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Abstract. Pyrazolines and pyrazolidines represent two important classes of five-membered N-heterocycles
found in many natural products, agrochemicals and biologically active molecules. Over the past decades,
tremendous efforts have been devoted to the development of efficient methods for efficient construction of
these scaffolds. However, the catalytic asymmetric synthesis of pyrazolines and pyrazolidines remains a
challenging task for organic chemists. Recently, a wide range of catalytic asymmetric cycloaddition,
cyclization and cascade reactions have been developed to access these enantioenriched heterocycles. Thus,
this chapter will survey the main recent advances on the catalytic asymmetric synthesis of pyrazoline and

pyrazolidine derivatives and working models.
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1. Introduction

Pyrazolines and pyrazolidines are two classes of privileged five-membered nitrogen-containing
heterocycles with wide existence in many natural products, biologically active compounds, engineering
materials and pharmaceuticals.’ They have also been often utilized as valuable synthetic building blocks and
chiral ligands in asymmetric catalysis.2 Not surprisingly, over the past few decades, considerable efforts
have been devoted to the development of much more practical, efficient and step-economic approaches to

these important architectures. In this context, however, the catalytic asymmetric synthesis of pyrazoline and
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pyrazolidine derivatives has still been largely unexplored and remains a challenging and attractive task for
organic chemists. Recently, catalytic asymmetric 1,3-dipolar cycloaddition reaction has received extensive
attention within the synthetic organic community, and been established as a versatile platform for the
efficient synthesis of optically active pyrazoline and pyrazolidine derivatives.’ In this regard, nitrile imines,
diazoacetates and azomethine imines have served as three types of versatile 1,3-dipoles and found wide
applications in 1,3-dipolar cycloaddition reactions for their synthesis through metal- or organocatalysis. In
addition, catalytic asymmetric 6m electrocyclization and conjugate addition/cyclization cascade reactions
also provided efficient methods to construct these heterocyclic scaffolds. Since the first report of the
Kobayashi group in 2002, the asymmetric [34+2] cycloaddition reactions of hydrazones with alkenes have
also proved to be another powerful approach to these N—heterocycles.5 Thus, the main recent advances on
the catalytic asymmetric synthesis of pyrazoline and pyrazolidine derivatives and working models will be
discussed in this chapter.

2. Catalytic asymmetric synthesis of pyrazolines
2.1. 1,3-Dipolar cycloaddition reactions
2.1.1. 1,3-Dipolar cycloaddition reactions of nitrile imines

Recently, the 1,3-dipolar cycloaddition reaction (1,3-DCR) has been established as one of the most
powerful methods for the assembly of diversely functionalized five-membered nitrogen-containing
heterocycles.3 In this context, nitrile imines represent a class of versatile 1,3-dipoles, generated in sifu from
the corresponding hydrazonoyl chlorides or bromides under the alkaline condition, and have been
successfully applied to the synthesis of biologically important pyrazoline derivatives. However, over the
past decades, this field has been dominated by the racemic reactions. The development of catalytic
asymmetric cycloadditions of nitrile imines for the synthesis of optically active pyrazolines remain a
challenging task for synthetic chemists.

In this regard, the Sibi group in 2005 reported a pioneering example of catalytic asymmetric [3+2]
cycloaddition of electron-deficient olefins 1 with nitrile imines 2 using a chiral Mg(Il)-complex as catalyst
(Scheme 1).6

1) Mg(NTf5), (10 mol%) R’
Ligand 3 (10 mol%) Hoh
)OI\ o) RS NH X iPr,NEt (1.5 eq) N P R?
o N/ZK%\ + \N:< -78 DCl CH2C|2, 4 A MS /@: N
\/ ) R? R4 R2 R3
2

2) NaBH,, THF/H,0 R*
4 (14 |
R' = Me, Et, aryl, 2-furyl, R®=Br, MeO, H; R* = H, Br 8(2 gz)sjr:iZES)
- (4
OBz, CO,Bu X =Br, C EO>\O X Q 79-99% ee
N 7 X:
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Scheme 1. Mg(II)-complex catalyzed enantioselective [3+2] cycloaddition of nitrile imines.
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The achiral chelating auxiliary oxazolidinone moiety of 1 proved to be essential for high reaction
efficiency. Compared with Mg(NTf,),, other Lewis acids, such as Zn(II), Ni(Il) and Cu(Il), showed
relatively lower catalytic activity. Under the optimized reaction conditions, the pyrazoline derivatives 4
could be obtained in generally good yields with excellent enantioselectivities (up to 98% yield, 99% ee).
Based on the observed coherent absolute configuration of the products, a possible transition-state TS-1 was
also proposed to explain the stereochemical outcome of the reaction although the precise mechanism is
unclear (Scheme 1). This work represented the first example of catalytic asymmetric 1,3-dipolar reaction of
nitrile imines for the synthesis of optically active pyrazolines. However, the indispensable achiral chelating
auxiliary of the substrates limited the potential practical application of this methodology to somewhat extent.

As part of their continuing work on pyrazolines synthesis via a [3+2] cycloaddition of nitrile imines,
Sibi and co-workers in 2006 further developed a Mgly/bisoxazoline 3 complex catalyzed 1,3-dipolar
cycloaddition reaction of o, B-unsaturated carbonyl substrates 5 with nitrile imines (Scheme 2). In contrast
to their previous report,6 1-benzyl-5,5-dimethylpyrazolidin-3-one was identified as the suitable achiral
auxiliary in this reaction.” Under the optimal conditions, various enantioenriched dihydropyrazoles 7 bearing
a stereocenter at S-position can be obtained in moderate to good yields with high enantioselectivities (up to
96% yield, 99% ee).

R4 Mgl, (30 mol%)

Y ! Ligand 3 (33 mol%)
N,N—/gz\ . Jl\ Et;N (1.2 eq)

E wa/o
H AN ! <// \
N R N N\%
R : ‘
N ,
PH 6 : 3

) R1 R2 R3 Br -78 OC, CH20|2, 4 A MS
7 (15 examples) |

R' = Me; R? = Me, Et, Ph 39-96% yield
R® = Ph, BnOCH,; R* = 4-BrPh, 4-MeOCgH, 67-99% ee

Scheme 2. Mgl,/bisoxazoline complex catalyzed asymmetric [3+2] cycloaddition of nitrile imines.

Inspired by Sibi’s pioneering works,”’ Feng and co-workers recently reported an enantioselective
cycloaddition reaction of nitrile imines 8 with 3-alkylidene oxindoles 9 by a chiral Mg(ClO,),/N,N’-dioxide
ligand 10 complex as catalyst without using any aluxilialry.8 Interestingly, it was found that higher reaction
temperature (60 °C) was crucial for good enantioselectivity. In addition, the HRMS experimental results
indicated that the substrates and products could coordinate with the catalyst. Based on these results, the
authors postulated that the substantial enhancement of the catalytic activity at slightly higher reaction

temperature may overcome the uncatalyzed process.

1
RS R ! 3
R2 =N : W
o / Mg(CIO,), (10 mol%) R ere | | ooy + o
|N . Ligand 10 (12 mol%) Hhe NS
o o N., O~ -0, _N
R1J\CI N DIPEA, 60 °C \ A NH TN
8 920° CH,CICH,CI Boc ! Ar = 2,6-Et,-4-MeCgH,
11 (31 examples) 10
R' = aryl R3 = aryl, alkyl 56-98% yield
R? = aryl, heteroaryl 63-99% ee

Scheme 3. Enantioselective [3+2] cycloaddition of nitrile imines with 3-alkenyl-oxindoles.
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The reaction showed broad substrate scope and furnished the corresponding highly functionalized and
biologically active spiro-pyrazoline-oxindole derivatives 11 in generally good yields with excellent

enantioselectivities (Scheme 3).

2.1.2. 1,3-Dipolar cycloaddition reactions of diazoacetates

Diazoacetates could also serve as another class of powerful 1,3-dipoles and have been widely utilized
in 1,3-dipolar cycloaddition reactions. Over the past decades, several asymmetric versions of these reactions
have been successfully achieved by employing different chiral auxiliaries.” In this regard, however, the
catalytic asymmetric 1,3-dipolar cycloaddition of diazoacetates with olefins remains largely unexplored. In
2000, Kanemasa and Kanai reported the first example of catalytic asymmetric 1,3-dipolar cycloaddition
reactions of trimethylsilyl-diazomethane 12 by using (R,R)-DBFOX-Ph 14/metal perchlorate complexes as
the chiral Lewis acid catalyst (Scheme 4).10 In the reaction, both of zinc(II) and nickel(Il) complex showed
high efficiency when using 3-crotonoyl-2-oxazolidinone (R = H) 13a as the substrate, affording the
corresponding product with 96% ee and 93% ee at -20 °C, respectively. However, in the case of 3-crotonoyl-
4,4-dimethyl-2-oxazolidinone 13c, both zinc(II) and nickel(Il) complexes were less effective than Mg(Il)
complex. The corresponding cycloadduct 15¢ was obtained with 75% yield and 97% ee by using Mg(II)

w 1 Cg)

o (R,R)-DBFOX-Ph 14 (12 mol%) OY o ' 0
Lewis acid (10 mol%) N ol o
- ¢ 07N 7
TMSCHN, + Me/\/U\N/( Ac,0 (1.1 eq) . NU)(NJ{ LN N
O CH,CI . ol 4
2v12 2 ' E
12 13 #R Me S< ! Ph Ph
R

R* R |14, (R R)-DBFOX-Ph

complex at -78 °C.

13a: R=H, Zn(CIO,), 79% yield, 96% ee 15
13b: R =H, Ni(CIO,4), 79% vyield, 93% ee
13c: R =Me, Mg(ClIO,), 75% yield, 97% ee

Scheme 4. Catalytic enantioselective 1,3-dipolar cycloaddition of diazoacetate.

Inspired by Kanemasa’s work, Maruoka and co-workers further extended the asymmetric 1,3-dipolar
cycloaddition to the more readily available substrates, such as a-substituted acroleins and diazoacetates,
which provided a practical access to enantioselective synthesis of densely functionalized pyrazoline
derivatives.'' It was found that both the reaction temperature and structure of titanium BINOLates are
critical to the enantioselectivity of this transformation. As illustrated in Table 1, using titanium BINOLates
18a as the catalyst, the reaction proceeded sluggishly, leading to a complex mixture at 0 °C. Fortunately,
lowering the reaction temperature to -40 °C, the reaction proceeded well to give the desired product
pyrazoline 19 with 42% yield and 88% ee. Further optimization of the reaction conditions indentified
titanium BINOLates 18b and 18c¢ to be two optimal catalysts, delivering the corresponding product 19 with
90% ee and 95% ee, respectively. Thus, under the standard reaction conditions, various pyrazoline
derivatives 22 were successfully synthesized in moderate to good yields with excellent enantioselectivities
(Scheme 5). Importantly, the product 22a can be conveniently applied to the total synthesis of Manzacidin A

through simple four steps with good overall yield.
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Table 1. Titanium complex catalyzed enantioselective 1,3-dipolar cycloaddition reaction between acrolein
16 and diazoacetatel7.

H
Me i i - -N
%\CHO . N,CHCO,Et Lewis glci:d(;sa 18¢c /ll\ll\)<Me
17 272 EtO,C CHO
16 19

Lewis acid: 18a = (S)-BINOL/Ti(O'Pr), (1:1)
18b = (S)-BINOL/Ti(O'Pr), (2:1)
18¢ = bis{((S)-binaph-thoxy)(isopropoxy)titanium} oxide

Entry catalyst (mol%)  Temp. [°C] Time (h) Yield [%] ee [%]
1 18a (10) 0 1 - -
2 18a (10) -40 4 42 88
3 18b (10) -40 2 54 90
4 18¢c (5) -40 3 52 95
N
j\ t Lewis acid 18b or 18¢ )NLXR
+ N,CHCO,'Bu
CHO 22 CH,Cl,, - 40 °C 'BUO,C CHO
20 21 22 (9 examples)
R = Me, Et, BhnOCH,CHj, 43-82% yield
PhCH,CH, Cy, Pr 80-94% ee
H H MeQ
)NLN)<M6 NaBH,, EtOAc leN Me PPTS, HC(OMe); N/N/\O
73% yield )\)< 89% yield 5
E10,C CHO oy Et0,C CH,OH oy | e
22a 22-A EOL 298
Br
4-bromo-2-trichloroacetylpyrrole Né\NH N
Raney-Ni, H, NaH
i = = HO C)\/SK/O / N
PrOH/H,O DMF 2 Meé H
50% yield over two steps o
23, Manzacidin A

Scheme 5. Enantioselective 1,3-dipolar cycloaddition of diazoacetate and total synthesis of Manzacidin A.

In 2009, the Ryu group reported that the (S)-oxazaborolidinium catalyst 25 could also catalyze a
similar 1,3-dipolar cycloaddition between diazoacetate 17 and acroleins (Scheme 6).' It is noteworthy that
the scope of acroleins could be successfully extended to various a,B-disubstituted unsaturated aldehydes 24.
For instance, the reaction with 1-cyclohexene, 1-cyclopentene, and I-cycloheptene carboxaldehyde all
proceeded smoothly to provide the corppresponding densely functionalized chiral bicyclic 2-pyrazolines 26
in good yields with high enantioselectivities.

On the other hand, the group of Sibi in 2007 described a Mg(NTf,),-catalyzed asymmetric [3+2]
cycloaddition reaction of o or [-substituted o, B-unsaturated pyrazolidinone imides 27 with alkyl
diazoacetates 28 (Scheme 7)."° A range of o,B-disubstituted dipolarophiles could also participate in the
reaction smoothly to give the desired products with slightly low yields and excellent enantioselectivities,

while at elevated reaction temperature. Recently, a similar methodology was independently developed by
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Suga and co-workers using a Ni(II)/binaphthyldiimine as a chiral Lewis acid for efficient synthesis of

2-pyrazoline derivatives in good yields with high levels of enantioselectivity.'*

R H

5 = .Ph
O cat. 25 (20 mol%) NEANPUI O_S—)\
N,CHCO,Et + R2_/ | ; N

H  Propionitrile, - 93 °C EtQ,C z H
17 24 2 R2 ph T2N
R' = alkyl, aryl 26 (15 examples) 25
R2 = H, Me, Et 32-97% yield
75-97% ee
H CHO H CHO H CHO
/N A /N v /N S
N \ > N N\, j N N,
73% vyield, 97% ee 75% yield, 92% ee 70% yield, 85% ee

Scheme 6. Oxazaborolidinium catalyzed enantioselective 1,3-dipolar cycloaddition reaction
between diazoacetates and a,-unsaturated aldehydes.

0 0]
Y 0 0 Lewis acid (10 mol%) 7({{,\1 0
N ‘/g:\ + EtOH Ligand 3 or 29 (10 mol%) j\l . \\RZ
) R1 R2 N2 CH2C|2, 4 A MS Ph HN\ OFEt
Ph 27 28 30

X
| = Ligand 29:
OO N 29a: (R)-BINIM-2QN: X = H

29b: (R)-BINIM-4Me-2QN: X = Me
29¢: (R)-BINIM-4Ph-2QN: X = Ph

Oﬁx/o
&R
3

N N 29d: (R)-BINIM-4(3,5-Xylyl)-2QN:
\ N X = 3,5-Xylyl
| P 29e: (R)-BINIM-4(3,5-TFXylyl)-2QN:
29 X = 3,5-(CF3),CgHg
X
Sibi's work:1Mg(ll)/Ligand 3 Suga's work: Ni(ll)/Ligand 29
R'=H, Me R'=H; R? = H, Et, CO,Et
R?=H, Me, Et, CO,Bu, 'Pr, Ph, etc. 87-97% yield
32-91% yield 77-93% ee

88-99% ee

Scheme 7. Mg(II) or Ni(II) complex catalyzed enantioselective [3+2] cycloaddition
of pyrazolidinone imides.

2.1.3. 1,3-Dipolar cycloaddition reactions of azomethine imines to terminal alkynes

Catalytic asymmetric 1,3-dipolar cycloaddition reaction of azomethine imines with terminal alkynes
has also been established as one of most practical and convenient methods for construction of various
optically active five-membered N-heterocycles. However, though considerable attention has been devoted to
this field over the past decades, there is still limited number of publications dealing with catalytic

asymmetric version of such type of reaction. In this context, Fu’s group in 2003 described the first example
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of asymmetric Cu(I)-catalyzed [3+2] cycloaddition of azomethine imines 31 with terminal alkynes 32
(Scheme 8a)."> A bidentate P,N-ligand was finally determined as the best ligand after a careful optimization
study. A significant wide variety of aryl and alkyl-derived azomethine imines and alkynes were well
tolerated to allow for rapid synthesis of a wide variety of highly functionalized pyrazolidinone derivatives
34.

As for terminal alkynes, high reaction efficiency can be obtained when the alkynes contain electron-
withdrawing groups (i.e. carbonyl group) or electron-deficient aromatic groups. In addition, the simple alkyl
and phenyl substituents also proved to be suitable for this reaction, albeit with slightly diminished
enantioselectivities. Subsequently, the authors further applied such Cu(I)-catalyzed [3+2] cycloaddition
strategy to the kinetic resolution of racemic azomethine imines."®

On the contrary, Kobayashi and co-workers developed an unique 1,3-dipolar cycloaddition of
azomethine imines with terminal alkynes catalyzed by group 11 metal amides, such as Ag (I) or Cu (I)
amides with exclusive regioselectivity (Scheme 8b)."” For the racemic version, AgHMDS proved to be the
best catalyst of choice. In contrast to Fu’s work,"” the substrate scope can be successfully extended to
electron-rich alkynes. More importantly, the asymmetric version of this process was achieved by the use of
chiral Cu(I)/DIP-BINAP complex (Scheme 8b).

a) Fu's work:

O 0o /[O Me
/\—‘< i Cul (5 mol%) L ipy N/)\@/Me
ltl’N |“ Ligand 33 (5.5 mol%)

N 1 .
+ / | Me. Fe Me
P R2 Cy.NMe (0.5 eq), DCM, rt N)J\ : -
H™ "R? 4 R? . Me Me
31 32 ; 33 Me

34 (15 examples)
1= - -
R" = aryl, 1-cyclohexenyl, n-pentyl, Cy 63-100% yield

R? = CO,Et, n-pentyl, Ph, Heteroaryl 74-96% ee

b) Kobayashi's work: '

e 1 CD
O CuHMDS (4 mol%) R | PAr,
/ ¢ (S)-DIP-BINAP 35 (4.4 mol%) N PAr
{ v O
N
R1 35

CPME (2.0 mL), 40 °C

I
R2

|
P | ,-
31 32 36 (17 examples) Ar = 3,5-'PrCgH3;
R = aryl, °Hex, "Pr 83-94% yield ! (S)-DIP-BINAP
R2 = aryl, "Bu, TES, CH,OBn 82-95% ee

Scheme 8. Cu(I) complex-catalyzed enantioselective [3+2] cycloaddition
of azomethine imines with alkynes.

Remarkably, the authors confirmed that the regioselectivity of this reaction was governed by the chiral
ligands. In this reaction, employing 2,2’-bipyridine or bisoxazoline as ligands, an interesting complete
reversal in regioselectivity was observed. On the basis of control experimental results, a stepwise reaction
pathway was proposed to explain the unique regioselectivity of this reaction. As outlined in Scheme 9, the
reactive intermediate Cu(I) acetylide 32-A was firstly formed in the presence of Cu(l) catalyst, and then
underwent an addition to azomethine imines to give the intermediate 32-B. Finally, a Lewis acid promoted

intramolecular cyclization process occurred to give the desired cycloadduct 34 through intermediate 32-C.
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O
RZ
— R CuHMDS
= Ligand
32
H-HMDS
[Cu] R? :N No R2
32-A )——T
[Cu]
N/;l ° s2c
” NI 0,\ (“( /
1
R'" 3 le"ij N/N\[Cu] intramolecular
addition cyclization
R)sz

32-B
Scheme 9. Proposed mechanism - a stepwise reaction pathway.

Inspired by these works, a catalytic asymmetric one-pot three-component 1,3-dipolar cycloaddition
reaction of aldehydes, hydrazides and terminal alkynes was recently developed by Maruoka’s group
(Scheme 10)."® In this process, the key reactive intermediates acyclic azomethine imines were initially
generated in situ from hydrazides 37 and aldehydes 38 through a condensation process. A combination of a
chiral Cu(I)/Ph-pybox Lewis acid with a (R)-BINOL-derived dicarboxylic acid 40 was identified as the best
catalytic system for the reaction, and the corresponding enantioenriched pyrazolines 41 obtained in good
yields with excellent chemo- and enantioselectivities. Moreover, the chiral pyrazoline 41 could also be
conveniently transformed into pyrazolidines such as 41’ with excellent diastereo- and enantioselectivity
upon hydrogenation at mild conditions.

CuOAc (5 mol%)

H o | | Ligand 39 (6 mol%) R1 Bn
Bn., .N. + + ‘ 40 (5 mol%) N,
N Bz 1JJ\ — N—Bz
H R" "H R2 CH,Cl,, 4 AMS R2
37
38 32 rt-40°C 41 (18 examples)

R" = Cy, Ph(CH,),, aryl 49-98% yield
R2 = Ph, CO,Et, Cy, "Bu 88-99% ee

SiMe,Ph Pd/C, H,
S OO EtOAC
0] Z 0] CO-H Bn
T 2 P
N NQ CO-H 93% yield 'N—B7
Plff Ph cis/trans >95:5
4

SiMezPh 96% ee Ph 41'

Scheme 10. Cu(I) complex/dicarboxylic acid cocatalyzed one-pot three-component
1,3-dipolar cycloaddition.

2.2. Asymmetric 67 electrocyclization and conjugate addition/cyclization cascade reactions
Pericyclic reaction represents one of the most powerful and efficient methods for synthesis of various

carbo- and heterocycles in organic synthesis. In this context, the cycloaddition reactions, sigmatropic
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rearrangements and electrocyclizations have been extensively investigated. However, the -catalytic
asymmetric 6w electrocyclization remains largely elusive but an attractive task for organic scientists.
Inspired by the elegant work of Lewis acid-catalyzed 6m electrocyclizations of 2-substituted hexatriene
systems by Bergman and Trauner,” List and co-workers developed a catalytic enantioselective 6m
electrocyclization reaction of o,B-unsaturated hydrazones 42 employing (S)-BINOL-derived phosphoric acid
as catalysts, providing an efficient entry to synthesis of optically active 2-pyrazolines 43 (Scheme 11).%°
Under the standard reaction conditions, various electron-withdrawing groups substituted aryl hydrazones 42
reacted very well to give the corresponding 2-pyrazolines 43 in good yields with high enantioselectivities
(up to 99% vyield, 96% ee). The a,B-unsaturated hydrazones bearing an electron-donating groups (i.e. 4-MeO)
at aryl moiety can also be well-tolerated in this transformation, albeit with slightly lower enantioselectivity.
More importantly, the one-pot reaction of the corresponding enones 45 and hydrazines 44 can also proceed
very well in chlorobenzene with the same catalyst (up to 99% yield, 96% ee), providing a more practical and
facile access to the biologically active 4,5-dihydropyrazole derivatives 46. This one-pot protocol also proved
to be suitable for aliphatic enones under somewhat more acidic conditions, albeit with slightly low reaction
efficiency. The 4,5-dihydropyrazole derivatives, such as 43a, could also undergo alkylation to furnish

structurally more complex 2-pyrazolines 48 with high diastereoselectivity.

“)\ H cat. 47 (10 mol%) “N-N
NS -
ArTNSN A2 Ar1’/\)\

chlorobenzene

: R
42 30°C, 75-96 h 43 (14 examples) ! OO 0o

85-99% yield ! o
76-96% ee E O’ \OH
: 50°C,4AMS, 4 h @ 5 OO R
NH2 + /\)J\ then cat. 47 (10 mol%) ! | R=9-anthracenyl
chlorobenzene N_';‘ ' 47
s 45 30°C, 70-96 h RA— |
R = aryl, "CsHy+ 46 (5 examples)
40-99% yield
50-92% ee
: Z LDA
N—N + Mel - N—N
@)\/\K THF, -78 °C @/K)K
43a, 76% ee 48, 64% yield, 70% ee

Scheme 11. Phosphoric acids catalyzed 6mn electrocyclization of hydrazones.

On the basis of the mechanistic studies, the authors proposed a possible pathway for the reaction as
outlined in Scheme 12. Firstly, through a N-N single bond rotation and C=N double bond isomerization
sequence in the presence of phosphoric acid catalyst, the substrate (E£)-42 can be converted into (Z)-42. Then,
(Z2)-S-cis-42 underwent an intramolecular 6x electrocyclization reaction in a highly enantioselective manner
to give the corresponding chiral pyrazolines 43 and release the phosphoric acid catalyst.

In contrast to the 6m -electrocyclization process, a sequential intermolecular aza-Michael

addition/cyclocondensation reaction of hydrazine with o,B-unsaturated ketones provides an alternative
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approach for the synthesis of structurally diverse pyrazolines. For example, in 2007, the Kanemasa group
reported a Ni(I)-catalyzed asymmetric aza-Michael addition/cyclocondensation cascade reaction of
a,B-unsaturated ketones 49 and hydrazines 50, giving the 3,5-diaryl pyrazolines 51 with moderate
enantioselectivities (up to 60% ee) (Scheme 13, eq.l).21 In this process, the authors postulated that the
intermediate 52, generated in situ by an aza-Michael addition of hydrazine to electron deficient C=C double

bond, might be involved in this transformation.

AN > -
N e (oo A% % /93 N o

42, (E)-s-trans R
—O07 Y
42, (E)-s-trans /\/L o0
Ar’ SN-

|
HN.
D 42, (2)-s-trans AT’
o )

_ .0 |
N1 0BT AN
Ar1J\)\ a2 H O (2)-s-cis
\N/

43
Ar1+)\)7

Scheme 12. Plausible reaction mechanism.

LT

Ar
0 Ni(OAG),* 4H,0/indaBox N-N
N S pn + ANHNH, (10 mol%) N A )mPh g
L 49 50 IPrOH, rt >
HN. A Z 51 (4 examples)
o N 54-94% yield; 31-60% ee
| NS Ph indaBox: 2,2'-methylenebis[3aS,8aR)-3a,8a
_— 52 -dihydro-8H-indeno[1,2-d]oxazole]
BuQ
j\ o j\/\ cat. 55 (10 mol%) Ar2 N>$O (2)
BUO” "N Ar' Ar? Cs,CO; or K3PO, (1.3 eq) N
53 54 THF, 24 h, 0°C {
-] Ar'
OMe C ' 56 (14 examples)
N 5 o) 40-89% yield; 78-94% ee
o R +@
[y oH 5 NH
N _~ MeO : 2
55 + Chiral N-nucleophile

Scheme 13. Enantioselective aza-Michael addition/cyclization cascade reaction
for the synthesis of pyrazolines.
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Inspired by this work, in 2010, Briere and co-workers developed a similar transformation between
N-tert-butyloxycarbonyl hydrazine 53 and chalcone 54 catalyzed by chiral phase-transfer catalyst (PTC) 55
through a chiral ammonium/amide ion pair (Scheme 13, eq.2).22 It was found that the protecting group of
hydrazines has significant influence on the reaction efficiency. For instance, the N-benzoyl hydrazine was
not suitable for this reaction, while the hydrazine bearing N-acetyl substituent could react smoothly to give
the desired product with only 9% ee. The best result could be achieved by employing N-Boc hydrazine as
the substrate.

It was also found that the addition of chiral N-anionic nucleophile to chalcones is critical to the high
enantioselectivity and quininium catalyst S5 was proved to be the best catalyst for this process. As a result, a
wide range of 3,5-diaryl pyrazolines 56 can be successfully synthesized in moderate yields with excellent
enantioselectivities (up to 89% yield, 94% ee). It should be noted that the Boc protecting group of products
could be easily converted into 4-toluenesulfonyl, benzoyl and acetyl groups with no loss of enantiopurity via

a simple one-pot process, further highlighting the synthetic potential of this methodology.

3. Catalytic asymmetric synthesis of pyrazolidines
3.1. [3 + 2] Cycloaddition reactions of hydrazones

The catalytic asymmetric [3+2] cycloaddition reaction of hydrazones with alkenes provides one of the
most powerful and efficient strategies for construction of optically active pyrazolidines. In 2002, the group
of Kobayashi disclosed the first example of catalytic asymmetric intramolecular [34+2] cycloaddition
reaction of acylhydrazones with olefins by the use of a chiral Zirconium/BINOL 58 complex in CH,Cl, at

room temperature (Scheme 14).%

Ligand 58 (12 mol%) N X
N(p-NO,Bz)

R3 R* ' '
X>§L Zr(OPr),, (10 mol%) R* HH | OO
! OH
i SN PrOH (50 mol%) OH
2' NH(p-NO,B2) CHClo, 1t HR1 R OO
| |

)
w
>
pzd

R2™ "R !
57 59 (8 examples) ! (R)-58
R', R?=H, Me 38-99% yield, 81-96% ee |
R', R?=H, Me, -SCH,CH,S-
X =0, -CH,-

_NH Zr(OPr), (10 mol%) H b ’

M 538 - (12 Mol . EN “ H
= 0, " T N " )
“~ ’ PrOH (50 mol%) N-R + N-R + other isomers
CH20|2, rt H E
R= p-NOzBZ H H

57a 59 59b

(R)-Ligand: 70% yield; 59a:59b = 0.2 : 81.3
(S)-Ligand: 77% yield; 59a:59b = 77.3 : 1.7

Scheme 14. Zr(IV) complex-catalyzed intramolecular [34+2] cycloaddition of hydrazones.

Under standard reaction conditions, various medicinally important bicyclic pyrazolidines 59 can be
obtained in good yields with excellent enantioselectivities (up to 99% yield, 96% ee). Interestingly, control
experimental results with respect to the correlation between the chiral catalysts and substrates suggested that

cis/trans selectivity was dominated by the absolute configuration of the chiral catalyst. For example, using
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S7a as the substrate prepared from (S)-citronellal, the frans-pyrazolidine $9b can be successfully obtained as
a major product (81% yield) in the presence of Zr(OPr)4/(R)-58 complex. On the other hand, with the use of
Zr(OPr)4/(S)-58 complex as the catalyst, the reaction also proceeds very smoothly to give the cis-adduct as
59a the major product in 77% yield.

Shortly thereafter, the Kobayashi group also developed the first intermolecular [3+2] cycloaddition
reaction of hydrazones with olefins by using the similar catalytic system (Scheme 15).* Under optimal
conditions, the ketene dimethyl dithioacetal 61 reacted very well with various alkyl group substituted
hydrazones 60, leading to the formation of the desired adducts 63 with good yields and enantioselectivities
(up to 90% yield, up to 98% ee). By using vinyl ethers as substrate, the reaction can also proceed well with
moderate diastereoselectivities and high enantioselectivities. Moreover, several successful transformations
of pyrazolidines into valuable compounds also further demonstrate the synthetic potential of this
methodology. For example, the pyrazolidines can be easily converted into 1,3-diamines with good yield
through an N-N bond cleavage in the presence of Sml,. Significantly, this methodology can be further
applied as the key step to the synthesis of biologically important compound 67 with 29% overall yield and

88% ee for the first time. In addition, a concerted mechanism was proposed based on the control

experiments.
IR X
o ,
- v O
N SMe Zr(OPr)4 (10 mol%) N ' OH
. Ligand 58 or 62 (12 mol%)  HN-™, SMe . OH
)N|\ + = PrOH (50 mol%) L X ; O
SMe SMe
R™ TH benzene, 0 °C R Ly X

60 61 63 (7 exam_ples) ' 58 X =Y =|

R = Ph, alkyl 60-90% yield X=1Y=
95-98% ee 62:Xx=1,Y=H

Ph
// o ' 0
Ac—N th : YC6H4(IO-NOQ) 0
-— /N : N \ ~N
AcHN, -— HUSMe : HN-N OPr—», | P N7\
Ph/\\\\\ SMe E phs\\\\\\\)M \\\\\
65 64 66 67
79% yield cerebroprotecting agent

29% yield, 88% ee

Concerted pathway:

» O _Ph » .0 0
G ™y G e

“oNH —— « N - . _N
- N™ s HN 2
| | )—OR? OR
R)\H R/L -~ R\\
60-A 68 69

Scheme 15. Zr(IV) Complex-catalyzed enantioselective intermolecular [3+2] cycloaddition of hydrazones.

The limitations of the Kobayashi’s work with respect to enantioselectivity in some cases and substrate
scope prompted further exploration in this area. In 2005, Leighton and co-workers described a novel [3+2]
cycloaddition of hydrazones 60 with vinyl ethers 70 promoted by a chiral silicon catalyst 71 (Scheme 16).

The chiral silicon catalyst 71 was prepared from the corresponding pseudoephedrine and phenyl-
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trichlorosilane via a simple one-step reaction in a 2:1 mixture. Examination of hydrazones demonstrated that
this catalytic system displayed a significant improvement in both substrate scope and enantioselectivity
compared to Kobayashi’s work.?* Both aromatic and aliphatic hydrazones were all well tolerated under the
standard reaction conditions. It should be noted that the reaction could also proceed very well on a gram-
scale and the desired products 72a and 72b can be obtained in 91% and 93% yields, respectively. After a
simple recrystallization, the enantioselectivity of two cycloadducts can be increased to 99%. However, the
main drawback of this methodology involving the use of stoichiometric amount of the chiral silicon catalyst

awaits further exploration.

o\\( Ph prh . [ Ph,_o Ph
Y 71 (1.5 eq) NN ; ):N/Si\CI
NI’ + Z0Bu  toluene, 23 °C, 24h )\)""'OtBu | Me Me
R)\H R E 71
60 70 72 (8 examples) | (dr=2:1)
R = aryl, heteroaryl 66-85% y!eld
Cy, tBU, iF)r 90-98% yleld
O«_Ph o)
Ph
NH 71 (1.2 eq) ’\7\’
j‘,\ * Z0Bu toluene, 23°C, 240 NN Loy
R™H 70 R 7
60:5¢

72a, R = PhCH,CH,: 91% yield, >99:1 dr, 99% ee
72b, R = 'Pr: 93% yield, >99:1 dr, 99% ee

Scheme 16. Chiral silicon-promoted intermolecular [3+2] cycloaddition reaction of hydrazones.

As an extension of this work, the group of Tsogoeva in 2011 developed an interesting chiral silicon
catalyst, generated in situ from the corresponding binol-phosphate and SiPh,Cl,, and successfully applied it
to the catalytic asymmetric [3+2] cycloaddition of hydrazone 73 with cyclopentadiene 74 with good
enantioselectivity (89%), albeit with low yield (13%) (Scheme 17a1).26 It should be noted that only 47% ee
was achieved by using a sole chiral phosphoric acid catalyst due to the low acidity of the catalyst. Shortly
after, the Rueping group identified a more acidic N-triflyl-phosphoramides catalyst 77 for this reaction, and
achieved a dramatical improvement of the reaction efficiency (Scheme 17b).”” The scope of this reaction
was successfully extended to aliphatic and aromatic hydrazones. Generally, the reaction proceeded well to
give pyrazolidine derivatives 78 with good yields and excellent enantioselectivities (up to 99% yield, 98%
ee).

Very recently, the authors further extended the substrate scope of alkenes to thioethers by using a new
SPINOL-derived phosphoric acid caltallyst.28 More importantly, the mechanism and origin of selectivity of
this transformation have been investigated through DFT calculations and related control experiments. Based
on these results, they suggested that the chiral ion-pair complex was firstly generated as reactive
intermediate through a protonation of hydrazone in the presence of strong phosphoric acid catalysts (Scheme
18). In the case of less acidic phosphoric acids, the ion-pair complex is difficult to form, and a H-bond
complex was formed instead. Moreover, it was found that the alternative [3+2] cycloaddition pathway is less

favorable because of the endergonic isomerization from hydrazone to azomethine imine.
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(a) Tsogoeva's work

OYCGH4(4'N02) 75(15mol%)  _ CHy4-NOy)| Ar’
i SiPh,Cl, (10 mol%) H : OO
"N + @ tol 20°C N2 : ° o
J\ oluene, - HN/ E /Pf
Et” “H ; d “oH
73 74 gt _H : O
76 ' Ar'
13% yield, 89% ee ! 75

(b) Rueping's work 2
o oo
\-NHBZ 77 (2.5 mol%) 1 d | © o
| + L) ° U : ‘ i
R*H DCM, 0 °C or rt HN)D : O G NHTf
60 74 - |
R = aryl, Bu, Bn, 'Pr etc R o we!
= aryl, ‘Bu, Bn, 78 (16 examples) ! 2_ i
55-99% yield | | A" = 246-(Pr)sCet
87-98%ee

Scheme 17. Catalytic asymmtric intermolecular [3+2] cycloaddition reaction of hydrazones.
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J\ A--H 3 M H- A\ 1% R2
R H Hoe N _f i _H N
+ — R _
go \Favorable )Nl\ LA R, Nege| ——— Hj‘\)_m
R1 H N Am R R1
ion-pair complex L J 82

Scheme 18. Plausible mechanism for phosphoric acid catalyzed [3+2] cycloaddition reaction of hydrazones.

3.2. 1,3-Dipolar cycloaddition reactions of azomethine imines with alkenes

Azomethine imines, including N,N’-cyclic azomethines and C,N-cyclic azomethine imines, have also
been widely utilized in 1,3-dipolar cycloaddition reactions for the construction of various highly
functionalized N-containing heterocycles. Based on Inomata’s work on asymmetric 1,3-dipolar
cycloadditions of azomethine imines with allyl alcohol,®® the group of Chen reported the first example of
organocatalytic asymmetric [3+2] cycloaddition between N,N’-cyclic azomethine imines 31 with a,f-
unsaturated aldehydes 83 by an iminium catalysis strategy (Scheme 19).*° Screening of a range of chiral
secondary amine catalysts demonstrated that a combination of catalyst 84 with TFA proved to be the best
catalytic system. Under the optimized reaction conditions, the desired products were obtained with generally
high yields and enantioselectivities, albeit with moderate diastereoselectivities.

However, the N,N’-cyclic azomethines imine with alkyl substituents (R') and aryl group substituted
aldehydes proved to be not suitable under the standard reaction conditions. Shortly after, Chen and co-
workers extended this catalytic strategy to an asymmetric [3+2] cycloaddition between cyclic enones 87 and
N,N’-cyclic azomethine imines 88 (Scheme 20).31
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[ <N- CHO  84/TFA (10 mol%) E«N \R2 ﬁN WR?
+ —/ b v ’
N * R THF/H,0, rt N>l * N\/\L
l 1 83 11 examples CHO 3 CHO
H 31 R R1 R1
R' =aryl R2 = alkyl FsC 85:exo 86: endo
CF, exo:endo = 62-96%
40-95% yield
_ORO,
CF, 77-96% ee
N
N" HO O
84 CF,

Scheme 19. Oganocatalytic asymmtric [3+2] cycloaddition of N,N'-azomethine imines
with o,B-unsaturated aldehydes.

0 O, Ph
0 _ cat. 89a or 89b (10 mol%)
ij + [N,N p-TSA (20 mol%) N/N
THF, 20 °C H WJ
87
OMe 89a
20 h, 19% yield, 55% ee 12 h, 52% vyield, 78% ee
O
0] H R O H Ar’ H Ar?
N N N
N’ N
H H H
2 o 91 O 92 O
17 examples Ar' = 4-MeOCgH,: 91% yield, 95% ee Ar? = 4-MeOCgH,
R = aryl, alkyl Ph: 78% vield, 90% ee 76% yield, 93% ee

! 0, 1 _ 0,
67-99% yield, 86-95% e 4 BrGH,: 72% yield, 93% ee

Scheme 20. The effect of organocatalysts and the scope of this reaction.

It was found that the hydroxyl group of catalyst has played an important role on both reaction
efficiency and enantioselectivity. For examples, the use of 89a as the catalyst furnished the cycloadduct 90a
only in 19% yield with 55% ee, while the catalyst 89b with a H-bonding donor furnished gave rise to
superior results (52% yield, 78% ee). The scope of this transformation is significantly broad. Various aryl-,
alkyl-, and heteroaryl-substituted N,N’-cyclic azomethine imines could react with cyclic enones smoothly,
furnishing the desired products with good yields and excellent enantioselectivities. More importantly, the
five- and seven-membered cyclic enones were also well tolerated in this reaction, affording the
corresponding products 91 and 92 in a highly enantioselective manner.

It was also proposed that the success of the reaction was due to the possible simultaneous activation of

both reactants by a multifunctional primary amine catalyst through an iminium activation and H-bond
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activation (Scheme 21). In the transition state, the iminium activation of cyclic enones, steric hindrance of
tertiary amine moiety and the hydrogen bond interaction of azomethine imine could better account for the

observed endo-selectivity of this transformation.

Re-face attack

Scheme 21. Proposed transition state for the organocatalytic [3+2] cycloaddition
between cyclic enones and N,N’-cyclic azomethine imines.

Recently, the Wang group designed a new chiral bis-phosphoric acid catalyst 95 for the asymmetric
1,3-dipolar cycloaddition of methyleneindolinones 93 with N,N’-azomethine imines 94 to efficiently

synthesize the optically active spiro[pyrazolidin-3,3’-oxindoles] (Scheme 22).%?

O
R20,C o
/ - 0,
R A o+ L KIN‘ 95 (10 mol%) _

N Bt CH,Cl,, 15°C

Boc H™ "R® ‘

93 %4 96 Boc

R'=H, 5-Br, 5-Cl, 5-Me etc 18 examples
R2 = Me. Et, 'Bu 68-94% yield

6:1-20:1 dr; 91->99% ee
R3= aryl, heteroaryl

Scheme 22. Chiral bis-phosphoric acid catalyzed [3+2] cycloaddition of N,N'-azomethine imines.

The reaction with commonly used mono-phosphoric acid catalysts only afforded moderate results,
which was probably due to the fact that both reactants are H-bond receptors. A dual H-bond activation
strategy was proposed to solve this problem (Scheme 23). Based on this concept, several chiral bis-
phosphoric acid catalysts of type 95 have been synthesized and applied to this reaction. Generally, both the
chemical yield and enantioselectivity have been obviously improved with the use of such bis-phosphoric
acid catalysts, and catalyst 95 proved to be the best of choice to give the desired product 96a with 93% yield
and 98% ee. Under the standard conditions, a wide variety of highly functionalized spiro[pyrazolidin-3,3’-
oxindoles] 96 were obtained in generally good yields with excellent diastereo- and enantioselectivities. A
dual H-bond activation mode was also proposed for the observed stereochemical outcome based on control
experiments and DFT calculation experiments.

Over the past decades, metal-catalyzed asymmetric cycloaddition reactions of azomethine imines have
also attracted much attention from synthetic scientists. In this regard, the Suga group developed a highly

catalytic asymmetric [3+2] cycloaddition of N,N’-azomethine imines 97 by use of chiral BINIM-Ni (II)
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complex as the catalyst (Scheme 24, eq. 1).» Shortly after, a similar reaction was reported by Sibi and co-
workers (Scheme 24, eq. 2).** In contrast to Suga’s work, an exo-selectivity was observed employing chiral
Cu (I) complex as the Lewis acid catalyst. In most cases, the reaction proceeded well in the presence of 10
mol% Cu (II)/3 catalyst, giving the exo-adducts 101 with good yields and enantioselectivities.

H-bond receptor‘ | H-bond receptor
acid site 'Tl 'Tl acid site
O O
O © O 0

Scheme 23. Dual H-bond activation strategy.

0
>C/{l— . 0 j\ Ni(l1)/29b (10 mol%) 7El</N 1
N \%N o} CHCl3, rt N\;Her’\o (M
-/ R \‘(
SR

97 98 99 (13 examples)
R' = aryl, cyclohexyl 41-100% yield
28%->98% de, 74-97% ee

o) 0
7 0 NJ/,
Nb . o N Cu(ll)/3 (10 mol%) Al o
N N N._O
\—Ph
100

Iy CH,Cl,, 4 AMS, rt ) RT SN
H R1 Ph
97

R' =aryl, Pr 101 (11 examples)
72-90% yield
58-92% de, 78-98% ee

Scheme 24. Ni(II) or Cu(Il) complex catalyzed asymmetric [3+2] cycloaddition of N,N'-azomethine imines.

Recently, Feng and co-workers reported an asymmetric 1,3-dipolar cycloaddition of alkylidene
malonates 102 with N,N'-azomethine imines 103 catalyzed by a chiral N,N’-dioxide Ni(II)/104 complex
(Scheme 25).%

0 0

i Ni(CIO)4* 6H,0 (10 mol%) R
R20 OR2 + + N- 104 (12 mol%) N«
| N 0 ~ N CO,R?
R1 )l\ CH20|2, 30°C 2
H™ A Pn  CO.R?

102 103 105 (26 examples)
R' = aryl, heteroaryl, Pr  Ar = Ph, 3-FPh, 65-99% yield
R2=Et Me Pr 4-MePh, 3-MeOPh 62-97% ee

Scheme 25. Ni(II)-catalyzed enantioselective [3+2] cycloaddition of alkylidene malonates
with N,N'-azomethines.
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It was found that the metal salts played a critical role in the process. The reaction proceeded very
sluggishly when employing Sc(IIl), Mg(II) and Co(II)-complexes as the chiral Lewis acids. The best results
can be obtained with the use of Ni(Il)/104 complex in CH,Cl,. This methodology showed quite broad scope
with respect to both components. A variety of alkylidene malonates and N,N'-azomethine imines were well
tolerated under the standard reaction conditions, furnishing the corresponding products with generally good
yields and excellent stereoselectivities. Notably, the gram-scale reaction also proceeded very well to give the
desired cycloadduct with 85% yield and 92% ee.

Unlike the traditional normal-electron-demand (NED) 1,3-dipolar cycloaddition, the electron-rich
olefins are always employed as the dipolarophile in the IED 1,3-dipolar cycloaddition reactions. Very
recently, Shi and co-workers disclosed an interesting inverse-electron-demand (IED) 1,3-dipolar
cycloaddition of various N,N’-azomethine imines 31 with o-hydroxystyrenes 106 catalyzed by chiral
phosphoric acid 107 (Scheme 26).% Several control experiments were performed to investigate the specific
role of o-hydroxyl group of styrene, which established that the o-hydroxyl moiety proved to be very
important for reaction efficiency and enantioselectivitives. For example, the reactions with styrenes bearing
o-methoxy- or m-hydroxyl groups resulted in no formation of any desired products under the standard
reaction conditions. Therefore, it was postulated that the reaction was likely due to both dual H-bonding

activation and the conjugative effect of o-hydroxyl group. However, the scope of styrene was still very

limited.
R2
0 0 .

¥ e

s N, cat. 107 (20 mol%) N ?@ ! \P,,o

- ! P
b 65°C, 4 AMS J ; g oH
H™ "R 1,2-F,CgHg4 R | -
31 106 108 (17 examples) ! 5
R1 = ary|’ heteroaryL 33-76% yleld 107, R = 9-Anthraceny|

cyclohexyl 77:23->95:5 dr; 50-76% ee
Scheme 26. Phosphoric acid catalyzed IED 1,3-dipolar cycloaddition of electron-rich alkenes.

In addition, C, N-cyclic azomethine imines could also serve as another class of useful 1,3-dipoles and
have found wide applications in synthesis of various carbo- and heterocycles.3 ” In this regard, however, the
catalytic asymmetric cycloadditions of such reagents remains largely unexploited. A major breakthrough in
this field was achieved by the group of Maruoka in 2010. They developed an efficient catalytic asymmetric
[3+2] cycloaddition of C,N-cyclic azomethine imines 109 with o,B-unsaturated aldehydes 110 by using a
chiral Ti-BINOLate complex as the Lewis acid catalyst (Scheme 27, eq. 1).%®

In the reaction, the steric hindrance at the B-position of aldehydes played an important role on
enantioselectivity. Those B-methyl, phenyl and propyl substituted a,B-unsaturated aldehydes could react
smoothly to give the desired products in good diastereoselectivities and enantioselectivities (up to 95:5 dr,
99% ee). In the case of the P-unsubstituted substrates, only moderate results were obtained. It is worth
mentioning that those structurally distinct and unstable C,N-cyclic azomethine imines, generated in situ
under the alkaline conditions from corresponding salts, could also participate in the reaction very well. This
study represented the first example of highly enantioselective [3+2] cycloaddition reaction of C,N-cyclic

azomethine imines, providing an rapid access to the highly functionalized tetrahydroisoquinoline derivatives.
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109 114 Q R* /3
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Scheme 27. Catalytic enantioselective [3+2] cycloaddition of C,N-cyclic azomethine imines.

Shortly after, Maruoka and co-workers further extended the reaction scope to the catalytic asymmetric
inverse-electron-demand 1,3-dipolar cycloaddition of C,N-cyclic azomethine imines 109 with vinyl ether in
the presence of their own chiral dicarboxylic acids 113 (Scheme 27, eq. 2).* In this process, both vinyl ether
and aza-enamines were well tolerated and generally good yields and enantioselectivities were obtained for
the corresponding cycloadducts 115. Quite recently, Togni and co-workers reported a Ni(I[) complex-
catalyzed 1,3-dipolar cycloaddition of C,N-cyclic azomethine imines with crotononitriles to synthesize the
pyrazolidine derivatives with good yields and enantioselectivities, albeit with slightly low

diastereoselectivities.*’

3.3. Asymmetric conjugate addition/cyclization cascade reactions

Over the past few years, the asymmetric conjugate addition/cyclization cascade reaction of hydrazines
has also been established as an efficient approach to the synthesis of biologically important optically active
pyrazolidinoes. In this context, the chemoselectivity and enantioselectivity remain two main challenges for
organic chemists. In 2007, Sibi’s group developed a highly efficient Mg(Il)-catalyzed catalytic
enantioselective conjugate addition/intramolecular cyclization cascade of o,-unsaturated imides 116 with
hydrazines 117 (Scheme 28).*' It was found that the achiral template of imides was critical to both
regioselectivity and stereoselectivity, and the benzimide was finally proved to be the best of choice.
Moreover, the lower temperature is beneficial for the chemoselectivity. Generally, the pyrazolidinones 118
can be obtained in good yields, excellent diastereoselectivities and moderate to good enantioselectivities.

In 2012, a highly enanthioselective aza-Michael/hemiaminal cascade reaction of enals 119 with
hydrazines 120 was developed by the Vicario group through aminocatalysis (Scheme 29).** In this reaction,
N,N’-disubstituted hydrazines were used to avoid the direct formation of hydrazones through condensation

reaction with enals.
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0] (0] 0
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116 117 2v2 118 (14 examples)
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Pr, CH,OBn 37-99% ee

Scheme 28. Catalytic enantioselective conjugate addition/cyclization cascade of hydrazines.

It should be noted that the protecting group on nitrogen atom was extremely important for reaction
efficiency, regio- and stereoselectivity. Thus, a variety of protecting groups have been firstly investigated. It
was confirmed that the high regioselectivity and efficiency can be achieved when employing N-Boc, N’-Ns
substituted hydrazide as the substrate. By using this methodology, a broad array of optically active
pyrazolidine derivatives 122 can be generally obtained in good yields with excellent diastereo- and
enantioselectivities. Furthermore, the cycloadducts 122 can be easily converted into the corresponding
biologically important pyrazolines 123 and pyrazolidinones 124 through routine manipulation with no loss
of enantiopurity. It should be noted that the substrate scope is limited to a,f-unsaturated aldehydes bearing
an alkyl substituent at B-position. In contrast to Vicario’s work, the research groups of Cérdova and Wang
independently reported that both B-alkyl and B-arylsubstituted enals can react with di-1,2-N-Boc-protected

hydrazines very well using (S)-diphenylprolinol trimethylsilyl ether as organocatalyst.*’
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N~ 'Ns H OR
H
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119 120 Ns ! | Ar = 3,5-(CF3),CgHs
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R = Me, Et, "Pr, "Bu, Pr etc 21-99% yield

85->99% ee, > 20:1 dr

OH o)
E\\,N TFA E(N 5 PCC ﬁ(N 5
N ~ —BoC T A~ L —bocC
RW N CH,Cls, t Ly CH,Cl, 1t L
Ns 2 RT N 22 RT N
Ns Ns
123 (8 examples) 122 124 (8 examples)
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Scheme 29. Organocatalytic enantioselective conjugate addition/cyclization cascade reactions.

In addition, Ma and co-workers in 2004 documented an interesting tandem Cu- and Pd-catalyzed one-
pot three-component addition/cyclization reaction of allene 125, organohalides 126 and dibenzyl
azodicarboxylate (DBAD) 127 (Scheme 30).44 Under the standard reaction conditions, the corresponding
products were obtained in good yields and enantioselectivities. Despite the low diastereoselectivities, both
diastereomers can be easily separated for the all cases. Based on the investigation into the reaction
mechanism, the authors further developed a Pd-catalyzed cyclization of 3,4-allenylic hydrazines with
organohalides, giving the corresponding pyrazolidine derivatives with significantly improved diastereo- and

. C . 4
enantioselectivities. >
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Scheme 30. Tandem Cu- and Pd-catalyzed one-pot three-component addition/cyclization reaction.

4. Miscellaneous

The 1,2-diaza-1,3-dienes represent a unique class of versatile agents and synthetic building blocks, and
have found wide applications in cycloaddition reactions for assembly of various N-heterocyclic ring systems.
Typically, these highly reactive intermediates could be easily generated in situ from the corresponding o-
halo hydrazones under the alkaline conditions. In 2012, the group of Bolm described the first example of
highly enantioselective formal [4+1] annulation between in situ-derived 1,2-diaza-1,3-dienes and sulfur
ylides 133 catalyzed by Cu(ID)/(R)-Tol-BINAP complex (Scheme 31).%°

o
O+ R’ o yR1
1
N-NH Base Ox-R Rajv/s\ 133 N-N /<O
| nin
|« \ NN Cu(OTf), (10 mol%) m2 3
R? HX & 132 (11 mol%)
131 R? Na,COs (1.0 eq) 134 (36 examples)
R" = H, 2-MeOPh, 4-MeOPh 1,2-diaza-1,3-diene THF. -20 °C 81-97% yield, 42-94% ee
R?= aryl, Bu, CO,Et R® = aryl, heteroaryl
X =Cl, Br . o R
OO i . AR
PA, | GC”] \N(
. N~
PAr2 !
LT e
132: Ar = 4-MeCgH, | Activation model

Scheme 31. Cu(Il)-catalyzed formal [4+1] cycloaddition of 1,2-diaza-1,3-dienes.

In this reaction, it has been found that both the protecting group of hydrazones and the structure of
chiral ligands played an important role on the reaction efficiency and stereoselectivities. The transformation
provided a straightforward access to the biologically important and optically active dihydropyrazole
derivatives 134 in generally good yields with high enantioselectivities under mild conditions (up to 96%
yield, 94% ee).

In 2014, Xiao and co-workers reported the first example of catalyst-free halocyclization of
B,y-unsaturated hydrazones 135 with NBS, and various dihydropyrazole derivatives can be obtained in good
yields (Scheme 32, eq.1)."” Unfortunately, the asymmetric version of this transformation remains

challenging due to the strong uncatalyzed process. Based on their previous organocatalytic enantioselective
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iodoetherification [,y-unsaturated ketoximes,*®

the Mukherjee group recently achieved a catalytic
asymmetric iodoaminocyclization of B,y-unsaturated hydrazones 138 with the use of a bifunctional thiourea
catalyst 140 to give the dihydropyrazole derivatives 141 with good yields and enantioselectivities (Scheme
32, eq.2).49 In this process, the uncatalyzed process can be suppressed by using relatively low reactive [I']

source 139 and lowering the reaction temperature to -80 °C.

Ts 0 Ts
' N

_ Br !
ANy N-Br _ CHCla it N T -
| ¥ — | : N-H )
R1J\/\ R1 i N/ + o)

135 136 137 (13 examples)
R' = alkyl, aryl 46-98% yield

J@L I
FsC NJL N

4-Ns 4-Ns

H H
0 140 N
_NH ¢ 7 N-N
N + cat. 140 (10 mol%) | S @)
1L N - R
R’ R? toluene/CH,Cl, (1:1) R
138 139 -80°C, 4 AMS 141 (22 examples)
R" = aryl, 2-furyl, 2-naphthyl, c-Hex 61-95% vyield, 12-90% ee
R? = aryl, Me

Scheme 32. Catalytic asymmetric iodoaminocyclization of a, b-unsaturated hydrazones.

Ms
NHMs R cat. 143 (3 mol%) BocN-N
BocN \_/—:< - ., (1)
R MeNO,, 50 °C, 15 h N
142 R
R = Me, -(CH,)4-, -(CH,)s- 0 144 (11 examples)
< O 63-98% vyield, 63-99% ee
o)

PAr,AuOPNB

0 PAr,AuOPNB
CT

Ar = 3,5-di-tert-butyl-4-methoxyphenyl

NHNs
/\/\ g' ? (S)-BINAP(AUPNB), Br o Ns
7 ¢ (2.5 mol%) i

+ NBr NN @
n=3 MeNO,,t,12-14 h NBoc
145 146 147

80% yield, 96% ee
Scheme 33. Gold-catalyzed asymmetric cyclization of allenes.

In addition, Toste and co-workers in 2009 reported a gold(I)-catalyzed enantioselective intramolecular
hydroamination of allenes with hydrazine, affording the corresponding pyrazolidine derivatives 144 in good
yields with high enantioselectivities (up to 99% ee) (Scheme 33, eq.l).50 Recently, the same group also

developed an highly enantioselective bromocyclization reaction of allenes 145 by use of the same gold
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catalyst (Scheme 33, eq. 2). This reaction showed a quite broad substrate scope with respect to allenes 145.
Moreover, various nucleophiles such as hydrazine, amine, hydroxylamine, alcohol, and acid are all proved
to be suitable for this process. !

Recently, Lu and co-workers reported a phosphine-catalyzed formal [4+1] cyclization of pyrazolones
148 with 2,3-butadienoates 149 for the synthesis of biologically potential spiropyrazolones 151 in a highly
enantioselective manner (Scheme 34).52 Furthermore, the effect of H,O on this reaction has been carefully
investigated, and the results indicated that hydrogen-bonding interaction between such nucleophilic

phosphine catalyst and pyrazolones also played an important role on the enantioselectivity of this

transformation.
! OTMS
‘Bu R 150 (20 mol%) :
N OAC  (s5,C0, (1.2 eq) 5 PPh,
=0 * = P | | O NH
J\/E CO,Bn oluene, r R !
R co,en | Ar 150
148 149 151 (20 examples) | LAT= 3.5-2CFsCebs
R" = aryl, 2-naphthyl, 2-furyl R2=H ph 57-88% yield

3-thienyl, 3-pyridyl 69-91% ee

Scheme 34. Phosphine-catalyzed formal [4+1] cyclization of pyrazolones.

A possible mechanism was then postulated as depicted in Scheme 35. Firstly, a nucleophilic attack of
phosphine moiety to 2,3-butadienoate 149 to give the active intermediate 149-A. Then, upon elimination an
acetate, 149-A can be converted into intermediate 149-B, which can react with the enolate of pyrazolones
148 to furnish phosphonium ylide 149-C. Finally, a sequential 1,3-proton transfer/intramolecular Michael

addition resulted in the formation of the desired product 150.

R1
=N
m OAc Conc o COA NG
R3P . — . \) R3P ( Bu
(U)—0Bn ReP ¢ )—OBn N K 0
0J O- OAc BnO,C
149 149-A 149-B
+
+ PR3
PR5
Bu-N D R CO,Bn
1 H-shit O
/ 0} B — )
0) Y% R.P N/ /=R N—
3 —N 149.D Bu 149-
150  CO,Bn Bu 49-

Scheme 35. Proposed mechanism.

Quite recently the group of Enders deoloped an organocatalytic one-pot sequential Michael/Michael/
/1,2-addition reaction of B-dicarbonyl compounds 152, nitroalkenes 153 and unsaturated pyrazolones 155 by
combination of a chiral cinchona-derived aminosquaramide catalyst 154 and organic base DBU (Scheme

36).>® This methodology provided an efficient access to rapid assembly of optically active spiropyrazolones
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156. Notably, the reaction can still work very well at gram-scale with no loss of efficiency and

enantioselectivity. The opposite enantiomer of the products can also be obtained with good yields and

enantioselectivities by the use of a pseudoenantiomeric catalyst.

Me
RN
N RZ  COR!
o N *—{ OH
jv : 154 (1 mol%) 155 R* ON - Me
COR' + o NO . . o
Me REN-TF2 T CLot 24h DBU (50 mol%) T
152 153 CH2C|2, rt, 24 h OAN’N
R' = OEt, OMe, Me — Y
R?, R3 = aryl, heteroaryl OMe 156 (19 examples)
R? = anyl N 47-62% yield
97-99% ee

| X
N__— H
0 N
154 Ar

0]
Ar = 3,5-2CF306H3

Scheme 36. Chiral aminosquaramide-catalyzed one-pot procedure for the synthesis of spiropyrazolones.
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