - Hs N‘Fll H Ny,
—  —— |
2
04PO Nr i 0o
° . “03P0 B #0,PO | N2
H N N
H H

Scheme 29. Biological transamination of keto acids.
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3.2 Metal and metal-free methods in transamination
3.2.1 Metal catalysts in transamination
Apart from transaminases, metal catalysts have been used in this area to generate

amino acids and derivatives (Scheme 30).

0 R-NH,, Hy NH;
OR, /;HW/ORz
T Sl
(0] O

Scheme 30. Chiral catalysts for transamination.
In 1952, Snell and co-workers showed that Mn?* could catalyze this reaction

(Scheme 31).3

/O Mn2* NH,
NH H,0, 100 °C (6]
ok~ . 000 o L. 0
| + | R® "COOH
N/ R® "COOH N/

Scheme 31. Metal catalyst for transamination at the first time.

Chiral amino acids were first time synthesized by Kuzuhara in 1978, with ee up to

90% (Scheme 32).
NH,
HO | X s
N? 0 Zn(ClOy), NH,
+
R ¥ PN
S A, R™ “COOH MeOH, rt R™ “COOH
R=H or Me

R=H or Me

Scheme 32. Chiral amino compounds were used to synthesize chiral amine.
Breslow and co-workers synthesized many pyridoxamine derivatives as nitrogen

source to realize asymmetric transamination (Scheme 33).>13
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Ph

NS s(CHNCHa), HaN -
HO ~ HO Z
X N
® j MAN
N

16-92% ee 37-64% ee

Scheme 33. Pyridoxamine derivatives for transamination.
Breslow and co-workers found that Zn(OAc), could catalyze this reaction and tried
to explain the mechanism in 1986°° (Scheme 34).

HoN

S(CH,)sNMe, S(CH2)sN(CHa)

O
HO Zn(OAC)Z NH2
D S S
N
4
Zn® Zn?*
H>O H,O
/
2+Zn" _

Scheme 34. Suggested mechanism of transamination by Breslow.
3.2.2 Metal-free transamination
In 1994, Soloshonok and co-workers reported transamination of ketoesters and

the ee was up to 36% (Scheme 35).14

FZHCFZCWOE'[ Cinchonidine ( 10 mol %) F2HCF20WoEt H* F,HCF,C OEt
_—
Ph._NH O 100°C, 26 h Ph._-N O NH, O
e
N
" "OH
INIZ

Cinchonidine
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Scheme 35. Transamination of keto ester to obtain chiral amine.

In 2011, a big breakthrough was realized by the Shi group and they obtained for
the first time an ee over 90% using o-CIPhCH;NH; as nitrogen source. However, the
yield was just 47-71% (Scheme 36).1°

=4
1) 10 mol % ligand OH
)OJ\ 0-CIPhCH,NH, /"\I\HQ N

R” “CO,CEt, R” CO,CEt,
+
2) H30 | AN "/OnBu

N~

catalyst
Scheme 36. An ee of over 90% was realized by Shi and co-workers.

In 2016, Zhao and co-workers discovered a new class of ligand to accomplish
transamination, which gave a variety of optically active amines in 67-99% yields with

83-94% ee (Scheme 37).1°

o) NH, Ligand (5 mol %) NH, o) CO H
P& + HOAc (1 equiv) H . )J\ N
R” “COOH Ph™ LICOOH  MeOH-H,0 (8:2) R™ >COOH Ph™ “Ph
t, 20h = | NH,
N OH
catalyst

Scheme 37. Using ligand for transamination by Zhao and co-workers.
A new type of novel chiral pyridoxamines was developed by Zhao and co-workers
in biomimetic asymmetric transamination of keto acids to give 47-90% yields and up

to 87% ee under mild conditions (Scheme 38).%7

/
HN
H.N_ O
Ligand (20 mol %) NH
Jy NH, MeOH-H,0, rt NH, j\ HO §
+ : +
R” “COOH Ph)\\COOH 47-90% yield R” >COOH Ph” “Ph
Ph up to 87% ee
catalyst

Scheme 38. Zhao and co-workers investigated a new class of ligands to catalyse

transamination.

40



3.3 Synthesis of chiral piperidines
3.3.1 Introduction

In summary, much research has been done in AH area by many chemists. However,
high hydrogen pressure was needed, hindering synthesis of chiral piperidines. Dr
Jianjun Wu of our group developed a new method to synthesize chiral piperidines

without using hydrogen gas (Scheme 39).

NH,

. R
R gy, (10 equiv) Q1
|, > N R,
7 N7 TR, [RhCp*Cly]; (1 mol %), )\
) HCOOH (24 equiv) Ph

DCM/H,0 (15:1), 40 °C, 24 h, air
Scheme 39. Synthesis of chiral piperidines without hydrogen.
3.3.2 Synthesis of 2-arylpiperidines
Following Wu’s method, (R)-( @ )-methylbenzylamine was used to carry out the
asymmetric transamination to produce the chiral piperidines. Formic acid as the H
source replaces H,. In the 'H NMR spectra, each isolated product only showed one

isomer, suggesting dr >99/1 for the transamination reaction (Scheme 40).

NH,
X
|, )\Ph
“IN [RhCp*Cl,],, HCOOH N
) DCM/H,0 (15:1), %Ph
40 °C, air, 24h
6a-h 7a-h

Scheme 40. Synthesis of piperidines

The isolated yield for each compound is given (Table 6).

Entry Prod.[! Structure Yield®

1 7a 85%
9@

Ph
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2 7b 15%(48h)
N
)\Ph

3 7c 86%
N
)\Ph
4 7d F 64%
%
)\Ph

5 Te 64%
N
)\Ph F

6 7f 73%
e
)\Ph NO,

7 78 67%
N F
/LPh
E
8 7h o 80%
(NjO)LO/\
/kPh
9 7i 74%
Y
Ph
10 7j 65%
AN
11 7k 78%
N
/kPh 0
12 71 OMe trace
N
)\Ph

[a] Reaction conditions: 0.5 mmol 6a-h, 5 mmol methylbenzylamine,
0.005 mmol [RhCp*Cl;];, 12 mmol HCOOH, 3.75 ml DCM, 0.25 ml H,0
yield. Table 7. Synthesis of 2-phenylpiperidines.

. [b] Isolated
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3.3.3 Synthesis of chiral 2 or 3- alkylpiperidines
[RhCp*Cl,]> was used as catalyst to synthesize chiral piperidines with formic acid as
hydrogen source at 40 °C for 24 h (Scheme 41).
R, NH, ~Ri
XN
| + )\ Q
-“N" "R Ph N" "Ry

2
') [RhCp*Cly],, HCOOH )\
DCM/H,0 (15:1), Ph

O~
8a-g 40 °C, air, 24h 9a-g

Scheme 41. Chiral piperidines were synthesized without H,.

Entry Prod.[! Structure Yield®
1 9a 72%
o¥
)\Ph

2 9b (j\ 61%
N

3 9¢ (j\/\ 30%
N NHBoc
)\Ph
4 9d 75%

)\Ph )\Ph

[a] Reaction conditions: 0.5 mmol 6a-h, 5 mmol methylbenzylamine,
0.005 mmol [RhCp*Cl3]2, 12 mmol HCOOH, 3.75 ml DCM, 0.25 ml H,O0.
[b] Isolated yield.
Table 8. Synthesis of chiral 2 or 3- alkylpiperidines
After synthesizing of 2-substituented chiral piperidines, the 2 or 3- alkylpiperidines
were synthesized. However, 9c were in just got 30% vyield.
3.3.4 Different amines

Different amines were used to synthesize chiral and achiral piperidines with formic

acid as hydrogen source at 40 °C for 24 h (Scheme 42).
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~Ry
LY amine (10 equiv) Q

|, > N R,

N" R, [RhCp*Clyl (1 mol %), )\
) HCOOH (24 equiv) Ph
DCM/H,O (15:1), 40°C, 24 h, air
10a 1la-e

Scheme 42. Different amines were introduced

Entry Prod.[ Structure Yield®!

1 11a 60%
%
o
2 11b 91%
%
L

A2

3 11c 90%
N
o

Cl

4 11d O 77%
N iy
BN

wpp ©
5 1le Q 53%
N
(

[a] Reaction conditions: 0.5 mmol 6a-h, 5 mmol methylbenzylamine,
0.005 mmol [RhCp*Cl3]2, 12 mmol HCOOH, 3.75 ml DCM, 0.25 ml H,0.
[b] Isolated yield.
Table 9. Different amines were introduced in this reaction.

3.4 Discussion

This study provides a new development in the synthesis of chiral piperidines.
New chiral piperidines were synthesized without hydrogenation. However, there are
still some restrictions.

We can see that this method is not tolerate for all groups. The same results we

got as the previous many chemists did show that the method is more suitable for

2-arylpyridinium salts compared with 2-alkylpyridinium or 3-alkylpyridinium salts.
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Even in this conditions, steric effect still impedes its development, such as 7b with
lower yield than 7c even in a long reaction time (Table 10 and 11).

The bulky group such as methyl or methoxy group (Entry 2, 3) in the 2-position of the
benzene ring will give lower yield than a smaller group (Entry 1, 4) even in a long

reaction time (Table 11).

Entry | Structure Yield
1 85%
N
)\Ph 7b
2 15% (48h)
N
)\Ph 7c
3 trace
OMe
N
)\Ph
4 F 64%
N
/kPh

Table 10. Different groups in the same position.
Table 10 illustrates that the yields with methyl group in the 2 or 4 position are very
different. Even at a prolonged reaction time, the yields still have big difference
(Table 11). From Table 9 and 10, this study shows that the steric effect is an

important factor for yield.
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Entry | Structure Yield

1 15% (48h)
N
)\Ph
2 86%
N

Table 11. The same group in the different positions.

Electronic effect is an another factor to affect the application of this method. In the
synthesis of chiral 2 or 3-alkylpiperidines, only electron donating substituents
afforded products. It means that this method is not suitable for electron withdrawing
substituents in the 2 or 3 positions (Table 12). In addition, vinyl and alkynyl

substituents also inhibited the reaction.

Entry | Structure Yield
1 72%
N
)\Ph
61%

N
Z)i>

y

Not detected
CN

v

;

Not detected

5

CN

i
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5 (j\/ Not detected
NN
)\Ph

6 Not detected

7 Not detected

8 0 Not detected
SeA
N

/j\Ph

Table 12. Different groups in the piperidine ring.
From the results, we can see that the electron withdrawing substituents such as
nitrile and ester group in the pyridine ring are detrimental in this reaction system.

(Table 13).

Entry Structure Result

1 |\
O |

Table 13. The methyl group in the different group.

Based on the above facts, we know that benzene group in the 2" position without
a big substituent is the best substrate in this system. So the benzene group in the 2™
position and the methyl group in the 3™ position were tried. However, the
transamination process did not occur. The interesting thing was found that
hydrogenation product was produced as the major product. Clearly, hydrogenation

occurd instead of asymmetric transamination (Table 13).
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After that, we tried different amines in this reaction system and found that most
amines were tolerated in this system. That means that this system can be used for

the synthesis of compounds for potential treatment of epilepsy*®.

Entry Prod.[ Structure Yield®!

1 11a 60%
%
o
2 11b 91%
%
L

A2

3 11c 90%
N
o

Cl

4 11d O 77%
N iy
BN

LO
5 1le Q 53%
N
(

Table 9. Different amines were introduced in this reaction.

1) Debenzylation
2} Boc protection
N N~ “Ph

)\ Method A or B |
Ph Boc 95% yield (A), 96% ee
90% vyield (B), 96% ee

Method A (1) 1% Pd/C, 1 atm H,, EtOH, 6N HCI, 65 OC, 16 h
(2) 1 eq. Boc,0, 1.5 eq. NEt3, CH,Clo, rt, 2 h
Method B 1eq. Boc,0, 1 mol% Pd(OH),/C, EtOAc, 15 atm H,, rt, 16 h, one-pot

Scheme 24. Derivatization of asymmetric reductive transamination
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Dr Wu in our group did this reaction. From this reaction, we can see that these

products have stereochemistry. And also, we can find that in the crude NMR.

C19H23N, M = 265.38, orthorhombic, space group P212121 (no. 19),a =
7.8158(6) A, b = 10.3447(7) A, c = 18.8075(14) A, V = 1520.63(19) A3,
Z=4,T=100.0K, u(Moka)=0.499 mm-1, Dcalc=1.159 g/mm3,

13955 reflections measured (9.4 < 20©® < 149.24), 3073 unique (Rint =
0.0281) which were used in all calculations. The final R1 was 0.0305

(>2sigma(l)) and wR2 was 0.0776 (all data).

3.5 Conclusions and Perspectives

In summary, this thesis describes the efforts made to tackle synthesizing chiral

piperidines using asymmmetric transfer hydrogenation. From the previous chapters,
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we can see that problems were identified in the area of synthesis of chiral
piperidines, although a number of chiral piperidines had been synthesized.

To compare this work with those of previous chemists, the advantage is very clear.
Using formic acid to replace hydrogen gas which is safer, operationally simpler and
more versatile. In addition to 2-substituented piperidines, we also investigated the
methyl group in the 3" position which did not appear in previous work.

However, the limitation of this method is that it does not have broad substrate
scope. There are two major factors for this. One is steric effect (Table 9 and 10) and
another is electronic effect (Table 11).

In the future, the 3-substituented chiral piperidines could be realized. To
accomplish this target, a new catalyst would be developed in this system. From
others’ previous work, it can be seen that iridium catalysts can work in the synthesis

of chiral piperidines. So the iridium catalysis could be studied in the future.
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CHAPTER 4

EXPERIMENTAL
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4.1 Introduction

Unless otherwise specified, the chemicals were obtained commercially from
Aldrich, Alfa Aesar, Apollo Scientific or TCl and used without further purification.
Silica gel plates (GF254) were used for TLC monitoring and silica gel (230-400 mesh)
was used for running column chromatography. NMR spectra were recorded on a
Bruker 400 MHz NMR spectrometer with TMS as the internal standard. The mass
spectra were obtained by chemical ionization (Cl) or electrospray ionization (ESI).

4.2 Experimental details
4.2.1 Synthetic procedure for 2-arylpyridines?

To a solution of arylboronic acid (2.6 mmol) in toluene (7 ml), ethanol (1.5 ml),
water (7 ml) and Na;CO3 (1.6 g, 15 mmol) were added sequentially Pd(PPhs)4(0.069 g,
0.060 mmol) and 2-bromopyridine (2.0 mmol) under N, in a two-necked flask. The
reaction mixture was refluxed at 80 °C for 18 h. After the reaction, NH4Cl (15 ml) was
added followed by extracting with EtOAc (30 ml) three times, and the solution was
dried over Na,SO, and evaporated in vacuum to afford the crude product, which was
purified by flash chromatography on silica gel with n-hexane/EtOAc (10:1) to give the
corresponding aryl pyridine.

4.2.2 General procedure for synthesis of pyridinium salts

Pyridine (2.75 mmol) was mixed with iodoethane (13.75 mmol) and CH3CN (5 ml) in
a flask. The mixture was refluxed at 85 °C overnight. After the reaction was cooled
down, the solvent was removed in vacuum to get the pure product.

4.2.3 General Procedure for synthesis of chiral piperidine
To a flask containing a magnetic stirring bar and (R)-( @ )-methylbenzylamine (0.636

ml, 5 mmol) was added formic acid (0.5525 g, 12 mmol) dropwise at room

54



temperature for 10 min. Pyridinium salt (0.5 mmol), [RhCp*Cl;]; (3.1 mg, 5 umol),
3.75 mL of CH,Cl; and 0.25 mL of distilled H,O were introduced into the mixture. The
reaction system was placed in a carousel reactor. The mixture was stirred at 40 °C for
22 h, cooled to room temperature and then basified with an aqueous solution of
KOH. The final mixture was extracted with ethyl acetate (3 X 10 mL) and dried over
Na,SO4. The solvent was removed under reduced pressure, and the residue was
purified by column chromatography (EtOAc/hexane) to obtain the desired product.
4.3 Analytic data

4.3.1 Assigned peaks

Mevis-2019
Account CCG10112
Submi tted_by ZSY

en
DEPT2 JX%
Z5Y 141 PURE
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. . (- I | (W T e P —
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5 5.0 8 o N B 6.0 5.5 50 4’5 10 3’5 EX) 25 20 1’5 Lo
- £ e

From NMR, we can see that 7.4-7.0 belongs to phenyl group, chemical shift 3.7
belongs to 7, 3.4 belongs to 4, 1.0 belongs to 8, and others belongs to piperidine

ring.
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The peak 145 belongs to 9, 144 belongs to 15, 128-126 belongs to phenyl group, 65

belongs to 4, 54 belongs to 7, 8 belongs to methyl group, and others belongs to

piperidine ring.
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8.7 belongs to 8, 7.8 belongs to 2, 3.8 belongs to methyl group and others belongs to

phenyl group.
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4.83 belongs to 13, 2.47 belongs to 15, 1.5 belongs to 14, 8.5and adjacent peaks
belongs to pyridine ring, and 7.5 belongs to phenyl group. Because different

substituents are changed, the NMR spectrum are similar.

4.3.2 Analytic data of 2-arylpyridine

X

—

N

2-Phenylpyridine, colorless oil?. Yield : 97%
IH NMR (400 MHz, CDCls) & (ppm): 8.67 (d, J = 4.8 Hz, 1H), 7.99 - 7.97(m, 2H), 7.68 -

7.66 (m, 2H), 7.47 - 7.37 (m, 3H), 7.18 - 7.14 (m, 1H);
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X

L

N
3-(o-Tolyl)pyridine, yellow oil3. Yield: 100%
IH NMR (400 MHz, CDCls) & (ppm): 8.69 (d, J = 5.0 Hz, 1H), 7.73 (td, J = 7.7, 1.9 Hz,
1H), 7.39 (d, J = 7.3 Hz, 2H), 7.26 (m, 4H), 2.36 (s, 3H).
13C NMR (400 MHz, CDCls) & (ppm): 160.0, 149.2, 140.4, 136.1, 135.7, 130.7, 129.6,
128.2,125.8,124.1, 121.6, 20.2.

N OF

—

N

2-(2-Fluorophenyl)pyridine, yellow oil*.  Yield: 100%
'H NMR (400 MHz, CDCl3) 6 (ppm): 8.73 (d, J =4.8 Hz, 1 H), 7.98 (td, J =7.9,1.9 Hz, 1
H), 7.79 (ddt, J = 8.0, 2.5, 1.3 Hz, 1 H), 7.75 (td,J = 7.9, 7.5, 1.8 Hz, 1 H), 7.38 (ddd, J =

15.2,5.0, 1.9 Hz, 1 H), 7.30-7.23 (m, 2 H), 7.16 (ddd, J = 11.4, 8.2, 1.2 Hz, 1 H).

X
P
N
F
3-(4-Fluorophenyl)pyridine, yellow solid®. Yield: 75%

IH NMR (400 MHz, CDCl) & (ppm): 8.73 (d, J = 4.8 Hz, 1H), 7.97 (td, ) = 8, 2 Hz, 1H),

7.78 (m, 2H), 7.38 (m, 1H), 7.26 (m, 2H), 7.16 (td, J = 9.2, 1.2 Hz, 1H).

AN
»
N
NO,
2-(4-Nitrophenyl)pyridine, yellow solid®. Yield: 74%

IH NMR (400 MHz, CDCl3) & (ppm): 8.75 (dt, J = 4.8, 1.2 Hz, 1H), 8.32 (dt, J =9.2, 2.6

Hz, 2H), 8.19 (dt, J = 8.8, 2 Hz, 2H), 7.82 (m, 2H), 7.34 (m, 1H).
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COCH;
1-(4-(Pyridin-2-yl)phenyl)ethan-1-one, yellow solid’.  Yield : 100%
IH NMR (400 MHz, CDCl3) & (ppm):  8.73 (d, ) = 4.8 Hz, 1H), 8.11-8.04 (m, 4H),
7.79-7.77 (m, 2H), 7.30-7.26 (m, 1H), 2.65 (s, 3H).
13C NMR (400 MHz, CDCls) 6 (ppm): 206.9, 197.8, 156.1, 149.9, 148.5, 137.1, 136.9,
128.8, 127.0, 122.9, 121.0, 30.9, 26.7.

X

| .
N

F
3-(3,5-Difluorophenyl)pyridine, orange solid®. Yield: 80%

IH NMR (400 MHz, CDCl3) & (ppm): 8.70 (dq, J = 4.8, 0.8 Hz, 1H), 7.79 (td, J = 7.6, 1.6
Hz, 1H), 7.70 (dt, J = 8, 0.8 Hz, 1H), 7.5 (m, 2H), 7.30 ( td, J = 6.8, 1.2 Hz, 1H), 6.86 (tt,

1=8.4,2.4Hz, 1H).

7~ | (o)
SN o™
Ethyl 3-(pyridin-2-yl)benzoate, colorless oil°. Yield: 85%

IH NMR (400 MHz, CDCls) & (ppm): 8.73 (tt, J = 4.8, 1.2 Hz, 1H), 8.64 (t, J = 1.6 Hz, 1H),
8.25 (dt, J = 8, 1.6 Hz, 1H), 8.12 (dt, J = 7.6, 1.2 Hz, 1H), 7.80 (m, 2H), 7.56(t, ) = 7.6
Hz, 1H), 7.29 (m, 1H), 4.44 (q, ) = 7.2 Hz, 2H), 1.43 (t, ) = 7.2 Hz, 3H).

| A OMe

—

N
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2-(2-Methoxyphenyl)pyridine, yellow oil*°. Yield: 95%

14 NMR (400 MHz, CDCls) & (ppm): 8.71 (dq, J = 4.8, 1.2 Hz, 1H), 7.80 (d, J = 8 Hz, 1H),
7.77 (dd, J = 7.6, 2 Hz, 1H), 7.70 (td, J = 7.6, 2 Hz, 1H), 7.38 (td, J = 8, 1.6 Hz, 1H), 7.20
(td,J = 4.8, 1.2 Hz, 1H), 7.10 (td, J = 7.2, 0.8 Hz, 1H), 7.02 (d, J = 8.4 Hz, 1H), 3.86 (s,
3H).

13C NMR (400 MHz, CDCl3) 6 (ppm): 156.9, 156.1, 149.4, 135.5, 131.5,129.8, 129.1,
125.0,121.6,121.0,111.3, 55.6.

X

—

N

3-Methyl-2-phenylpyridine, yellow oil'?. Yield: 86%

1H NMR (400 MHz, CDCls) & (ppm): 8.53 (dd, J = 5.2, 0.8 Hz, 1H), 7.57 (dd, J = 7.6, 0.8
Hz, 1H), 7.54 (m, 2H), 7.47 (m, 2H), 7.37 (m,1H) 7.17 (g, J = 4.8 Hz, 1H), 2.35 (s, 3H).
13C NMR (400 MHz, CDCls) & (ppm): 158.7, 146.9, 140.6, 138.4, 130.7, 128.9, 128.1,

127.8,122.0, 20.0.

Methyl 2-phenylnicotinate, red oil*2. Yield: 57%

14 NMR (400 MHz, CDCls) & (ppm): 8.79 (dd, J = 4.8, 1.6 Hz, 1H), 8.11 (dd, ) = 7.6, 1.6
Hz, 1H), 7.54 (m, 2H), 7.44 (m, 3H), 7.34 (q, ) = 4.8 Hz, 1H), 3.7 (s, 3H)

13C NMR (400 MHz, CDCl3) 6 (ppm): 168.5, 158.8, 151.3, 140.0, 137.8, 128.7, 128.4,

128.1,126.9,121.5, 52.3.
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4-Methyl-2-phenylpyridine, white solid*3. Yield: 92%
IH NMR (400 MHz, CDCls) & (ppm): 8.55 (dd, J = 5.0, 0.8 Hz, 1H), 8.02 (m, 2H), 7.54
(dq, ) = 1.6, 0.8 Hz, 1H), 7.50 (m, 2H), 7.43 (m, 1H), 7.04 (ddt, J = 5.0, 1.4, 0.7 Hz, 1H),

2.40 (d, ) = 0.8 Hz, 3H).

(i/\
»w
N NHBoc

Tert-butyl (2-(pyridin-2-yl)ethyl)carbamate, white solid**.  Yield: 100%
'H NMR (400 MHz, CDCl3) 6 (ppm): 8.54 (dd, J = 4.8, 0.4 Hz, 1H), 7.62 (td, J = 7.6, 1.6
Hz, 1H), 7.15 (m, 2H), 5.12 (s, 1H), 3.5 (m, 2H), 2.97 (t, ) = 6.4 Hz, 2H), 1.43 (s, 9H).
13C NMR (400 MHz, CDCls) & (ppm): 156.09, 151.94, 149.47, 146.11, 136.61, 123.57,
121.59, 40.46, 38.02, 33.16, 28.56.
4.3.3 Analytic data of 2 or 3-arylpyridinium salts

X

o
I® N

~

1-Ethyl-2-phenylpyridin-1-ium,®> orange solid. Yield: 92%
IHNMR (400 MHz, CDCl3) & (ppm): 8.70 (dt, J = 4.8, 1.6 Hz, 1H), 8.00 (d, J = 7.2 Hz,
2H), 7.80-7.77 (m, 2H), 7.50 (td, J = 6.8, 1.6 Hz, 2H), 7.43 (tt, J = 7.2, 1.6 Hz, 1H), 7.22

(td, J = 6.0, 2.4 Hz, 1H).
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Ethyl-2-(p-tolyl)pyridin-1-ium, orange solid. Yield: 97%
IHNMR (400 MHz, CDCls) & (ppm): 9.80 (d, J = 6.4 Hz, 1H), 8.60 (td, J = 8, 1.6 Hz, 1H),
8.25 (td, J = 6.4, 1.6 Hz, 1H), 7.84 (dd, J = 7.6, 1.6 Hz, 1H), 7.46 (t, J = 8 Hz, 4H), 4.85 (t,
J=7.6Hz, 2H), 2.50 (s, 3H), 1.53 (t, J = 7.2 Hz, 3H).

X
L
I
-
Ethyl-2-(o-tolyl)pyridin-1-ium, yellow solid. Yield: 95%
IHNMR (400 MHz, CDCls) & (ppm): 10.00 (d, J = 6.4 Hz, 1H), 8.63 (td, J = 8, 1.6 Hz, 1H),

833 (t, J = 6.4 Hz, 1H), 7.81 (dd,J = 8, 1.6 Hz, 1H), 7.57 (td, J = 7.2, 2 Hz, 1H),

7.45-7.39 (m, 3H), 4.94-4.88 (m, 1H), 4.52-4.47 (m, 1H), 2.17 (s, 3H), 1.53 (t, J = 7.2

Hz, 3H).
N F
| @
© N
N
Ethyl-2-(2-fluorophenyl)pyridin-1-ium, red solid. Yield: 94%

IHNMR (400 MHz, CDCl3) & (ppm): 9.92 (dd, J = 6, 0.8 Hz, 1H), 8.62 (td, J = 7.6, 1.2 Hz,
1H), 8.35 (t, J = 7.2 Hz, 1H), 7.91 (dd, J = 8, 1.2 Hz, 1H), 7.80 (td, J = 7.6, 1.6 Hz, 1H),
7.77-7.67 (m, 1H), 7.46 (td, J = 7.6, 0.8 Hz, 1H), 7.34 (t, J = 9.2 Hz, 1H), 4.75 (m, 2H),
1.57 (t,J = 7.6 Hz, 3H).

X
®_
N

NN

1-Ethyl-2-(4-fluorophenyl)pyridin-1-ium, yellow solid. Yield: 95%

|
©

62



IHNMR (400 MHz, CDCls) & (ppm): 9.71 (dd, J = 6, 1.2 Hz, 1H), 8.58 (td, J = 7.6, 1.2 Hz,
1H), 8.25 (td, J = 6.8, 1.6 Hz, 1H), 7.85 (dd, J = 8, 1.6 Hz, 1H), 7.75 (m, 2H), 7.30 (t, J =

8.4 Hz, 2H), 4.81 (q, J = 7.2 Hz, 2H), 1.56 (t, J = 7.2 Hz, 3H).

X
| @
2
NO,
1-Ethyl-2-(4-nitrophenyl)pyridin-1-ium, yellow solid. Yield: 96%

IHNMR (400 MHz, CDCl3) & (ppm): 9.67 (dd, J = 6, 1.2 Hz, 1H), 8.58 (td, J = 8, 1.2 Hz,
1H), 8.49 (dm, J = 8.8 Hz, 2H), 8.31 (td, J = 6, 1.6 Hz, 1H), 8.05 (d, J = 8.8 Hz, 2H), 7.90
(dd, J =8, 1.6 Hz, 1H), 4.78 (g, J = 7.2 Hz, 2H), 1.57 (t, J = 7.6 Hz, 3H).
‘ X
F

2-(3,5-Difluorophenyl)-1-ethylpyridin-1-ium, white solid.  Yield: 98%
'HNMR (400 MHz, CDCl3) & (ppm): 9.73 (dd, J = 6, 1.2 Hz, 1H), 8.64 (td, J = 7.6, 1.2 Hz,
1H), 8.36 (td, J = 6.8, 1.6 Hz, 1H), 7.91 (dd, J = 7.6, 1.6 Hz, 1H), 7.33 (m, 2H), 7.13 (tt, J
=8.8, 2.4 Hz,1H), 4.79 (q, J = 7.2 Hz, 2H), 1.61 (t, J = 7.2 Hz, 3H).

| X
N
| K 0
(4-Acetylphenyl)-1-ethylpyridin-1-ium, brown solid. Yield: 97%
'HNMR (400 MHz, CDCls) & (ppm): 9.75 (dd, J = 6.4, 1.2 Hz, 1H), 8.64 (td, J= 8, 1.6 Hz,

1H), 8.31 (td, J = 10.8, 1.6 Hz, 1H), 8.20 (d, J = 8.4 Hz, 2H), 7.91 (dd, J = 7.6, 1.6 Hz,
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1H), 7.89 (d, J = 8.8 Hz, 2H), 4.80 (q, J = 7.2 Hz, 2H), 2.70 (s, 3H), 1.57 (t, J = 7.2 Hz,

3H).
| N OMe
OF
© N
AN
1-Ethyl-2-(2-methoxyphenyl)pyridin-1-ium, yellow solid. Yield: 98%

IHNMR (400 MHz, CDCl3) & (ppm): 9.96 (dd, J = 6, 0.8 Hz, 1H), 8.64 (td, J = 7.6, 1.2 Hz,
1H), 8.28 (td, J = 6.8, 1.6 Hz, 1H), 7.82 (dd, J = 8, 1.2 Hz, 1H), 7.64 (td, J = 8, 1.6 Hz,
1H), 7.43 (dd, J = 7.6, 1.6 Hz, 1H), 7.22 (td, J = 7.6, 0.8 Hz, 1H), 7.18 (d, J = 0.4 Hz, 1H),
4.84-4.79 (m, 1H), 4.61-4.56 (m, 1H), 3.84 (s, 3H), 1.50 (t, J = 7.2 Hz, 3H).

N o

@
© N o >

~

2-(3-(Ethoxycarbonyl)phenyl)-1-ethylpyridin-1-ium, yellow solid.  Yield: 97%

'HNMR (400 MHz, CDCls) 6 (ppm): 9.85 (dd, J = 6.2, 0.8 Hz, 1H), 8.59 (td, J = 7.6, 1.2
Hz, 1H), 8.32 (dt, /=8, 1.2 Hz, 1H), 8.28 (td, /= 6.8, 1.6 Hz, 1H), 8.16 (t, / = 1.6 Hz, 1H),
8.01 (dt,J =8, 1.2 Hz, 1H), 7.88 (dd, / = 8, 1.6 Hz, 1H), 7.79 (td, J = 8, 0.8 Hz, 1H), 4.85
(9,J=7.2Hz, 2H), 4.46 (q, J = 7.2 Hz, 2H), 1.57 (t, J = 7.2 Hz, 3H), 1.44 (t, J = 7.2 Hz,

3H).

Ethyl-3-(methoxycarbonyl)-2-phenylpyridin-1-ium, orange solid. Yield: 90%
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IHNMR (400 MHz, CDCl3) & (ppm): 10.12 (dd, J = 6, 1.2 Hz, 1H), 8.92 (td, J = 8, 1.6 Hz,
1H), 8.45 (t, J = 7 Hz, 1H), 7.61-7.52 (m, 3H), 7.50-7.40 (m, 2H), 4.78 (g, J = 7.2 Hz, 2H),
3.65 (s, 3H), 1.56 (t, J = 7.2 Hz, 3H).

N

e
~

1-Ethyl-3-methyl-2-phenylpyridin-1-ium, orange solid. Yield: 80%
IHNMR (400 MHz, CDCl3) & (ppm): 9.64 (d, J = 6.4 Hz, 1H), 8.39 (d, J = 8 Hz, 1H), 8.16
(t,J = 6.8 Hz, 1H), 7.67 (t, J = 3.2 Hz, 3H), 7.49 (m, 2H), 4.64 (q, J = 7.2 Hz, 2H), 2.23 (s,
3H), 1.51 (t, J = 7.2 Hz, 3H).

X

o,
I@N

~

Ethyl-2-isopropylpyridin-1-ium, red solid. Yield: 100%
IHNMR (400 MHz, CDCl3) & (ppm): 9.63 (dd, J = 6, 1.2 Hz, 1H), 8.55 (td, J = 8, 1.6 Hz,
1H), 8.00-7.96 (m, 2H), 5.01 (q, J = 7.2 Hz, 2H), 3.57 (m, 1H), 1.68 (t, J = 7.2 Hz, 3H),
1.48 (d, J = 6.8 Hz, 6H).

N

e

I@N

1-Ethyl-2,3-dimethylpyridin-1-ium, brown solid. Yield: 92%
'HNMR (400 MHz, CDCl5) & (ppm): 9.34 (d, J = 6 Hz, 1H), 8.23 (d, J = 7.6 Hz, 1H), 7.85
(t, J=6.8 Hz, 1H), 4.96 (q, J = 7.2 Hz, 2H), 2.88 (s, 3H), 2.57 (s, 3H), 1.66 (t, J = 7.2 Hz,

3H).
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2-(2-((Tert-butoxycarbonyl)amino)ethyl)-1-ethylpyridin-1-ium, white solid. Yield: 98%
IHNMR (400 MHz, CDCls) & (ppm): 9.32 (d, J = 6 Hz, 1H), 8.41 (t, J = 8.8 Hz, 1H), 8.14
(d, J = 8 Hz, 1H), 8.0 (t, J = 7.6 Hz, 1H), 5.87 (t, J = 6 Hz, 1H), 4.97 (g, J = 7.2 Hz, 2H),
3.68 (g, ) = 6.8 Hz, 2H), 3.54 (m, 2H), 1.71 (t, J = 7.2 Hz, 3H), 1.36 (s, 9H).

©

N
| @
| N A

J N

1-Ethyl-[2,2'-bipyridin]-1-ium, yellow solid. Yield: 72%

'HNMR (400 MHz, CDCl5) 6 (ppm): 9.74 (dd, J = 6.4, 1.2 Hz, 1H), 8.81 (dt, J = 4.8, 1.2
Hz, 1H), 8.72 (td, ) = 8, 1.2 Hz, 1H), 8.31 (t, J = 6.4 Hz, 1H), 8.12 (dd, J = 8, 1.2 Hz, 1H),
8.07 (m, 2H), 7.60 (m, 1H), 4.92 (q, J = 7.2 Hz, 2H), 1.64 (t, ) = 7.2 Hz, 3H).
2,2'-(Propane-1,3-diyl)bis(1-ethylpyridin-1-ium, yellow solid.  Yield: 82%

'HNMR (400 MHz, CDCls) 6 (ppm): 9.08 (dd, J = 6.4, 1.2 Hz, 2H), 8.55 (td, J = 7.6, 1.2
Hz, 2H), 8.17 (dd, J = 8, 1.2 Hz, 2H), 8.03 (t, ) = 6 Hz, 2H), 4.69 (q, J = 7.2 Hz, 4H), 3.36
(m, 6H), 2.50 (t, J = 1.6 Hz, 2H), 1.53 (t, J = 7.2 Hz, 6H).

X

|
QN

1-Ethyl-3-phenylpyridin-1-ium, orange solid. Yield: 82%
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IHNMR (400 MHz, CDCl3) & (ppm): 9.47 (s, 1H), 9.32 (d, J = 6.0 Hz, 1H), 8.61 (dt, J =
8.4, 1.2 Hz, 1H), 8.16 (t, J = 6.8 Hz, 1H), 7.88 (m, 2H), 7.56 (m, 3H), 5.18 (q, J = 7.6 Hz,
2H), 1.74 (t, ) = 7.2 Hz, 3H).

4.3.4 Analytic data of chiral piperidines

N

)\Ph

(S)-2-phenyl-1-((R)-1-phenylethyl)piperidine, white oil.  Yield: 85%

'HNMR (400 MHz, CDCl5) 6 (ppm): 7.50-7.42 (m, 4H), 7.32-7.25 (m, 4H), 7.22-7.14 (m,
2H), 3.85 (q, J/ = 6.8 Hz, 1H), 3.51 (dd, J = 10.4, 2.8 Hz, 1H), 2.57 (d, J = 11.2 Hz, 1H),
2.22 (td, J = 11.6, 2.8 Hz, 1H), 1.85-1.75 (m,2H), 1.70-1.60 (m,1H), 1.53-1.25(m, 3H),
1.15(d, J = 6.8 Hz, 3H);

13C NMR (400 MHz, CDCl3) & (ppm): 145.4, 144.9, 128.9,128.2,128.0, 127.3, 126.5,
66.0, 55.4, 45.6, 37.6, 26.7, 26.1, 8.55;

HRMS (ESI) m/z [M+H]* calcd for C1sH23N: 266.1903; found: 266.1908

N

)\Ph

(S)-1-((R)-1-phenylethyl)-2-(o-tolyl)piperidine, red oil. Yield: 15% (48h)

IH NMR (400 MHz, CDCls) & (ppm): 7.77 (s, 1H), 7.47 (d, J = 8.0 Hz, 2H), 7.31 (t, J = 7.6
Hz, 2H), 7.21 (m, 2H) 7.13 (m, 2H), 3.90 (g, J = 6.8 Hz, 1H), 3.80 (d, J = 10.8 Hz, 1H),
2.62 (d, J = 10.8, 1H), 2.44 (s, 3H), 2.24 (td, J = 11.6, 2.8 Hz, 1H), 1.77 (t, J = 16 Hz, 2H),
1.52 —1.28 (m, 4H), 1.15 (d, J = 6.8 Hz, 3H).

13C NMR (400 MHz, CDCl3) & (ppm): 127.6, 127.3, 125.8, 45.2, 26.2, 25.6, 19.4
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HRMS (ESI) m/z [M+H]* calcd for CaoH2sN: 280.206; found: 280.2065

N

)\Ph

(S)-1-((R)-1-phenylethyl)-2-(p-tolyl)piperidine, brown oil. Yield: 86%

'H NMR (400 MHz, CDCl3) 6 (ppm): 7.36 (d, J = 7.6 Hz, 2H), 7.30 (d, J = 7.6 Hz, 2H),
7.20(t,J=7.2 Hz, 2H), 7.08-7.03 (m, 4H), 3.80 (d, J = 7.2 Hz, 1H), 3.40 (d, J = 10 Hz,
1H), 2.50(d, J = 11.6 Hz, 1H), 2.3 (s, 3H), 2.17-2.10 (m, 1H), 1.70-1.61 (m, 3H),
1.48-1.45 (m, 2H), 1.27-1.23(m,1H) 1.10 (d, J = 6.8 Hz, 3H).

13C NMR (400 MHz, CDCl5) & (ppm): 143.8, 141.2, 135.4, 128.2, 126.7, 126.5, 126.4,
124.9,64.2,59.4,53.8,44.1, 36.2, 25.3, 24.6, 20.1, 20.0, 13.2, 7.0

HRMS (ESI) m/z [M+H]* caled for CaoHasN: 280.206; found: 280.2066

N

/kPh

(S)-2-(2-fluorophenyl)-1-((R)-1-phenylethyl)piperidine, brown oil.  Yield: 64%

IH NMR (400 MHz, CDCls) & (ppm): 7.68 (td, J = 7.2, 2 Hz, 1H), 7.44 (d, J = 7.2 Hz, 2H),
7.30 (t, J = 7.6 Hz, 2H), 7.20-7.11 (m, 3H), 7.03 (t, J = 8 Hz, 1H), 4.0 (dd, J = 10.8, 2.8
Hz, 1H), 3.88 (q, J = 6.8, 1H), 2.58 (d, J = 11.2 Hz, 1H), 2.27 (td, J = 11.2, 2.4 Hz, 1H),
1.80 - 1.66 (m, 4H), 1.50-1.30 (m, 2H), 1.22 (d, J = 6.8 Hz, 3H).

13C NMR (400 MHz, CDCl3) & (ppm): 162.1, 159.7, 144.9, 131.9(d, Jcr = 50.4 Hz),
129.6(d, Jcr = 18 Hz),128.4(d, Jcr = 33.2 Hz), 128.2, 127.9, 126.5, 124.9(d, Jcr = 13.6
Hz), 116.0, 115.7,55.7, 45.7, 36.3, 26.6, 25.9, 8.88, 8.87

HRMS (ESI) m/, [M+H]* calcd for C19H2,FN: 284.1809; found: 284.1811

68



N

)\Ph F

(S)-2-(4-fluorophenyl)-1-((R)-1-phenylethyl)piperidine, brown oil.  Yield: 64%

IH NMR (400 MHz, CDCls) & (ppm): 7.44-7.39 (m, 4H), 7.27 (td, J = 7.2, 2 Hz, 2H) 7.17
(t,J=7.6 Hz, 1H) 6.99 (t, J = 8.8 Hz, 2H) 3.79 (g, / = 6.8 Hz, 1H), 3.50 (dd, J = 10.8, 3.2
Hz, 1H), 2.56 (dt, J = 11.2, 1.6 Hz, 1H), 2.21 (td, J = 11.6, 2.8 Hz, 1H), 1.81(m, 2H), 1.62
(qd, J=10.8, 3.6 Hz,1H), 1.45 (qt, J = 12.4, 3.6 Hz, 1H) 1.32 (qt, J = 12.4, 3.6 Hz, 1H),
1.19 (d, J = 6.8 Hz, 3H).

13C NMR (400 MHz, CDCls) 6 (ppm): 161.9, 159.5, 143.4, 139.8, 127.8(d, Jc.r = 30.8 Hz),
126.7,126.4,125.1, 114.3(d, Jcr = 84 Hz), 63.6, 53.8, 44.0, 36.2, 25.2,24.5,7.1

HRMS (ESI) m/z [M+H]* caled for C19H22FN: 284.1809; found: 284.1812

N

/kPh NO,

(S)-2-(4-nitrophenyl)-1-((R)-1-phenylethyl)piperidine, yellow oil. Yield: 73%

'H NMR (400 MHz, CDCls) 6 (ppm): 8.20 (dd, J = 7.2, 1.2 Hz, 2H), 7.66 (d, J = 8.8 Hz,
2H), 7.42 (d, J=8.4 Hz, 2H) 7.30 (t, J = 7.6 Hz, 2H) 7.22 (tt, /= 7.2, 1.6 Hz, 1H), 3.72 (q,
J=6.8 Hz, 1H), 3.64 (dd, J = 10.8, 3.2 Hz, 1H), 2.61 (d, J = 11.6 Hz, 1H), 2.25 (td, J =
11.6, 2.8 Hz, 1H), 1.84 —1.75 (m, 2H), 1.63-1.56 (m,3H) 1.48 (qt, /= 12.4, 3.6 Hz, 1H)
1.37 (gqt, J=12.8, 3.6 Hz,1H), 1.22 (d, J = 6.8 Hz, 3H).

13C NMR (400 MHz, CDCls) & (ppm): 153.2, 147.0, 143.8, 128.2, 127.9, 127.3, 126.4,
123.9, 64.9, 55.6,44.8,37.1, 25.9, 25.2,8.4

HRMS (ESI) m/z [M+H]* calcd for C1sH22N20,: 311.1754; found: 311.176
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)\Ph

F

(S)-2-(3,5-difluorophenyl)-1-((R)-1-phenylethyl)piperidine, brown oil.  Yield: 67%

'H NMR (400 MHz, CDCl3) 6 (ppm): 7.44 (d, J = 8.4 Hz, 2H), 7.30 (t, J = 7.6 Hz, 2H),
7.20(t,J=6.8 Hz, 1H), 7.02(dd, J = 8.4, 2.4 Hz, 2H), 6.66 (tt, J = 8.8, 2.4 Hz, 1H), 3.79
(g, /= 6.8 Hz, 1H), 3.52 (dd, J = 10.8, 2.8 Hz, 1H), 2.55 (dt, /= 11.6, 1.2 Hz, 1H), 2.20
(td,J=2.8,11.6 Hz, 1H), 1.80—1.75 (m, 2H), 1.64-1.56 (m, 2H), 1.46 (qt, J = 12.4, 3.6
Hz, 1H), 1.34 (qt, J = 12.4, 4 Hz, 1H), 1.21 (d, J = 7.2 Hz, 3H).

13C NMR (400 MHz, CDCls) & (ppm): 164.4, 162.0, 161.9, 149.6, 144.0, 127.9 (d, Jcr =
206.8 Hz), 126.3, 110.3,(d, Jc.r = 96.8 Hz), 102.3 (t, Jcr = 101.2Hz), 64.9, 55.2, 44.8,
36.9, 25.9,25.2, 8.3

HRMS (ESI) m/, [M+H]*: calcd for CigH,1F,N: 302.1715; found: 302.1714

0
N o

)\Ph

Ethyl 3-((S)-1-((R)-1-phenylethyl)piperidin-2-yl)benzoate, colorless oil.  Yield: 80%
IH NMR (400 MHz, CDCl3) & (ppm): 8.14 (s, 1H), 7.92 (dt, J = 7.6, 1.6Hz, 1H), 7.70 (d, J
=7.6,1H), 7.44 (d, J = 8 Hz, 2H), 7.39 (t, J = 8 Hz, 1H), 7.29 (t, J = 7.6 Hz, 2H), 7.18 (t, J
= 7.6 Hz, 1H), 4.39 (m, 2H), 3.77 (q, J = 6.8 Hz, 1H), 3.57 (dd, J = 10.8, 2.8 Hz, 1H), 2.57
(d,J=11.2 Hz, 1H), 2.24 (td, J = 11.6, 2.8 Hz, 1H), 1.80 — 1.75 (m, 2H), 1.70-1.63 (m,
1H), 1.57-1.46 (m, 2H), 1.40 (t, J = 7.2Hz, 3H), 1.39-1.30 (m, 1H), 1.20 (d, J = 6.8 Hz,

3H).
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13C NMR (400 MHz, CDCls) & (ppm): 166.7, 145.7, 144.4, 131.9, 130.7, 128.7, 128.6,
128.2,127.8,127.8, 127.5, 126.1, 65.2, 60.9, 55.1, 44.9, 37.3, 26.2, 25.5, 14.4, 8.2

HRMS(ESI) /2 [M+H]*: calcd for C;,H27NO3: 338.2115; found: 338.2121

N

)\Ph

(S)-2-isopropyl-1-((R)-1-phenylethyl)piperidine, colorless oil. Yield: 72%

IH NMR (400 MHz, CDCls) & (ppm): 7.41 (d, J = 7.2 Hz, 2H), 7.22 (t, J = 7.6 Hz, 2H),
7.14 (t,J = 7.2 Hz, 1H), 4.24 (g, J = 6.4 Hz, 1H), 2.41 (dt, J = 11.2, 3.6 Hz, 1H),
2.20-2.08 (m, 3H), 1.65-1.53 (m, 2H), 1.38-1.33 (m, 1H), 1.17-1.16 (d, J = 6.8 Hz, 6H),
0.85 (dd, J = 6.8, 4.8 Hz, 6H).

13C NMR (400 MHz, CDCl5) 6 (ppm): 144.6, 126.9, 126.6, 125.1, 61.8, 52.4, 44.2, 25.8,
24.6,23.7,22.7,22.7,19.4,14.9,9.3

HRMS(ESI) m/z [M+H]*: calcd for CigH2sN: 232.206; found: 232.2054

(A

)\Ph

(2R,3S)-2,3-dimethyl-1-((R)-1-phenylethyl)piperidine,?’ brown oil.  Yield: 61%

1H NMR (400 MHz, CDCls) & (ppm): 7.37 (d, J = 8.8 Hz, 2H), 7.29 (d, J = 7.2 Hz, 2H), 7.2
(t,J=7.2 Hz, 1H), 3.60 (q, J = 6.4 Hz, 1H), 3.15 (q, J = 4.4 Hz, 1H), 2.28-2.17 (m,2H),
1.93-1.88 (m, 1H), 1.41-1.38 (m, 3H), 1.26 (d, J = 6.4 Hz, 4H), 0.88 (d, J = 6.8 Hz, 6H).
13C NMR (400 MHz, CDCls) & (ppm): 128.1, 127.2, 126.3, 60.2, 53.6, 43.9, 35.1, 27.9,
25.3,18.5

HRMS(ESI) m/z [M+H]*: caled for CisHa3N: 218.1903; found: 218.1903
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N

o

1-Allyl-2-phenylpiperidine, colorless oil.  Yield: 60%

'H NMR (400 MHz, CDCls) 6 (ppm): 7.32 (m, 4H), 7.21 (tt, ) = 8.8, 2 Hz, 1H), 5.7 (m,
1H), 5.02 (m, 2H), 3.14(d, J = 12 Hz, 2H), 3.03 (dd, J =11.2, 2.8 Hz, 1H), 2.47 (q,J =8
Hz, 1H), 2.03 (td, J = 11.6, 3.6 Hz, 1H), 1.75 (m, 4H), 1.58 (m, 1H), 1.33 (m, 1H).

13C NMR (400 MHz, CDCls) & (ppm): 145.10, 135.58, 128.37, 127.47, 126.84, 116.99,
68.76, 58.54, 53.39, 36.63, 26.04, 25.17.

HRMS(ESI) m/z [M+H]*: caled for C1aH1sN:202.159; found: 202.1591

N Ph

o
J

1,2-Bis(2-phenylpiperidin-1-yl)ethane, red oil.  Yield: 53%

Ph

IH NMR (400 MHz, CDCl3) & (ppm): 7.21 (m, 10H), 2.94 (d, J = 10.8 Hz, 2H), 2.79 (m,
2H), 2.55 (m, 2H), 1.90 (m, 4H), 1.70 (m, 3H), 1.42 (m, 9H).

HRMS(ESI) m/z [M+H]*: calcd for C24H3,N»: 349.2638; found: 349.2639

(Nj\/\NHBoc

Tert-butyl (2-((S)-1-((R)-1-phenylethyl)piperidin-2-yl)ethyl)carbamate, red oil.

Yield: 30%
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IH NMR (400 MHz, CDCls) & (ppm): 7.39 (m, 2H), 7.29 (t, ) = 7.2 Hz, 2H), 7.20 (t, ) =
7.2Hz, 1H), 4.98 (s, 1H), 4.05 (d, J = 6.8 Hz, 1H), 3.16 (m, 2H), 2.75 (m, 1H), 2.48 (m,
2H), 1.77 (m, 3H), 1.63 (m, 2H), 1.43 (m, 13H), 1.28 (d, J = 6.8 Hz, 5H)

13C NMR (400 MHz, CDCls) & (ppm): 156.04, 145.99, 128.19, 127.41, 126.55, 57.23,
53.66, 43.97, 38.10, 28.67, 28.46, 27.87, 24.08, 21.94, 16.46, 11.19.

HRMS(ESI) /2 [M+H]*: calcd for CyoH32N,0,: 333.2537; found: 333.2542

Y

Ph

1-((R)-1-phenylethyl)-2-(thiophen-2-yl)piperidine, yellow oil. ~ Yield: 74%

IH NMR (400 MHz, CDCls) & (ppm): 7.47 (d, ) = 8.4 Hz, 2H), 7.28 (t, ) = 7.2 Hz, 2H),
7.20 (m, 2H), 7.00 (dd, J = 3.2, 1.2 Hz, 1H), 6.91 (m, 1H), 3.96 (q, J = 6.8 Hz, 1H), 3.89
(dd, J=9.6, 3.2 Hz, 1H), 2.55 (dtd, J = 11.6, 3.6, 1.6 Hz, 1H), 2.25 (td, ) = 11.2, 2.8 Hz,
1H), 1.93 (m, 1H), 1.79 (m, 2H), 1.42 (m, 2H), 1.24(d, J = 6.8 Hz, 3H).

13C NMR (400 MHz, CDCls) & (ppm): 149.42, 144.64, 127.77, 127.58, 126.15, 125.84,
124.25, 59.92, 55.29, 45.01, 37.73, 25.87, 25.16, 8.91.

HRMS(ESI) m/z [M+H]*: calcd for Ci7H21NS: 272.1467; found: 272.1476

)\Ph )\Ph

1,3-Bis((S)-1-((R)-1-phenylethyl)piperidin-2-yl)propane, yellow oil.  Yield: 75%
IH NMR (400 MHz, CDCls) & (ppm): 7.42 (d, ) = 7.2 Hz, 4H), 7.29 (t, ) = 7.6 Hz, 4H),
7.20 (t,J = 7.2 Hz, 2H), 4.017 (q, J = 6.8 Hz, 2H), 2.73 (s, 2H), 2.38 (m, 2H), 2.53 (m,
2H), 1.68 (m, 2H), 1.59 (m, 4H), 1.54 (m, 2H), 1.36 (m, 8H), 1.26 (d, J = 6.4 Hz, 6H),

1.22 (s, 2H).
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13C NMR (400 MHz, CDCls) 6 (ppm): 128.04, 127.56, 126.35, 56.93, 56.01, 45.01,
29.26, 25.60, 21.91, 14.72, 1.03.

HRMS(ESI) m/z [M+H]*: caled for CaoHaaNa: 419.3421; found: 419.3424

N | N

N
Ph ~F

2-((S)-1-((R)-1-phenylethyl)piperidin-2-yl)pyridine, yellow oil.  Yield: 65%

'H NMR (400 MHz, CDCl3) 6 (ppm): 8.53 (dt, ) = 4.8, 1.2 Hz, 1H), 7.66 (td, ] = 6.8, 1.6

Hz, 1H), 7.60 (d, ) = 8 Hz, 1H), 7.44 (d, ) = 8.4 Hz, 2H), 7.29 (t, ) = 7.2 Hz, 2H), 7.19 (t, J
=7.2 Hz, 1H), 7.13 (td, ) = 6.8 Hz, 1.6Hz, 1H), 3.79 (dd, J = 10.8, 3.2 Hz, 1H), 3.71 (q, J
= 6.8 Hz, 1H), 2.60 (dtd, J = 11.2, 3.6, 1.6 Hz, 1H), 2.28 (td, J = 11.2, 2.8 Hz, 1H), 1.87

(dg,J=12.8, 2 Hz, 1H), 1.78 (dt, ) = 12.4, 4 Hz, 1H), 1.60 (m, 2H), 1.50 (qt, J =12, 3.6
Hz, 1H), 1.36 (qt, J = 12.8, 3.6 Hz, 1H), 1.27 (d, ) = 6.8 Hz, 3H).

13C NMR (400 MHz, CDCls) 6 (ppm): 164.82, 148.89, 144.35, 136.62, 127.84, 127.50,

126.18, 121.92,121.78, 67.05, 55.84, 44.78, 35.63, 26.04, 25.09, 8.71.

HRMS(ESI) m/z [M+H]*: calcd for CigH22N2: 267.1856; found: 267.186

N

X
e

(S)-2-phenyl-1-((R)-1-(p-tolyl)ethyl)piperidine, white solid.  Yield: 91%
IH NMR (400 MHz, CDCls) & (ppm): 7.46 (d, J = 7.2 Hz, 2H), 7.30 (m, 4H), 7.19 (t, J =
7.2 Hz, 1H), 7.09 (d, J = 8 Hz, 2H), 3.80 (q, ) = 6.8 Hz, 1H), 3.49 (dd, J = 10.4, 2.8 Hz,

1H), 2.58 (dt, J =11.2, 3.2 Hz, 1H), 2.30 (s, 3H), 2.20 (td, ) = 11.2, 2.8 Hz, 1H), 1.75 (m,
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2H), 1.66 (m, 1H), 1.53 (m, 1H), 1.45 (tt, ) = 12.4, 3.6 Hz, 1H), 1.33 (m, 1H), 1.16 (d, ) =
6.8 Hz, 3H).

13C NMR (400 MHz, CDCls) & (ppm): 145.39, 141.78, 135.51, 128.54, 127.59, 127.47,
126.91, 66.65, 54.71, 45.10, 37.34, 26.41, 25.73, 21.06, 8.22

HRMS(ESI) m/z [M+H]*: caled for CaoHasN: 280.206; found: 280.2063

BN
A

(S)-1-((R)-1-(4-chlorophenyl)ethyl)-2-phenylpiperidine, white solid.  Yield: 90%

1H NMR (400 MHz, CDCl3) & (ppm): 7.45 (d, J = 6.4 Hz, 2H), 7.35 (d, J = 7.6 Hz, 2H),
7.33 (t,J = 7.6 Hz, 2H), 7.25 (m, 3H), 3.77 (g, ) = 6.8 Hz, 1H), 3.49 (dd, J = 10.8, 2.8 Hz,
1H), 2.51 (dt, J = 11.2, 1.6 Hz, 1H), 2.20 (td, J = 11.6, 2.8 Hz, 1H), 1.76 (m, 2H), 1.66 (m,
1H), 1.55 (m, 1H), 1.46 (qt, J = 12.4, 3.2 Hz, 1H), 1.34 (qt, J = 12, 3.6 Hz, 1H), 1.16 (d, J
= 6.8 Hz, 3H).

13C NMR (400 MHz, CDCls) 6 (ppm): 145.05, 143.32, 131.73, 128.87, 128.57, 127.85,
127.48, 127.01, 65.55, 54.48, 45.11, 37.13, 26.28, 25.58, 8.17

HRMS(ESI) /. [M+H]*: calcd for C19H2,CIN: 300.1514; found: 300.1515

\“"kPh

(R)-2-phenyl-1-((S)-1-phenylethyl)piperidine, white solid.  Yield: 77%
'H NMR (400 MHz, CDCl3) 6 (ppm): 7.45 (m, 4H), 7.30 (m, 4H), 7.19 (m, 2H), 3.85 (q, J

= 6.8Hz, 1H), 3.51 (dd, J = 10.8, 2.8 Hz, 1H), 2.58 (dt, J = 11.2, 2 Hz, 1H), 2.22 (td, ) =
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11.2, 2.8 Hz, 1H), 1.78 (m, 2H), 1.68 (m, 1H), 1.55 (m, 1H), 1.48 (qt, J = 12, 3.2 Hz, 1H),
1.35 (tt, J = 12, 4.4 Hz, 1H), 1.19 (d, J = 6.8 Hz, 3H)

13C NMR (400 MHz, CDCls) & (ppm): 145.27, 144.76, 128.51, 127.76, 127.56, 127.52,
126.90, 126.04,65.60, 54.92, 45.12, 37.22, 26.32, 25.65, 8.09

HRMS(ESI) m/z [M+H]*: calcd for CioHa3N: 266.1903; found: 266.1906

76



4.4 Representative NMR and MASS spectra
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