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General Remarks

The present investigations are carried out in Department of Chemistry, Indian Institute of
Technology Guwahati, during the period from July-2012 to February-2018 as a Ph.D.
student under the supervision of Dr. Subhas Chandra Pan.

All reactions involving air- or moisture-sensitive reagents or intermediates were carried
out in oven-dried glassware under an argon atmosphere. THF and diethylether (Et20)
were freshly distilled from Sodium under argon. Dichloromethane (CH:Cl;) and
dichloroethane (CICH2CH:CI) were freshly distilled from calcium hydride (CaH>).
Chloroform (CHCI3) was distilled calcium chloride (CaCl,) and store under argon.
Triethylamine (EtsN) was distilled from CaH> and stored under argon. Commercial grade
xylene, benzene and toluene were distilled from calcium hydride (CaH.) before use.
Trifluorotoluene (PhCF3) was used as received from Sigma India. All other solvents and
reagents were purified according to standard procedures or were used as received from

Aldrich Acros, Merck and Spectrochem.

'H &3C NMR spectroscopy: Varian Mercury plus 400 MHz and Bruker DRX 600 MHz.
Chemical shifts, 6 (in ppm), are reported relative to TMS (6 (1H) 0.0 ppm, 6 (13C) 0.0
ppm) which was used as the inner reference. Otherwise the solvents residual proton
resonance and carbon resonance (CHCls, § (*H) 7.26 ppm, & (*3C) 77.23 ppm; CD3OD,
(*H) 3.31 ppm, & (**C) 49.15 ppm) were used for calibration.

Column chromatography: Merck or Spectrochem silica gel 60-120, 230-400 mesh or
neutral alumina (Merck or Fischer Scientific) under gravity. After purifications the

solvent was usually removed in Biichi R-114V rotavapour.

MS (ESI-HRMS): Mass spectra were recorded on an Agilent Accurate-Mass Q-TOF
LC/MS 6520, and peaks are given in m/z (% of basis peak).

X-RD: X-ray crystallographic data were collected using a Bruker SMART APEX-II CCD
diffractometer, equipped with a fine focus 1.75 kW sealed tube Mo-Ka radiation ( 1 =
0.71073 A) at 296(2) K, with increasing w (width of 0.3° per frame) at a scan speed of 3
s/frame. Structures were solved by direct methods using SHELXS-97 and refined with

full matrix least squares on F2 using SHELXL-97.
xiii
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HPLC: HPLC analysis using Dionex (Ultimate 3000) instrument with chiral columns in

comparison with authentic racemic materials.
TLC: Reactions were monitored by TLC on silica gel 60 F2s4 (0.25mm).

Melting Point: Melting points were measured using BuCHI melting point B-540
apparatus.

FT-IR: FT-IR spectra were recorded using Perkin Elmer IR spectrometer.
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Abstract

The contents of this thesis entitled “Organocatalytic Asymmetric Michael and Aza-
Henry Reactions for the Synthesis of Nitrogen- and Oxygen- Containing Heterocyclic
Compounds” have been divided into five chapters based on the results of experimental

works performed during the complete course of the PhD research period.

Chapter 1 of the dissertation presents a brief review of organocatalytic Michael and aza-
Henry reactions. This chapter mainly highlighted on cinchona alkaloid, prolinol and
tertiary leucine derived catalysts, since these catalysts were primarily utilized in the
works demonstrated in this thesis.

Chapter 2 describes the bifunctional thiourea catalyzed Michael/hemiketalization/retro-
aldol reaction of unsaturated pyrazolones and a-nitroketones. Using tertiary leucine
derived thiourea catalyst, high yields with excellent enantioselectivities were attained for
a variety of 3-acyloxy pyrazoles under mild reaction conditions (Scheme 1). Additionally,
few reactions were performed to further extend the synthetic utility of the Michael
product and the N-protected 3-acyloxy pyrazoles were obtained with excellent

enantioselectivities and good yields.

R3 R1 sszN R1 . CF3
7 / 9 catalyst (10 mol%) 7 | \l/ S
N\ (o) - R4K/N02 N \ 4 i N - )J\
N PhCF;,0°C,5d °N OCOR : ~N N CF

3

R? 37 examples R? H b
) catalyst
R, RZ=Ar  R*=Ar, HetAr, Alk yield up to 94%
R3 = Me, Ph ee up to 99%
Scheme 1

Chapter 3 demonstrates an organocatalytic asymmetric cascade
Michael/hemiacetalization/acyl transfer reaction of o-hydroxycinnamaldehydes and a-
nitroketones. Prolinol TMS ether catalyst in combination with benzoic acid were used for
the excellent enantio- and diastereoselective synthesis of 2,4-disubstituted chromans
(Scheme 2). This protocol was again extended for the chiral synthesis of 2,4-disubstituted
chromans by valuable synthetic transformations such as reduction of nitro to amine and
protection of this amine by Boc-anhydride and benzoyl anhydride, reduction of ester to

alkane.
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O,N

CHO : Ph

NS 0 catalyst (20 mol%) N o |

RT kNO Ri- I Ph
= * R 2 T J 7 ON
OH PhCO,H (20 mol%) 0" Yo R H OTMS

_ ; -20°C,DCE, 7d ' catalyst

R = 4-Cl, 4,6-diCl etc. R' = Aryl, Alkyl yield up to 93%
29 examples

ee up to 96%
single diastereomer

Scheme 2

Chapter 4 discloses the organocatalytic asymmetric Michael-oxa-Michael reaction of
linear deconjugated enones having o-CH groups with electron poor oxadienes. A series
of 2,4-stereogenic 3,4-dihydropyrans were synthesised with high yields and excellent
enantioselectivities by using the quinine derived primary amine catalyst (Scheme 3).

R =
3 OMe %
R3 (6] R
0 o catalyst (20 mol%) ‘ H N

R RZ cN  PhCO,H (10 mol%) R2 | Y NHz
. ) CHCl3, 0 °C . N~
R" = Alkyl, Aryl  R“ = Aryl, Alkyl CIs: major talvst:
R3 = Aryl 34 examples yield up to 99% -
ee up to 99%
drupto 7:1

Scheme 3

Chapter 5 describes the hydroquinine amine catalyzed domino Michael-hemiketalization
reaction between alkylidene pyrazolones and cyclic ketones/aliphatic aldehydes. Using
this standard condition, the fused tetrahydropyrano[2,3-c]pyrazole products having three
contiguous stereocentres were obtained with moderate to good vyields, perfect
diastereoselectivities and good to high enantioselectivities (Scheme 4). Also, few
synthetic transformations of the product including a spiro derivative formation have been

demonstrated.
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0]

R0 fﬁ )

Ph H R2 1 X OH !
HOL_O~ N, catalyst (20 mol%) ; 74 catalyst (20 mol%) | N\N
| N N X /
/) < R
RJ;/\Q( 2-FCgH,CO,H (20 mol%) N O 2.FC4H,CO,H (20 mol%) A ke
ph Me toluene, rt, 7 d Ar toluene, rt, 7 d R
yield up to 50% 4 examples 29 examples yield up to 75%
ee up to 80% OMe ee up to 90%
(>99% ee after cryst.) H N (>99%ee after cryst.)
R = H. Alkvl. Arvl R = Aryl, Alkyl
=r, yl, Ary | A NH, RS = Alkyl, Aryl
N__~ Ar = Aryl
catalyst
Scheme 4

Chapter 6 presents an asymmetric synthesis of trans-2-aryl/alkyl-3-nitro-
tetrahydroquinolines using a direct intramolecular aza-Henry reaction. Using easily
available quinine alkaloid derived bifunctional thiourea catalyst, trans-2-aryl-3-nitro-
tetrahydroquinoline products were achieved in high yields and good enantioselectivities.
Interestingly, excellent enantioselectivities were obtained after single recrystallization for

\ }J
H—£N CFs

some products (Scheme 5).

NO, NO, |
RIS catalyst (10 mol%) X N2
| + R2CHO - I/ P ;
NH, pentane:CH,Cl, (5:1) R N RZ i B NH
3d,rt | N__—
1 = 2 —3 |
R" = Cl, Me,..etc R* = Alryl, Alkyl 24 exAMDIES b S H CF;
yield up to 95% catalyst
ee up to 76%
(99% ee after recrystallisation)
Scheme 5

XVii

TH-1786_126122012



TH-1786_126122012



Chapter 1

1.1. Asymmetric synthesis:

The development of methods for acquiring enantiomerically pure compounds attracts the
attention due to the importance in pharmaceutical industry, academics and others. It is
well-known that different diastereomers or enantiomers show different biological
properties. For example, S-Dopa helps to restore nerve function in human body, whereas
R-Dopa is toxic in nature. In respond to the growing demand of chiral molecules,
developments of new asymmetric synthetic methodologies are highly essential.
Traditionally, the enantiopure natural products and drugs were synthesized by two
synthetic approaches such as chiral pool synthesis or chiral auxiliary approaches. The
targeted optically active molecules can be synthesized from naturally occurring
enantiomerically pure compounds in chiral pool strategy. Whereas in case of chiral
auxiliary approach, chiral inducing agent can be temporarily incorporated in an achiral
substrate to form enantiomerically enriched compound through stereoselective reaction
with the substrate followed by release of the catalyst. However, considering the step- and
atom-economical aspects of synthesis, asymmetric catalysis is the best choice for
asymmetric synthesis, because the chiral agents can be used in sub-stoichiometric

amount and also for their reusability.
1.2. Organocatalytic asymmetric synthesis:

For long decades, two classes of chiral catalysts such as enzyme and transition
metal catalysts were tremendously used in asymmetric synthesis. In 1890, Emil Fischer
first established an asymmetric reaction (diastereoselective reaction) of cyanohydrins for
the synthesis of sugars by using biocatalysts.! In 2001, William S. Knowles and Ryoji
Noyori were laureated the Nobel prize for their work on transition metal catalyzed
asymmetric hydrogenation reaction. K. Barry Sharpless was also recipient of that honour
for his work on transition metal catalyzed asymmetric oxidation reaction in the same
year. Though the enzyme and metal catalysts had been enormously employed in
asymmetric syntheses to generate enantiopure compounds, their utilizations remained
limited for specific reactions. Along with, bio/enzyme catalysts have drawbacks such as
less thermostability, narrow substrate scope, and low or wrong stereo- and
regioselectivity and metal catalysts may leave the toxic traces in the product and also in

general expensive.?
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Chapter 1

From the last decade, a new asymmetric catalytic method, organocatalysis has
emerged as a very powerful strategy for the synthesis of enantiopure compounds. It was
first introduced by Bredig and co-workers.®> Organocatalysts are pure organic (without
metals), small molecules (compared to nucleic acids, proteins or polymers) and recycled
more efficiently compared to metal/bio-catalysts.* Usually, organocatalysts do not
require any inert gas, moisture free reagents and solvents as these are unaffected by
oxygen or moisture.® Moreover, organocatalysts are cheap, stable, easy to handle and can
also be synthesized from naturally occurring organic reagents as starting material such as
hydroxy acids, amino acids, and carbohydrates etc.®> Especially, the absence of transition
metals and non-toxic nature of organocatalyts have great attention of synthetic organic
chemists for the preparation of compounds that should not contain metal contamination,
e.g. pharmaceutical products or intermediates.

In 1912, Bredig group first reported the organocatalytic asymmetric reaction of
aldehydes with HCN by simply using cinchona alkaloid catalyst. Unfortunately, only 9%
yield and 10% enantioselectivity were attained for the corresponding product (Scheme
1).3

OH

©/CHO HCN, CHClj, rt, 24 h @COZH
2. 4N H,SO,
yield 9%
ee 10%

Scheme 1
Remarkably, after almost 50 years Pracejus group (1960) described an organocatalytic
asymmetric reaction of phenylmethylketene with methanol by using the acetylquinine as
catalyst. The corresponding product was achieved with excellent yield and acceptable

level of enantioselectivity (Scheme 2).°
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(1 mol%)
Ph H, _Me
)=C=0 + MeOH - ph/ﬂ(o\
Me toluene, 110 °C 0
yield 93%
ee 74%

Scheme 2
In the early 1971, Hajosh’ and Wiechert® groups simultaneously pioneered in using
proline as effective catalyst for an asymmetric intramolecular aldol cyclization reaction.
The reaction used prochiral triketone as substrate through an enamine intermediate and
provided the cyclic aldol product with excellent enantioselectivity (93%) and yield (99%,

Scheme 3).
Me Me O
Me\[(\% L-proline (3 mol%) m
(0] o) DMF, 20 °C, 24 h 0] OH
yield 99%
ee 93%

Scheme 3
Later, in 1998, the chiral thiourea was utilized as organocatalyst for the first time. The
chiral peptide based thiourea catalyzed Strecker reaction of aldimines and hydrogen

cyanide was demonstrated by Jacobsen group (Scheme 4).°

s
PhH?JK\Q
oy .

'LaR

N

(2 mol%) HO )OJ\
/\/
N/\/ 1. toluene, -78 °C By OMe FiC N
P + HCN - ] )*\CN
R 3 2. TFAA

15 examples yield up to 92%

i ee up to 91%

Scheme 4
4
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Chapter 1

Since 2000, a new era was begun for various organocatalytic asymmetric reactions such
as aldol, Mannich, Michael, and Diels-Alder reactions by using proline and its analogues
as catalysts, which was developed by List,}® MacMillan'! and Barbas 111*2 group
(Scheme 5). The field of organocatalysis can be classified into four types such as Lewis
base, Lewis acid, Bransted base and Brgnsted acid.™

D‘COzH
0 Q N (30 mol%) 7 9
H mol7o
)k + RJ\H - MR Aldol

DMSO/Acetone (4:1), rt yield up 97% Barbas Il et al. 2000
ee up to 96%

M
O N Me
j\: >’-~Me
(0] N 0
Ph (5 mol%) b .
H o R CHO  Diels-Alder
@ + R/\)]\H \ + 5

MeOH/H,0, 23 °C CHO R MacMillan et al. 2000
yield up to 99%
ee up to 93%

dr 50:50
CO,H
N
35 mol% PMP
0) o] H , 'd'( ) O HN~ Mannich
-anisidine E
on - )J\H - . )K/'\R List et al. 2000
DMSO/Acetone, rt yield up to 93%
ee up to 96%
PMP = p-methoxyphenyl
B
H
o b
(20 mol%) H N Michael
R CHO + gXx-NO: © C\‘)V 0 Barbas Il et al. 2001
2 THF, rt R,

yield up to 96%
ee up to 78%
dr up to 98:2

Scheme 5: Illustrates some breakthrough reactions which recognised organocatalysis as
efficient asymmetric catalytic system.

But, in terms of mechanistic way, organocatalysts are mainly divided into two types,
covalent and non-covalent bonding catalysis. In covalent bonding catalysis, substrates
interact with catalyst via covalent bond either by Lewis acid-Lewis base reaction or

formation of imine/enamine intermediates. Whereas, in the non-covalent bonding
5
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Chapter 1

catalysis, reactants and catalysts interact through hydrogen bonding or formation of ion

pair intermediates.'*
1.3. Michael Reaction using organocatalysts:

Michael reaction plays a vital role for the formation of C—C bonds in organic
chemistry. Michael/conjugate addition reaction defines as the nucleophilic addition of
stabilized anions (carbanions, enolates, etc) to conjugate enones or a,B-unsaturated
carbonyl compounds or similar type of compounds. The first Michael addition reaction
was between the ethyl malonates and ethyl esters of cinnamic acids in the presence of
sodium acetate base, which was established by Arthur Michael in 1887.%° After a long
time, in the year 1975, the first example of organocatalytic asymmetric Michael addition
reaction was demonstrated by Wynberg group. The quinine catalyzed Michael reaction
of methyl vinyl ketone and cyclic B-ketoester delivered the corresponding product with
99% vyield and 68% enantiomeric excess. Moreover, the enantioselectivity of the product

was increased to 89% after recrystallization (Scheme 6).°

0 “'OH
0 (0.3 mol%)
. ,W(oa
OEt toluene, rt |O
yield 99%
ee 68%

(89% after recrystallization)

Scheme 6
Asymmetric organocatalytic Michael reaction has attracted great attention in recent years
because of its environmental friendliness and application in natural product synthesis as
well as in medicinal chemistry. Since 2000, organocatalytic asymmetric Michael
addition reaction was carefully investigated by List,'” Barbas 111,® Roder,'® Enders,?°
and Baro?! groups. Generally, in the asymmetric Michael addition reaction, chiral
organocatalysts activated the reactants by three possible ways, firstly, activate the
Michael acceptor via formation of an iminium species (I, Figure 1), secondly, activation

of Michael donors through the formation of an enamine intermediate (11, Figure 1) and
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thirdly, act as a base forming a complex with Michael donors to react with the acceptor
(111, Figure 1)*8,

® ®
i o .
NR? {NR3 o HNR
)AF“ i i
2 EWG Q‘\ EWG
Nu R1/\/ R1/\/

Figure 1. Mechanisms for amine-catalyzed Michael reactions

1.3.1. Organocatalysts activate the Michael acceptor via formation of an iminium

species:

The o,B-unsaturated aldehydes or ketones react with chiral amines, generate
iminium ion intermediates, and after reaction with various nucleophiles deliver the
Michael addition products (Scheme 7).

R2 RS

N 2 3 R2 RS
R\+/R NN
0 A N & o
R | - H0 R Michael additon R~ ~Nu B{N,R?’ R” > Nu

H
Scheme 7. Activated Michael acceptor by iminium intermediates

Hanessian group reported the first example of iminium catalyzed asymmetric Michael
reaction of cyclohexenone with nitroalkanes by using L-proline catalyst in combination
with trans-2,5-dimethylpiperazine as an additive. A variety of substrates such as
cyclopentenone, cycloheptenone, cyclic nitroalkanes and long chain acyclic nitroalkanes
were utilized for the reaction and provided the corresponding products with excellent

yields and enantiomeric excesses (Scheme 8).2%

@) 0]

L-Proline (3-7 mol%)
+ R'RZCHNO, -
= 2,5-dimethypiperazine 5, R
~

n= 1, 2, 3 CHC|3, rt

2
o,N R

yield up to 88%
ee up to 93%

20 examples

Scheme 8
7
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Recently, a,a-diarylprolinol ether derived catalysts became popular in organocatalytic
Michael addition reaction via iminium strategy. Jargensen and co-workers first utilized
this type of catalyst in asymmetric organocatalytic Michael addition reaction and
performed a reaction between malonates and a,B-unsaturated aldehydes through iminium

ion intermediates to achieve highly enantiopure oxo-esters (Scheme 9).23

Ar (l)
Ar
@)

N OTMS (10 mol% J) 2
ri-AL,, +R20,c_coR? __H ( R OO

EtOH, 0 °'C CO,R?

19 examples ,
yield up to 95%
Ar = 3,5-(CF3),-CgH3 ee up to 95%
Scheme 9

In 2007, Chen group first introduced the cinchona alkaloid derived primary amine
catalyzed Michael addition reaction of o,a-dicyanoalkenes with simple enones through
iminium ion intermediates. Using this protocol, a series of Michael addition products

were attained with excellent enantioselectivities and yields (Scheme 10).%

OMe _?3
N

) TNH,
NC CN N _—

| o .
X R1/\)J\R2 (20 mol%)
X TFA (40 mol%)
THF, 0 °C yield up to 98%,
ee upto 99% ee

Y

11 examples

Scheme 10

1.3.2. Activation of ketone or aldehyde donors via formation of an enamine

intermediate using organocatalysts:

There were many reports on organocatalyzed asymmetric Michael addition to a,p-
unsaturated enones or similar types of compounds through enamine intermediates. In
enamine catalyzed reactions, chiral amines react with aldehydes or ketones, forming
iminium intermediates which subsequently convert into enamine intermediates and
consequently react with various electrophiles (Scheme 11).}* Since 2000, the enamine

8
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catalyzed asymmetric Michael addition reaction was explored by List,®> Barbas 111,
Enders,?’and Andrey?® group using catalysts such as the L-proline and its derivatives.

RS _R*
”/ R3 R4
0 R + R* SN°
* N . O Y-H
R H —H 1J\ H,0 Y
— H3 2 R 3 4
R _ R\N’R R2
iminium ion enamine H

Scheme 11. Activation of Michael donors by formation of enamine intermediates

Connon group presented an asymmetric Michael reaction between cyclic ketones and -
nitrostyrenes via enamine intermediates using cinchona alkaloid derived hydroquinine
amine catalyst and benzoic acid as an additive. Utilizing this method, other substrates
such as linear ketones, linear and a-branched aldehydes also delivered the corresponding

Michael products with good yields and diastereoselectivities (Scheme 12).%°

OMe 75
N

0 . NH, ak 2B

N__—~ F NO
b o UNO, (10 - 20 mol%) - 2
R > :

PhCO,H (10 - 20 mol%)

rt, neat yield up to 18%,
ee up to 99%
19 examples dr up to 11:1
Scheme 12

Hayashi et al. utilized diphenylprolinol silyl ether catalyst in asymmetric Michael
addition reaction of aldehydes with nitroolefins through enamine intermediates and this
reaction delivered excellent diastereo- and enantioselective Michael products (Scheme
13).%

TH-1786_126122012



Chapter 1

Ph

[N> OT;Z (10 mol%) 0 R
R1/vo + Rz/\/NOZ H » H)KH\/NOZ

hexane, 0 - 23 °C R!

yield up to 85%
ee up to 99%
dr up to 95:5

12 examples

Scheme 13
1.3.3. Organocatalysts forming base complex with Michael donors as well as

acceptors:

In 1975, Wynberg group reported quinine catalyzed asymmetric Michael addition
reaction through base complex intermediates and illustrated the Bronsted base activity of
quinuclidine nitrogen of cinchona alkaloid catalysts (Scheme 14).3! Later, Hesse group
(1993) demonstrated Michael addition of methylvinylketone with 2-nitrocycloalkanes

via base complex intermediates using the cinchonine catalyst (Scheme 15).%

Scheme 14. Formation of base complex intermediates with Michael donors and

acceptors.

ccCl,,-20°C n
yield up to 97%
ee up to 60%

0 -
No, @ .
+ HJ\ - N02
; |
n=1..10

Scheme 15
The cinchona alkaloid catalyzed highly enantioselective Michael addition reaction of

malonates with nitroalkenes was first demonstrated by Deng group in 2004. The reaction

10
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delivered comparable results using both quinine and quinidine derived catalysts (Scheme
16).%

MeOZC COzMe
(10 mol%)

RINANO2 + Meo,c>co,Me - L no,
THF, - 20 °C R

yield up to 99%

ee up to 98%

18 examples

Scheme 16
Recently, bifunctional catalysts were effectively used in asymmetric Michael addition
reactions. Takemoto group first introduced cyclohexyl derived bifunctional tertiary
amine thiourea catalyst and employed in Michael reaction of malonates with nitroolefins
(Scheme 17).3* Moreover, Connon group also reported similar reaction using cinchona

alkaloid bifunctional catalyst to furnish highly enantioenriched Michael adducts (Scheme

18).35
~\
H oHoD
YT
I .
R3 R OZC S COzR
CF, (10 mol%) j;
R1/\/N02 + RZOZC)\CozRZ . R1 N02
toluene, rt
8 examples yield up to 95%

ee up to 93%
Scheme 17

S”N CFy4 o 