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The enantioselective stmesis of spirocycles has bekmg pursuedy organic chemists. Despite their unique 3D properties and
presence in several natural productBe difficulty in their enantioselective synthesis makes thenuderrepresented in
pharmaceutical libraries. Since the first pioneering reports of the enantitgeleonstruction of spirosilandsy Tamaoet al,
significant effort hadeen devoted wwards the development of ngwomising asymmetric methodologies. Remarkably, with the
advent of organocatalysiparticulaty oversix years, theeported methodologs for thesynthesisof spirocycleshave increased
exponentially.The aim of this review is to summarize the &sttrends and developments in the enantioselective synthesis of
spirocompounds during these |a$t years

. HN—N
1. Introduction 0 NN y
e
One of the goals of synthetic organic chemists is the completeog\\/'“ O N Me
stereadefined synthesis of highly complex 3D structures. NJ\/\/ O I Ve
Me

Arguably, the most important challenge is tkgio- and steree
controlled generation of spiro compounds. Spiro compodnds,
formally known as bicyclic organic compounds, comprise rings Me
connected through just one atom that present several uniqu ]
characteristics, such as 3D structural properties, related to thei
inherent rigidity. Notably, these compounds display a broad
rangeof biological activities

Nowadays spiro compounds are attracting increasing attention
as scaffolds in modern drug discovery. The intrinsic complexity
and more importantly, rigidity of these scaffolds offer several
advantages to drug discovery prograrvreover, the latter Meo
characteristic could be used for a more efficient design of the O

3D orientation of the pharmacophore to maximizé&ohding, 0
hydrophobic, andp-stacking interactions. This benefits both b N
the recognition between the drug and its targetthadhysice o

chemical properties of the drug, including its solubility and
lipophilicity.

ibersetan (1) morphine (2) B-vetivone (3)

e
COzH HO HO  Me

monensin (4)

Me

Shizuka-acordienol (7)

HO

Spiro compounds are present in a plethora of natural product:
such as theangiotensin antagonistirberstan (1), analgesic
morphine(2), b-vetivone(3), the antibiotic monensin(4), (-)-
acorenone B %), opioid receptor agonisbxycodone (6), OMe New
Shizwka-acordienol(7), rosmadial(8), (-)-cannabispirenoné& rosmadial (8) (-)-cannabispirenone A (9) trigolute B (10)
(9), trigolute B (L0) used in Thafolk medicine, marine alkaloid
(+)-discorhabdin A 11), andalkaloidcitrinalin A (12). Taking
advantage of their rigidity and extremely precise 3D structure,
spiro compounds have emerged as one of the most attractiv
ligand and catalysmotifs in asymmetric synthesas well as
catalysis Mainly, these scaffolds arderivedfrom spinol (13)

and show excellent stereochemical recognition. Some
examples such asspirobigoxazoling (14), spinotderived
phosphoric acid 15), andthe diphosphinespirOP (16), are
illustrated in Figure 1.

spirobis(oxazolidin) (14) spiro-phosphoric acid (15) spirOP (16)
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Figurel: Examples otompound containing a spirocyclic ring

The challenges associated witthe syntlesis of spiro
compoundsare long to enumerate. Group compatibility is on
of the major issuesssociated with the synthesis epiro

s compounds. Howevefrom thestereoselectivperspectivethe
presence of thguaternaryand generally chiragpiro atom is
probablythe nbst important issue. Notahlgimilar to allenes,
thespiroatom in theseompoundsan present botbentraland
axial chirality. The rigdity of the spirocycle allows the

10 formation of two enantiomers despite the absence of an
asymmetriccentie.

The discovery of spirocyclexan be traced back to the
pioneering works of Von Baeyer in the |&t890s? Von Bayer

15 proposed the namespirocyclane for bicyclic hydrocarbons
having two rings with a common carbon atom (spiro carb
atom). Since then,numerous attemptfiave beenmade to
synthesize spirocyclesThe most important strategieare
summarized in Figure@ and include intermolecwdr double

20 Substitutions  (a), metatpromoted  cyclizations  (b),
intramolecular substitution (c), cycloaddition@l), radical
cyclizations (e), anéhtramoleculararrangements (f).

—y

e

N

25 Figure2: Common strategies for the synthesis of spirocycles: (a) alkylation

methods, (b) metatatalysed methods, (c) ringlosure methods, (d)
cycloaddition strategies, (e) radical strategiand (f) rearrangement
strategies

While spiro compounds are gaining reasing attention ithe
s drug discovery field, they are still underrepresented
screening libraries and suffer from low diversityThe

on

in

40 compatibilityandthe addition of functional functionality in the
newly formed ring system fofurther synthetic manipulation
These issuestogetherwith the prewously cited necessity to
control the newlyformedstereogenic cengrand the difficulties
of the synthesis of quaternary ceeg have attractedthe
ssinterests of synthetic chemistsThus, a plethora of
enantioselective methodologies has been develogd to
circumventthese problem
In this review, we will focuson the new methdologies
reported in the lastive years, updating our previous tutorial
s0 review?!
In the first part of the review we will present the
enantioselective synthesefspirocycles using organometiall
catalysts. Thissection is divided according tothe metal
employedin the synthetic reactionrather than in thetrategy
ss employed Metals have been reported as catalysts for the
synthesis of spiro compounds achieving high levels of
stereoselectivitylue tothe development of new chiral ligands
Several reviews related to the synthesis of spiro compounds by
organometallic methodologies have been reported during this
0 period For examplein catalytic asymmetridearomatization
several reviews devoted to this topilccluding methodologies
for the synthesisof spiro compound$ have been published.
Thus, thisreview is not comprehensive inrganometallic
methodologies but highlights the most important advances in
es this area.

e

The second part of this reviei devoted to enantioselective
organocatalytic methodologies for the synthesis of spirocycles.
This partis organizedaccording tadhe nature of theynthesized

70 spirocyclic ring In this selection, wfirst disclose the different
methodologies reported fohe synthesis of spirooxindoles
These compriseseveral organocatalytic methodologiésat
have beemecentlydevelope, including[3+2] cycloadditions,
alkylations, and ring closingreactions Next, we cover other

75 spirocycles such as benzofuranomaesl pyrazolones.
Finally, we focus on synergistic methodologies for the
synthesis of spiro compounds. Despite this fiddging
relatively new several powerful strategies for the synthesis of
spiro compoundsdve been reported.

80

2. Organometallic Approaches

For many years rganometallic chemistry hadbeen the
prefered approach for the development of enantioselective
methodologies Transition metals such an, Rh, Pd and so

ss forth have demonstrate unique progrties that allow the
developnent ofnew bond forming reactiondvioreover,their
effectiveness has greatly increaseth the development of
new chiral ligands In this section we focus on the

relatively low occurrence of spiro motifs in modern drug onantigselective methodologies for the synthesis of spiro

discovery is not the result of intrinsic adverse physibemnical
properties, but rather reflects the need for new strategies
s their efficient synthesis anderivatization Moreover, 3D/s
rich scaffolds provide more vectors fdunctionalization
compared to common flat/aromatic scaffqldserrepresented

in mary fragment libraries.Several issues arise for the

synthesis of spirocycles including functional group

90 compainds developed over the past few yearA& major

fodiversity in the spiro structuresand a higher controlin
stereoselectivityhave been achieved from the methodologies
developed in the lasfive years over earlier methodShe
development of new chiral ligandss resulted in more active

9s and selectiveprocessesas well as the developmewnf new
metalcatalyed reactionsfor example the application of Zn

2 | Journal Name, [year], [vol], 007 00
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combired with the Trost or N-oxide ligandsand the use of
iridium and cobaltmetals B

The synthesis of spiroompoundshas greatly benefiied from Heg
their use in medicinal chemistas the intensequestfor new PO \/0 P o
s oxindole scaffolds with rigid sructures fiancreased the o PgN/Z"\O/Zn\NEh pnA\%}oph
interest todevelop new strategies for the synthesisspiro- wo K@) \\
oxindoles 7\ 20
e Ph
2.1 Zinc-catalysed methodologies Ph_o_ PhQ o FPh W\(opn
10 3,3-Disubstituted oxindolesare a recurrent structural motif P%N,«Z"\O,,?"\NE“ @‘
present in several naturgroducts.Trost et al. reported the
enantioselective addition @hydroxyoxindolesl?, as isatinic k(;)u »
anion equivalent, teelectrophilesvia the formal umpolung

strategy to afforagpirocyclicoxindoles 19. The reaction relies

15 0n the dinuclear zin®roPhenckalalysed asymmetric tandem &:( r& /

Michael addition ofL7t o -uhsafurated esteis followed by
atransesterification process to affattes p i r o clagcores ¢ 1

. ; . 19 Me @/
19 in generally high yields (38-92%) moderate —
diastereoselectivities (2:1-13:1 d.r), and high
20 enantioselectivitiesup to 99% eeScheme 1) 23 2
OH
N ©  1smoi%) Scheme 2Mechanism for the spirocyclization reported by
17 b Et,Zn 16 (10 mol%) T t
R O ros
Toluene/CH 3CN
szkopéo's M).40°C, 24 " ;ZO/Rf . Another inc-catalyzed synthesis of 3disubstituted
18 21434 ar : spirooxindoles was reported by Feegal This comprised the
1= Allyl, MOM, Bn, PMB upto99%ee ! asymmetric DielsAlder reaction of methyleneidolinone5

R2 = Ar, H, Me, alkenyl, ferrocenyl, cyclopropyl, hetero
R' = Me, R, = Ph, R; = OPh; 89% vyield, 9.2:1 dr, 96% ee

Schemel: Reaction reported by Trost

4

S

anddienes26( Br a s s a)’ @h& satalytic pystem is based

on Zn(OTfp and L-PiEt-Me (Il') asligand, affording the final

spiro compounds(27) in moderate yields (58-68%) and
excellent enantioselectivities (99% ee). Various
substituents on thBl-Boc-protected indolinones are to&ted,

s such as substitutedhenyl, naphhyl, furyl, and alkylesters
Moreover, the presence of electrdonating group EDG) in
the phenyl moiety affored better resultsover electron
withdrawing group EWG). For N-substitution, Boc, Ac, and
Cbz groupswere allowed but no reaction was observed with

so Bn. This indicates that both carbonyl groupesent in the

indolinone exhibit bidentate coordinatiovith the Zn catalyst.

Moreover, a linear effachetween the enantiomerexcess of

the ligand andhe product was observedndicating that the

monomeric catalyst could be the active spe¢gsheme B
R1

The proposed mechanism of the highastéeree and
25 enantioselective formal [3+2tycloaddition is described in
Scheme 23-hydroxyoxindoleis deprotonatedy an ethylzinc
speciedo produce20that coordinates cinnamai8to the less
hindered zinc atom to forn21. Next, nucleophilic addition
leads to 22 followed by tautomerization to compleX3. After
30 cyclization,23releases spirocyclic oxindol and restorgthe

zinc phenoxide cataly@4 (Scheme 2)

/ OMe |
N 1WZn(OTf),
25 \,  (10mol%, 1/1) N
o —N,
+ R - - S 3/\
OTMS CH,Cl,, 35°C, 1h N N Yoy o
\ ' ) —
27 R? ! / \
Ar Ar
7 oMe 51-68% yield | t
up to >99% ee ! Ar = 2,6-Ety-4-MeCgH,
MeO”™ Xy 26 '

R4 = Ar, naphtyl, furyl, CO5alkyl
R, = Boc, Ac, Cbz, Bn

Scheme 3 Spirocyclization reported by Feng

55

The synthesis ofpiro[cyclohexanon@xindole] compounds
reportedby Wanget al., startsfrom diketoneoxindole 28 with

ooTrostos di nucéTeeasymmetriaictrarnodetulal y s t
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aldol reaction(4 A molecular sieves and the best dinuclear zinc NGS Z0(OTh, (10 mol%)
catalysts resultsZnEt/Ill ) affords spiro(cyclohexanone N0z IV (11 mol%)
oxindole) 29 in reasonable yield§55-81%) with moderate to mo ' m Toluene (04 M. 1t 121
good enantioselectivitieg63-95% ee) The outcome of the 33\ 35
s reaction is strictly dependent on the temperature and catalyst 82% yield , 6:1 dr, >99% ee
loading. The bestonditions werebserved wheri0 mol%lll
and 20 mol% ZnEi were employedas catalystThe reaction ,,  scheme 6Cascadeeaction reported by Xiaand Chen
leads to the formation odin inseparable mixture of aldol and
dehydration compoundsThus, the authors investigated the vyyan and Xu et al reported a similar cascade reaction
1 possibility to attain only the dehydrated produc&l by an  jnyolving 3-isocyanatmxindoles33 and 3nitroindoles37. The
acidic treatment of the reaction mixeugenerated in the first asymmetric Michael/cycliation cascade reactionwas
step(Scheme 4) s catalysed by Zn(OTfy/diphenylaminelinked bis(oxazoline)V
andaffordedthe products38)in9 51 99 % yi erl,ahd >99:
up to >99% eavith good functional group tolerand&cheme
7).1% The optimized conditions involve 10 mol% Zn(O3§nd
11 mol% ligandV. A broad rangef substituents on the phenyl

11 (10 mol%)
Et,Zn (20 mol%)

- >

R’ 0 4AMS, oxylene R?
w 12h o\ DA OH wo a5 ring of 3-nitroindoleas well as several types of substitueatts
R' = Me, OMe 56-81% yield iAr Ar the N1 position of 3nitroindole were well tolerated The
3:1-20:1 d 95% s . . .
0 o arip o 99T ee :N OH N proposed transition state involves the Zn(ll) Lewis acid
i mol% 1 . . . . . .
o o Et,Zn (20 mol%) 0 : activation of the &itroindoles, while the N groupin the
£AMS, oxyiene ‘ catalyst acts as a Lewis base coortiimato the 3isocyanato
S—— ss oxindoles.
R? 0 ii) aq. HCI (10 equiv) R? Ar = 3,5-(CHg), (Il
N 12h '
30 \ 31\ 3 NO,
R? = Me, OMe, halogen ~ 93-79% yield | A
63-87% ee ' R! NO,
15 Scheme 4Spirocyclizaion reported by Wang a7 NRZ Z"(?/T(?f (;g;:?l/“) @ C/EL /%?
o
. . . . NCS Toluene, 4A MS o
Xiao and Chenet al describel an asymmetric Michael R3 2332,8,1% R
addtion/cyclization cascadeeaction of 3nitro-2H-chromenes y ° R¢ 38 3ph “Ph Ph “Ph
. . . . 96-99% yield |
(32) with 3-isocyanato oxindole83 catalysed by chiral Zll) 33 ke Upto 59911 di. U 10 599% 0 | v
20 under mild condition8.The reaction is highly stereoselective g;f;’s" e O, O M oMo Boc
leading to functionalized polycyclic spirooxiatés(34) in 72- gjmv e
= Me, Et, Bn,

99% vyields, 95:5 dr., and >99% eeThe optimized reaction
conditionsemploy 10 mol % Zn(OTfr and 11 mol% IV in
toluene at room temperatu(cheme 5)Various substituents

25 on the 3isocyanato oxindole moietgnd on the Jitro-2H-
chromenearewell tolerated.

Scheme 7Spirocyclizationreported byyuanand Xu

60
2.2 Copper-catalysed methodologies

NO, Gade et al repored the enantioselective synthesis of

me/momz(mmol%) spirolactones and kdpirolactones cataggd by a Cu(ll)
0 65 complex with chiral pincer ligand®oxmi (VI). The procedure

- IV (11 mol%)
NCS Toluene (0.1 M) R2 S based on the stereokemdsersti ve

", 1217 h \ (39) with benzylic and allyliciodides (40).1* The iodides
R? y °© 74»9;2 yi;‘; 3Pﬁ‘ Ph PR Ph prepared in situ from the corresponding alcohdgbs Csl and
33 R x-0,cH, >95:1 dr, 91-99% ee | v BFsEt0 in CH:CN after quenching with DIPEAverereacted
2;::: m:z 832: NOz, halogen owi t h ketoesterh The Cu complex promotahe
R3 = Me, Bn enantioselective alkylation anthctonization of the allyc
Scheme 5Cascade reaction reported by Xiand Chen derivatives.Optimum alkylation result$>90%yield and up to
. 99% ee)wereobservedwith the bulkytert-b u t ykétoediers.

Acyclic nitrostyrenes were also successfully employed The reaction works with indanones and cyclopentanones but
however,to gain good results, the nitroalkem@s substituted 75 fails with sixmembered rings and acyclic ketoest&#hen the
atthe carlon atom bearing theitro group Thus,b-methytb- allylic moiety is part of a cycle bi-spirolactonevasproduced
nitrostyreneafforded the product i82% vyield, 31 d.r, and In_ these case$hg reaction works better with cyclqpentaeen

5 99% ee comparedto the 29% yield, 3:1 d.r. and 4% ee with respect to indanone# reasonable mechanism for the

obsevedwhen simpleb-nitrostyrenewas usedScheme 6) Cu(I.I) gatgl)sed alkylation has beenproposed where he
so cyclization is promted by BR'Et20 ard the Cu(ll) complex. In

the absence ofthe Cu(ll) complex only a trace amont of

4 | Journal Name, [year], [vol], 007 00 This journal is © The Royal Society of Chemistry [year]



spirolactonevasdetected Scheme R

Cu(OAc),H,0 (2 equiv)
- .

MeOH, rt

i) Cu(OTf), (10 mol%)

VI (12 mol%)
R1 =R2=H, Me, OMe 86- 89% yield

4A MS, iPr,NEt (2 equiv)
CHZCIZ it, 24 h
92-99% ee
[/%COZ‘B” W

4 g

82-85% vyield
81-99% ee

BF3 Et,0 (6 equiv)
rt, 20 h

i) Csl (2 equiv)
BF3Et,0 (2 equiv)
CH3CN, rt, 20 min

OH  then /F’erEt (4 equiv)

n n 1 -4 ||) Cu(OTf), (10 mol%)
VI (12 mol%)
4A MS, CH,Cly, 1t, 24 h
iii) BF3 Et,0 (8 equiv)
rt, 20 h

5 Scheme 8Spirocyclizatiors reported by Gade

Dengand Yuet al employeda 1,3-dipolar cycloaddition of
azomethine ylidedo contructspiropyrrolidine derivative$?
The reaction of azomethine ylided5 wi t halkylidene

10 succinimides46 catalysed by Cu(OAc)/N,O-ligand systems

leads toendadispiropyrrolidines47 in good yidds and>20:1

d.r., and up to 97% edéhe reaction requires the presence of an

DengandYu et al applied this procedure tthe synthesis of

35 spirocyclic  pyrrolidinethia(oxa)zolidinedione$® The exo
pyrrolidine-thiazolidinedione  bearirg heteroquaternary
stereocentresyereproducedvia the 1,3-dipolar cycbaddition
of azomethine ylidest5 with 5-alkylidene thiazolidine2,4-
diones 48 in excellent vyields (up to 99%), high

10 diastereoselectivity (up to 99:1) and enantioselectivity up to
98%. Once againthe presence of the methyl substituent in
position 1 of the ligand is essential to achieve high yields and
enantioselectivities. Ithe azomethine ylide45 derived from
glycine esters, neutraheteroaryl, ancelectrondonatingand

45 electronwithdrawing sulgtituents on the aromatic groug Bre
well toleratedand gave the corresponding products in excellent
yields(88-99%)andstereoselectivitie86:1499:1 d.r. and 89
97% ee) The reaction also worked wellhen R wasan alkyl
with ligand IX atroom temperatureExcellentresults(80-99%

soyields, 87:1399:1 d.r., and 8B7% ee) observed with
thiazolidine2,4-diones48 (X = S), which were insensitive ©
the presence of different typef substituentson the phenyl
rings (R and R). Thiazolidine2,4-diones bearing an alkyl
substituenton either R or R® reacted very wellThe reaction

ss was also applied to-&lkylidene oxazolidine,4-diones48 (X
= 0), usingligand IX to produceexospirocyclic pyrrolidine-
oxazolidinedione49 (X = O) in good yields(88-92%), high
diastereoselectivities (80:2098:2 d.r), and high
enantioselectivies (92-97%ee Scheme 1Q)

o

A ¥

X Cu(CH3CN)BF, (5-10 mol%)

R
“NFC
.0 48 X (G511 mo) Ri' X// . | ' m
N !
o N

X=8,0
electronwithdrawing groupsuch asCO:Me and Cbz on the
succinimidenitrogen. Among the chiraN,O-ligands teted, GozMe o 0o Me0C N -
15 VI 11 afforedthe best yields. The methyl substituent in position N s000% | w7 on

1 ofthe ligand is necessary to gain high enantioselectivity. The HJ\R1

reaction works well withazomethine ylide<l5 derived from

glycine esters in which the subtituents on the aromatic groyp

R' can be indifferenyt neutral, electrodonating or -
2o withdrawing, heterarylic, and even sterically hindered}*
Alkylidene succinimides46 tollerate both electromich and
electrondeficient substituents in several positsoof the aryl

ring. Wi t h t he
succinimides the reaction requires the chiralN,O-
25 ligand/Cu(CHCN)4BF4 complex Moreover, the

Cu(OAc)/N,C-ligand VIII catalytic systentan be applied to

the cydoaddition of azomethine ylides with-@oindolin-3-
ylidenesto afford exo-dispiropyrrolidinesA7in excellentyields
(88-99%), excellent diastereoselectivities (99:.1.), and high

30 enantioselectivities (up to 95%e Scheme 9)
o )

RIT
N—CO,Me
Cu(OAc),'H,0 (5 mol%)
O 46 VIl (5.5 mol%)
f N
KZCO3 (2 equiv)
MeTHF, rt, 4 A MS R20,C \\\

OH
N 3 Vil N

Ph  Ph
)J\ 4 30-88% yleld
H R 87-96% ee

a5
R' = R3 = Aryl, hetero; R? = Me, Et

Scheme 9Spirocyclization reported by Deng and Yu

CO Me CI

.
CO,R?

86:14/98:2 dr : IX
89-97% ee

PH Ph
45 R!=Ph, aryl, 2-furyl, 2-naphthyl, Bu

R2 = Ph, aryl

R3 = Ph, aryl, 2-furyl, PhCH=CH, CO,Et, H, n-Pr

Scheme 10Spirocyclization reported by Derand Yu

Cai et al studied the enantioselective synthesis of
spirobilactamsvia Cu-catalysed intramolecular doubleN-

mo r e-akylidena c & drylagon arid ephasei separatifnTbe reactios of 2,2bis(2

iodobenzylymalonamide$0 were performed in CECN at 70
°C with CsCQ asa base in the presence of Cul and a chiral
ligand (X); this ligand produced the bet yields and
enantioselectivitiesIn the model reaction the lactam was

noreduced to benzospirodiamine to allow better HPLC
measurement With the excepbf the CFs-substituted produgt
an increasdn eewas observed ithein situ precipitationof the
racemate At the end of the reactigrthe addition of more
solvent allows the dissolutiomf the enantiopure product

75 precipitated together with the racemate. Pheducts(52) were
obtained from the filtrate ithe yieldsrange65-78% and up to
99% ee Different substituents on the phenyl ring are well
tolerated. The enantioselectivity arise from the first
desymmetric cyclizatio(Scheme 11)

80
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NH,  Cul (20 mol%)/X (25 mol%)

R
Cs,CO; (2.5 equiv) %
T
N
H

|
S NH,
o
o]
51
NH
o°
52

CH3CN, 70°C, 24 h

H

62-78% yield, 85->99% ee

Scheme 11Spirocyclization reported by Cai

2.3 Palladium-catalysed methodologies

Takisawa and Saseat al. reportel the synthess of spirocyclic
ketones54 based a the intramoleculara-arylation of a-
10 substituted cyclic ketones3.1% The reaction is catasged by Pd
complexesand the Josiphos(X1) ligand, renderinghe final
compounds in excellent vyields (629%) and modeta
enantioselectivities (:833% ee; Scheme 12) The
enantioselectivity of theeaction is highly dependent dhe
15 spirobicycle ring formed; spiro[4,4]nonanedforded higher
enantioselectivities than spiro[5,8nd spirg4,6] alkanones.
Another important limitation othis methodology is the need of
anortho-OMe substituent in the bromphenyl ring.

P
v ', Pd(OAC), (5 mol%)

(S, Rp)-Josiphos (XI)
(7.5 mol%)
- .
K,COj3, DME, 90 °C
16-144 h

o 54
63-99% yield |
18-83% ee |

(S, Ry)-Josiphos (XI)

m=1,2;n=1,2;R=H, OMe
20

Scheme 12Spirocyclization reported by Takisavaamd Sasai

A migratory ring expansion was reported by Raireyal for
the synthesis of spirocyclic ring8.Cyclobutanols55 bearing
25 an indene ringitthea-position reacted with Pd(Il) /phosphoric
acid (XI1) complexes asatalyststhrough & enantioselective

allylic CH activation with concomitant semipinacol ring

expansion for the construction of spiroindanoes 56 in

moderate yields (408%) and goodenatioselectivities (7-7
30 98% ee;Scheme 13)

Pd(OAc), (10 mol%) Ar

X1l (20 mol%) > }
R 1,4-benzoquinone i o
: : o
(2 equiv) ' ~p¥
OH ‘ P
55 . o 07 “oH
PhCF3, 60°C R } OO
R2 : Ar
R'=H, OBn 40-78% yield | Ar=2,4,6-(Pr)3-CgH,

R2=H, alkyl, aryl, n-Bu  77-98% ee X

Scheme 13Ring expansion reported Bainey

s Yin et al reportedthe synthesis of spirooxindoles from
furfurylcyclobutanols 57. The reaction occurs throughna
arylative dearomatizatiorihg expansion cascade catagd by
Pd(0).1” First, the oxidative addition of plladium 59 takes
place on the bromo aryl followed by addition to the furan

10 (Heck type addition 60). The process preeds via
isomerization tothe spiro allylic palladium intermediateand
coordination to the hyaxyl group form ntermediateés1. This
undergoes a 1;alkyl shift and releasepalladium toform
spirofuran58 (Scheme 14)The choiceof ligand is crucial to

45 attaingood enantiselectivitiesphosphoramiditeX|l | derived
from TADDOL renders the final producis good yields (70
75%) and enantioselectivities (8B% ee and only one
diastereomer Only five chiral examples with limited scope
have been reportg@®cheme 14)

( %&,R‘
N
HO © \ Br
N \ Me

57 R'=H,alkyl, F

R1

Pd,(dba)s; (5 mol%)
X1l (10 mol%)

o7 N
3 /// “Me
58 O

68-75% yield
81-83% ee

K,COj3 (2 equiv)
DMF, 90 °C
Ph  Ph

Rege

Ph Ph Xl

Proposed mechanism : 57

KHCO, + KBr
L,Pd(0) R
\ |
Brpg
e %N
(0]
o

PdLHBr

~

Me
58

59

50

Scheme 14 Synthesis of éspirooxindolesreported by Yin

Dixon et al. reported a Pecatalyzed carbocyclaion cascade
for the synthesis of heavily decorated spirolactafidediated

s5 by silver phosphateallenelinked ketoamide$3react with aryl
or vinyl iodides64 to form the allyl intermediates5, which
undergoes intramolecular alkyatibtmfrom the ketoamideThe
final spirolactams6 weregeneratedn good yields (6182%),
excellent diastereoselectivitie@ip to 42:1 d.r.,) and good

s0 enantioselectivities (689%ee€ with good group compatibility
(Scheme 15)
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0 Pd(OAc), (10 mol%) _
N XIV (20 mol%) o o
| ) AgzPO, (0.5 equiv)
R -
63 .
R = DCE, 70 °C
+ |—R3

64

R'=H, Me, OMe, halogen
R2 = Bn, PMB, alky!

R3 = Aryl, alkyl //%

40

66
58-86% yield
up to 56:1 dr, 53-89% ee

R1

4!

[l

Scheme 15Spirocyclization reported by Dixon

s Luan et al. reported a plladiumcatalyzed dynamic kineti
asymmetric transformation od racemic biary] showing an
axialto-central chirality transfet? Conformationally labile
biaryls bearing a ortho-bromo sistituent(67), undergo and s,
enantioselectivereacton with chiral Pd0) complexesWhen
the NHC ligand XV is employed the palladium complex
discriminates between the two chiral conformations of the
biaryl. Next coordination of the alkyn&8 and subsequent
cycloaddition eadsto theformation of spirocompounds9 in
good yields (up to 95%and exellent enantioselectivities (up
to 97%ee Scheme 16)

o)
Br
+|
OO R?
68
67 OH R1=H, Me, OMe, CF;, halogen 56-95% yield
R2 = Aryl, hetero, alkyl 86-97% ee ! 65

55

Pd(OAc), (10 mol%)
XV (20 mol%)
Rr2 NaOtBu (1.5 equiv)
‘ Kl (1.5 equiv)
_

THF, 80°C, 16 h

60

Scheme 16Spirocyclization reported biuan
20
A Pd-catalysed[3+2] cycloaddition between vinyl aziriding9
and alkylidene oxindole&5 was reported byu et al?° The
reaction starts with the complexation ofPd to the
vinylaziridine, opening the aziridine and forming the -1,3
dipole. It then, proceels with a Michael addition to
methylenindoline This is followed by intramolecular
asymmetric allylic alkylation to furi s h  t-pyreolid@nyl 3 6
spirooxindole and regenerate the Pd(0)
PhosphoramidateXV1 is used asligand, achieving the final
compounds?71 in good yields (69-90%), good to excellent
diastereoselectivities (up to 19:1 d,r.)and excellent
enarioselectivities (8209% eg. Limitations of the present
methodologyincludethe use of Tgrotected aziridineandthe
requirement of electronwithdrawing substituentsat the
alkylidene position of the oxindolgcheme 17)

70

75

catalyst.

R'

N
ILG 70 R' = COaryl, COalkyl, CO,alkyl 69-90% yleld

R o Pda(dba);CHCI
N (5 mol%)
25 \ XVI (12 mol%)
Me R2
¥ E
W/\ Toluene, 10 °C OO >

R2 = H, Me, OMe, halogen
PG =Ts, Ns

Scheme 17Spirocyclization reported blu

up to 19:1dr
82-99% ee

A similar reaction was reported by Shi, Xu and Weal where
the vinyl cyclopropanes react with isatifisThe use of chiral
imidazolinephosphine ligands is crucial tattain excellent
yields (up to 98%) and stereoselectivities (up to 94:6 d.r. and
96% ee)Shiet al reported a novel cycloaddition between vinyl
cyclopropanes and diazo oxindoRés he reactioris efficiently
catalysed by Pd(0) complexes, using chiral imidamet
phosphines asthe ligand. The reaction affosd the
corresponding oxindokused spiropyrazoline in good yields
and enantioselectivities. Moreover, they designed apwte
cascade reaction adding maleimides. The maleimide reacts with
the formed dipole a furnish the final multicyclic products,
bearing four stereocentres in good yields and
stereoselectivities.
Trost et al reported a formal [3+2] cycloaddition between
arylidene oxazimnes72 and vinyl cyclopropane§73).>® The
reaction was cataded byPdx(dba}, usingthechiral phosphine
ligand XVII. Interestingly, a key aspect tattaining good
reactivty was the type of substituent presentthe malonate
moiety of the vinyl cyclopropane. The authors proposed that
the use of trifluoroethylester increases the diédf of the
intermediate dipolewithout losingthereactivity. The reaction
afforded the spiro oxazolone derivativé4éin goodyields and
excellet stereoselectivities (Scheme ,18p). The same
research groupater expanded the scope tie reaction using
alkylidene Me | d r u m@5.2* BPPBAdbiphosphine ligands
(XVIIl) were employed to achievethe final spiro
cyclopentanes 76 in good yields and excel
stereoselectivities (Scheme ,18ottom).Zhao et al reported
the synthesiof sprocycles based on this approach uspaga-
quinonemethides and vinyl epoxides or vinyl cyclopropanes
with excellent result$®

(dba); CHCly

o Pd;
)Q — (2 mol%)

N 2 RXVII(Gmo\/a)
+ - .

%N\

CO,CH,CF; |

002<:H2<:F3
Toluene, rt, 16 h o \ NH HN
N\, N\
F3C ¢} o CFy 51 -87% yield
= 8:1/>19:1dr | PPh, PhaP
73 63-98%ee | XVil
= Aryl, alkyl, naphthyl, OMe
o]

o
>< = Pdj(dba);CHCly 0O

o R? (2.5 mol%) B

75 0 o
+

GWE

XVIII (7.5 mol%) EWG

EWG

- -
EwG Toluene (or dioxane)
rt | 76
32-97% yie\d
1.5:1/12:1dr!
29-96% ee

©fLNH HNJé©
PPh, Ph,P

_ 2

73 xvii

= Aryl, alkyl, hetero, naphthyl, alkynyl

Scheme 18Spirocyclizatiors reported byTrost
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Nitrostyrenes77 react with wnyl cyclopropanes78 derived
from 1,3indanoneunder Pd(0)catalysis, usinghe diamine
ligand XIX to producespiro compound9in good yields (75
90%)andmoderate to good diastereoselectivitie(1to 14:1
s d.r), and excellentenantioselectivities (929% ee;Scheme

19).26
[ | Q
Pd,(dba), : N N
(5 mol%) |
78 0 XIX (10 mol%) H NO,;!
+ EE—— O R 1
R/\/NOZTHF’ Ar, 40 °C 79
36 h 75-92% yield ;
” 2:1/6:4dr '
R = Aryl, naphthyl, hetero, alkyl 55-99% ee | XIX

Scheme 19Spirocyclization reported bliu
10
A cycloadditon of vinyl cyclopropanes with ranesulfonyl
indoles catalyed by mlladium complexeswas described by
Liu and Heet al. in 201527 Arenesulfonyl indole§1 react with
the zwitterion(80) formed via the ring opening of the vinyl
15 cyclopropane73 by Pd Next, the conjugate ddition of the
malonate and the subsequentPd-cataly®d intramolecular
allylation, afforded the spiroindoline®6 in good yields (up to
74%) and stereoselectivities (up to 97% ; e¢otal
diastereoselectivity), using phospharidite XVI astheligand

20 (Scheme 2))
CO,Me
\

CO,Me

Rt y Ar MeO,C._ _CO,Me
N 86 gz
39-76% yield d(dba),
>20:1 dr, 64-97% ee
R'=H, OMe, CI
MeO,C

MeO,C CO,Me

J_)fCOZMe

SO,Ph
A\
N
H 81
MeOZC
CO,Me + PhSO,
PhO,S CO,Me __ — 82

84 CO,Me

Scheme 20Spirocyclization reported by Liand He

25 2.4 Scandium-catalysed methodologies

Fenget al. repored a highly diastereoand enantioselective *

[2+2] cycloaddition reaction of disubstituted keter@&with
isatins 88, catalsed by a chiral N,N&-dioxide XX-Sc(OTfk
s complexin the presence of molecular sieves,piwduceb-

. . . 8 :
lactones39in very high yields® The substituents on the ketene65 in high yield and good enetioselectivity.The reaction was

moiety have little Hect on the stereoselectivity, while the
subtituents on the isatinsxhibits amore pronounced effect on
both the reactivity and enantioselectivityzor example EWG

sin positiors 5 and 6 decrease the performance of the

cycloadditionand require higher catalyst loadimyer isatin

substituted in position {Scheme 21)

Ar
—=o

R XX/Sc(OTf);
87 (0.2-2 mol%, 1:1) R2
R24 ¥ 0 —_— @\
5 MS 3 A, CH,Cl,
@i@zo 30°C, 8-48 h \
° N 89 Bn -
7 \ R ! s/ N
88 Bn 77-99% yield | Ar XX Ar
= Alkyl 88-98% ee ' Ar = 2,6-(iPr),CgH3
R?=H, Cl, Br, F, Me, CF
r=Aryl

Scheme 21[2+2] cydoaddition reported b¥eng

In a subsequenstudy Fengod6s group

synthesis of chiral spirooxindole tetrahydroquinoli®dsvia a
sstandem 1,Bhydride shift and ring closure. The cairN,N&
dioxide XX-Sc(OTfk complex promoted the reactiomith up
to 97% vyields and >20:1 diastereoselectivitie¥ Notably,
partial self disproportionationof enantiomers (SDEpccurs

during 3|I|ca column purification of the produdiScheme 22)
~ RS

/

N
NS XX/Sc(OTf)3
(10 mol%, 1:1)

- = R?

DCE, 35°C
o
0 R 9 R
= Me, Boc, Bn 60-97% yield Ar = 2,6-(iPr),CgH3
R2 H, Cl, Br, F, Me, OMe >20:1 dr, 82-91% ee |
R®=H, Br

50

Scheme 22Spirocyclizationreported by Feng

Franz et al describe the first enantioselective [3+2]
carboannulation of alkylidenexindoles25 with allylsilanes92
ss catalyed by a scandium(ll)/R,S)-indaPyox XXI complex
with sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate
(NaBArF, 93) to improve the stereoselectivitfthe reaction
allows access to spirocyclopentan&l with up to three

stereocenteréScheme 23§°
R3 Si(iPr)s

/ XXUSCCINaBATF (83)  _, R®
. (10 mol%, 1:1:1)
R2 0+ NSPs L g
N 4 AMS, CH,Cl,

\ 92
25 R!
R'=H, Ac, Cbz, CONHPh
R2=H, F, OMe
R® = CO,alkyl,Ph, CN

=0

N

93 R
72-97% yield
up to >20:1 dr

F30 CF3 up to 99% ee

Na CF3

(R,S)- mdapybox CF3

NaBArF (93)

Scheme23. Spirocyclization reported by Franz

The bromoaminocyclization of benzofuranylmethyN-
tosylcarbamate85 afforedspiro benzofuran oxazolidinon83

accomplished witla Sc(OTfk-chiral phosphineXXI | catalytic
system in the presence of iggromo5,5-dimethylhydantoin
(DBDMH, 96) asthe bromine source and N@Os additive at-
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60 °C for 48 hThe bromo substituent allows the transformation
70 0f 97 into other functionalized spiro benfuran oxazolidinones

ed

|



(Scheme 24) .

NHTs  Sc(OTf)5/XXIl (5-10 mol%)

8 N O Rz [Ir(cod),IBF, (5 mol%)
o« DBDMH 96 (1.2 equiv) S~0 XXIV (7.5 mol%) |H -
s T LR ) —
o Na,COj; (2.4 equiv) o /N o PhCI, 80 °C, 48 h
95 CHClj, -60 °C 97 R? R1=Oalkyl Me
R! = H, Me, Bu, halogen 80-97% yield, 91-96% ee R2 = AIkylyaryI 102

. 0 sy
N ,PPhz

S .

i e sl

g

XXIV

XXII DBDMH (96) 40

Scheme 24Spirocyclization reported bghi Scheme 26Spirocyclization reported bMishimura
Ding and Wangget al reported arir-catalysed dihydrogenton
45 of bis(2-hydroxyarylidenejetonesl103. After hydrogenation a
spiroketalization occurs to form the spiro compouh4.38 A

You et al developed aatalvtic asvmmetric dearomatization key aspect to this reactions the use othe SpinPhoxligand
u - gevelop ylucasy : r zatl XXV to achieve excellent yields (846%),

10 (CAD,A) ~of pyrroles through an Ir-catglysed allylic diastereoselectivities (up to @Bd.r.) and enantioselectivities
substitution3? The reaction comprised llglic carbonate % (Up to >99%ee Scheme 27)
tethered pyrroles or indolef98)* in the presence of
[Ir(cod)Cl]2 and phosphoramiditeXXIl | as the ligand The i N H - ' XKV (1-5 mol%)
spiro compound®9 were attainedin good yields with upto O ‘ O

15>99:1 d.r. and 96%e. [6,5]Spiroringswere synthesisedvith 103 eoam CHZCI?
limited group scopeSubsequentlythis researclgroup reported R =H, Me, halogen
the synthesis of5,5] spiro with excellent result§Scheme
25).3Recatly the same research grouppandedthe scope of
this reaction bymaking useof the desynmetrization of

20 diindoles. The reaction rendat the final products in yields
(99%) and excellent stereselectivities (>95:5 d.r. and 99%
ee)3s

2.5 Iridium -catalysed methodologies

104
) 81-96% yield
“’Bn up to 98:2 dr, 95 - >99% ee

Scheme 27Spirocyclization reported by Dingnd Wang

55

R2
R! 7 [Ir(cod)Cl], (2 mol%)

H
N NC i (4 moiv) ‘ 2.6 Nickel-catalysed methodologies
| / Cs,CO; (1 equiv)
) THF, 50 °C An asymmatc 1,3-dipolar cycloaddition between-&rylidene
R? o9 OO s oxindoles 25 and nitrile oxidescatalysed by N,N&dioxide

98 0CO,Me

R" = Ayl alkyl, H ﬁ;f’f;gy;eé‘ﬂ XXl XXVI -nickel complexesvas also reportetf Nitrile oxide was
R?=8n, Me, ally 84-96% ee generated fronN-hydroximoyl chloride105 by treatment with
Scheme 25Spirocyclization reported by You molecular sieves. This was followed by 1,3-dipolar

25 cycloaddtion with 3-arylidene oxindole takeplace catalysed

An Ir-catalysed [3+2] annnulation between aromatietimines e by a Ni complex to generate spirooxindol&06 in moderate
with alkynes via C-H activation have been used for the yields (4060%) with excellent diastereoselecivities (up to
synthesis of spiro compoundd02).3® In this method, the >99:1d.r.) and enantioselecivities (88%ee) andgoodgroup
ketimine were generateth situ from 100 by dehydration.  compatibility (Scheme 28)

30 Cyclic N-acyl ketimineswere firstreacted withthe internal

alkynes through €H activation of the cyclic aromatic ketimine
This wasfollowed by alkyne insertion and annulation with the @@ Ni(CIO,),6H,0
R
N

imine to form the spiroaminoindenasgood yields (up to 94% °xx$|0(:z\)o:fj|%> Q\/\ Q
and enantioselectivities (up to 92% @djen R)-BINAP XXIV 25 o, AMSHO

s was used as ligand. Surprisinglyhe addtion of carboxylic N DCE, 35°C 106 bop | o HN
acid as additiveresuled in an inversionof enantioskectivity R3kcl R = Ary, hetero 40-60% yield | 6/ @
with similar results(Scheme 26) A similar reaction was 105 R~ Xry?Me netogen u%;og?af;ed'; XXVI
reported by the same group in 2013, using dienes and chiral Scheme 28Spirocyclization reported blyeng

dieres as iridium ligands with excellent resuffs.
Feng and Liu et al also reported anickel-catalysed

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00i 00 | 9



cyclopropanation of  &lkenyloxindoles 25  with
phenyliodonium ylides 107.4° The reaction starts withhe

thermal decomposition of thenpnyliodonium ylide malonate

thiosalicylaldehyde via a thio-Michae&ldol sequence to
45 generatea thiochromanydspirooxindole with three contiguous
stereogenic centerswith excellent yields (73®9%) and

under mild conditionsto form the free singlet carbene. Next, stereoselectivities (up to 98ckr.andup to 94% ee) when using
s the carbene reats with the 3alkylidene oxindole catalyzed by bis(imidazoline)pyridine ligands.

an N,N&dioxide XXVI-nickel compex, to form the
spirocyclopropane$08in good yields (8299%) and excellent

stereoselectivitiescompletediasteeoselectivity and up to 99%

ee; Scheme 29) The sane research group reported aathi
10 Michael/ddol  cascade reaction between

system?' The reaction furnisbd the corresponding
spirooxindoles in good vyields (56095%), excellent
diastereoselectivities (up to <19:1 d.r.) and excellantd
15 enantioselectivities (998% e with

compatibility.
R! :
) y |
R2 o CO,Me | O
N XXVINI(OTH, " >come N
25 \BOC (5moi%,1:1) o " ° ! g o
+ _— > . 0—\ T
N L N—H H—N

CO,Me Et,0/CH,Cl, \
25°C Boc
108
, COMe 90-99% yield
R'=COR, aryl, alkyl ~ 90-99% ee
R2 = H, Me, OMe, halogen

Scheme 29Spirocyclization reported blfengand Liu

Ph— |

10
XXVI

20
SimultaneouslyFeng and Liuet al alsodeveloped a ickel-
catalysed AzaDiels-Alder reactionbetween 3vinylindolines
110 and isatinderived ketiminesl09.4? The chace of ligand
was crucial to achieve higlenantioselectivitieswith N,N&

s dioxide XXV II as the ligand. The reaction generadethe
correspondingxo-spirooxindolesl11, due thep-p interactions
between the two indoline ring& good yields (7895%) and
excellent enantioselectivites (@1% e€ with moderate
substrate scope. The autha@mmonstratedhe applicability of

30 this methodology using it as a key step for the synthesis
NITD609, an antmalarialdrug(Scheme 3Q)

N—R? ‘
/ |
N D) NIOTR,- XXV : C}
109 Lo (5mol%,1:1) ; NN
N\sz €

CH,Cl,, -10 °C

+ . \
1 /" o p
N\ #)BN HCl, 30 °C R O Nﬁo P iPr
\ : ProiPr
” 111 Boc :
110 75-96% yield |
89-94% ee ;

R" =H, Me, OMe, OCF3, NO,, halogen XXVl
R, = CO,Et, Boc

Scheme 30Spirocyclization reported blfengand Liu
35
Arai et al. reported a [3+2] cycloaddition betweera8ylidene
oxindoles 25 and iminoesters45, catalyged by chiral Ni
complexes'3 The reaction generat¢he spirooxindolesl12 in
excellent yields (8@9%), diasteregelectivities(up to 99:1
40 d.r.) and enantioselectivitigsip t0>99% ee;Scheme 31)The
sameresearch group reped the synthesis ofaspirocompound
basedon a Michaelaldol cascade reactiocatalysed by Ni
complexes* Thus, 3alkylidene oxindoles react with

alkylidene
benzoxazoles ahl,4dithiane2,5-diol using the same catalytic

reasonable group

/ Ni(OAc), (10 mol%)
R2 O XXVIII (11 mol%)
N NEt; (10 mol%)

s H2s = R OH
MeOH, 0 to -20 °C Br
A\ '
N >co,Bu
J R' = Aryl, COPh, CO,Et o : Ph)\
R 45 )= Anl +COEt  87.99% yield !

R3 = H, halogen up to 99:1 dr Br
R = Aryl, allyl, alkyl 71-99% ee XXVl

50 |
Scheme 31Spirocyclization reported by Arai

2.7 Gold-catalysed methodologies
55
The synthesis of spirocyclic ketonesatalygd by Au
complexescombinedwith chiral Brgnsted acida/as reported
by Zhanget al.*> This methodis based on aasymmetric redox
pinacotMannich cascade raction. Aryl nitronésl3 react with
s0 Au complexes to delivean intermediatghat proceeds t@
pinacol earrangement and intramolecularakhich reaction
catalysed by the chiralBrgnsted acidXXIX . The reaction
proceedgo form the spirocyclic diketond 14 in good yields
(65-93%) and good to excellent enatioseleities (9099%ee;
6s Scheme 32)

A RIQ\CF [AuCI (JohnPhos XXX)J/AgSbF¢ (5 mol%) NH
) 3 XXIX (10 mol%)
[ I :> ﬂ)n

PhCF3, -28 °C
o
4 (0]
80-95% yield, 84-97% ee

(2 =L

o
~Np?
P, P
Ar O
Ar = 9-Anthryl JohnPhos
XXIX XXX

Scheme 32Spirocyclization reported by Zhang
70
A chiral cyclopropanation between diazooxindole¥ and
olefins 116, camlysed by Au complexes with
spiroketalbiphosphine XXX, produced the final
spirocyclopropaned 17 in moderate to good yield18-88%)
sand good enantioselectivities (@8% e, and complete
diastereoselectivitie® The reaction presesa broad substrate
scope includingecis- and trans-disubstitutedalkenes(Scheme
32).
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he | betweena-amino glactones as azomethine ylide precursors
RH@izg:O XXXI-(AuCl), . 124, and nitroalkene§7, as dipolarophilesfor the formation
o Agg‘;m:/;% 1 K of spiropyrrolidines125; Ag complexeswere used as the
R catalysts? Diphosphindigand,such as MeDUPhos(XXX V),

R PhF, Cemoc 4s affordedthe bestesults in term®f yield and stereoselectivity

117

116 R’ =H, Me, Et, halogen  48-88% yield PPh, Ph,P The reaction renders the spirocyclic compouisnoderate
R® = Me, CH,0OMe 88-94% ee ! . . L.

Ar = Ph, PMP >20:1 dr in all cases | XXXI yields (4873%), excelent diastereoselectivitiegup to 99:1

Scheme 32Cyclopropanation reported Bhou d.r) and good enantioselectivities (&% e€ with poor

functional group scopelnterestingly the authorsperformed
A catalytic dearomatization cascade reaction was developedsbpFT calculations to confirm thproposedtransition stag and
s Bandini et al Indolesdecorated with a propargylic alcohol to determine the stereochemical pathway of the reaction
reacted under gold catalysis to furnistpolycyclic (Scheme 35)
sproindolines with high stereoselectivity when diphosphine

ligands such as xylylBINARvere employed’ R
A catalytic threecomponent reaction for the synthesis of AgF (5 moi%) O )
i 48 XXXIV (5 mol%) ‘
10 splroacetalsrvas reported by Gongt gl. AIkyqu 118 reacts PN 0, _sLNo, el Q
with Au (IIl) andundergoes cyclization reactiotio afford an RN R Toluene. 0°C N : @

. . : o . 124 0 77 . 0 s
aromatic enol etherintermediate This intermediate then 24h 125 ! P
participates in a formal [4+2] cyclizationcomprising an R’ = Anyl, hetero 40-73% yield | /Q

. . : . L R? = Aryl, alkyl, hetero up to >99:1 dr
asymmetric Mannichype reaction with salicylimines 50-96% ee | XXXIV

1s generatedn situunderBrenstedacid catalysis Thesubsequent . gcheme 35Spirocyclization reported bgosso and Sasano
acetalization generagéhe spiroketall21 in good to excellent

yml?f (62t.97%|) ar_lc?|ast§ge500/s,faée(;]t|VItlesséupto >25:1 dand In 2015, Taylor and Unsworth developed a catalytic
good enatioselecivties ( 6;Scheme 33) dearomatization (CADA) of aromatic ynones cately by
silver. The silver salt activasghe triple bond for nucleophilic

oH 1 : Ar
RW@Q PPhoAUMe (5 mol.,,) pHAr OO r s attack by the indoletherebyleading to the spiro compound.
'3/ o '
X XXXII (10 mol%) / 3 0.0 The reactionachieve good yields (62>99%) andmoderate

18 Ar ‘ N
e — ; 0" “oH . R . . . .
OH NHa {5 4 tichiorobenzene R?! enantioselectivitieg40-72% ee)using chiral plsphaic acids
Rﬁ@i 120 4Ams, 15°C. 34 1 ‘ . astheligands5?
CHO  R!=H, Me, halogen e C aeeensi ; ot -
=H, Me. e, ‘ -
119 RZ = H. Mo, halogon o ol Pgterset ?L. repated a cascade reaction consmt@fgan 0i n
0 ) o ‘ esS i tfam@ation of azlactones fronN-benzoylglycine 127,
Scheme 33Spiroketalizatiorreported by Gong followed byadouble Michael addition with divinylketond6

catalyed by the bispalladacyclesXXXV .52 The reaction
renders the final product28 in moderate to good yields (52
89%), with good to excellentrangcis ratios (up to >99:1),

o moderate diasteoselectivitiesowardsthetransiisomer (up to
2.7:1 d.r.), and good enatioselectivitie$399% eg. Despite
the poor reactiorscope,the interest of the reactidies in the

possbility to syntksize quaternary cyclic amincals from the
spiro compound¢Scheme 3p

2.8 Silver-catalysed methodologies

2s An asymmetric desymmetrization of spiro cyclohexadlene
lactones was reported by Wameg al in 2013#° Meso-spiro
cyclohexadiene lactond®2 reacs with iminoestergi5via 1,3
dipolar cycloaddition catalsed by Ag complexes. Thehiral
spirolactonepyrrolidines123 wereaffordedin good yields (73

30 89%), excellent enantioselectivities (99%ee), andcomplete
diastereoselectivitiewhen TFBiphamPhosXXXI Il wasused

. .. R Tsa
as ligand. The scope of the reactimexcellent, affording o o 3 NS‘P“

.. . . . XXXV (2 mol%)
similar results whenonsubstitute@nd substitutedminoesters RWWRZ AGOTE-MeCN (8 mol%)

/
—Cl .-
were employedScheme 34) 126 NaOAc (2 equiv) I A
35 i R Rep Fe cl.’
OH  HOAC/AG,O (70:30) Ny 0! T Pd
o o CF, Ph H/Y IOt )70 3 %/ X3
\[\;@o AgOAC-XXXIIl 127 © PH 128 3 e =N
(5 mol%) O R' = Aryl, Me 23.89% yield | V"’/ph
122 Et;N (15 mol%) FsC NH, R? = Aryl, hetero, Me upto2.7:1dr |
+ - 63-99% ee | PR xxxv
R2 CH,Cla. 0°C FsC NHPPh, 75 ) ) )
B Saoah 123 : O Scheme 36Spirocyclization reported by Peters
RW&N CO,Me 73-89% yield !
45 R' = Aryl, alkyl, hetero  yp to >20:1 dr !
R2=H, alkyl 93-99% ee ! CF3 XXX
2.9 Rhodium-catalyzed methodologies
Scheme 34Desymmetrization reported by Wang 80
A [3+2] cycloaddition between vinylepoxidd®9 and isatire
40 Cosgo and Sansancet al reported a [3+2] cycloaddition imines 109 was reported by Det al5® The keyto the success
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of this reactionis the use of easily accessiblehiral
sulphur/alkeneligand XXXV I. The spiro oxindole430 were
attainedin good vyields (6190%), diasteroselectivities (uf

R3 XXXVII (2 mol%)
AgNTf, (10 mol%)
R —
‘ 2-Cl-p-xylene, 80 °C

20:1 d.r.) and enantiekectivities (7896% ee; Scheme 37) R® 14h
68
° R'=H,Cl 137
N—PMP R? = H, CHO, OCF3, OTf, OMe, halogen 60-99% yield, 80-94% ee
/ /\‘ \L/ R3 = Aryl, alkyl
[RA(C,H4),Cll, (1.5 mol%)
R‘%o XXXVI (3.6 mol%) PMP—N,
% N3
N 109 AOTI (3.6 mol) R1©f>:o |
+ —_ N | =
) EtOAc, 20 °C, 2.5 h H ;PR
\>—\\ 130 ! X
129 R' =H, OMe, halogen 61-91% yield ! XXXVI XXXVl
up to 20:1 dr ! . . .
78-9%6% ee | Scheme 39Spirocyclization reported by Cramer

Scheme 37Spirocyclization reported by Du

s You et al. reported a Ritaalysed GH functionalization

Tanakaet al reportedthe Rh-catalysed [2+2+2] cycloaddition ~ reaction for the asymmetric dearomatization ofaphtols
o of 1,6enynes132 with cyclopropylideneacetamide$31 to  leadingto the formation of thepirocompound8’ Thus,1-aryl-
generate spocyclohexened34 with excellent results (up to 2-naphhols 138 react with the internal alkynes 68 in the
77% vyield and >99% ee) whensfBINAP (XXXVII ) was presence ol Rh catalyst and a Cu(OA#gair oxidant toform
employed as the ligand5455 The reactionstars with the < thespirocyclic enone443in modeate to good yields (38%)
generation offlodacyclopentané 33, followed bytheinserton ~ and excellent emdioselectivities (up to 94% e&cheme 4Q)
1s of the alkeneto generate th rhodacycle Finally, reductive ~ The proposed mechanisreomprises C-H bond activation

elimination renders the spiro compoufiti34, Scheme 38) between 2Znaphtol and Rh to generatberhodacyclel40. The
rhodacycle undergoeslkyne coordination and migratory

o s insertionto form the eightmembered rhodacycl#41, which
KN/RS [Rh(cod)JBF 4/ could be in equilibrium witli42. This isfollowed by reductive

R?  (S)HgBINAP XXXVII elimination andthe release of the Rl species thais finally

S veEmen X :@ k oxidized b RI(I1I) by Cu(OAc). and air.
————R" CHyCl,, 1t, 24-72 h Ph
X

\_4 133 2 O
132 R? X = NTs, CH(CO,Me),, NNs, O,NC(=0O)Ph 53-77% yield ' H
R'=H, Me, alkyl 97->99 ee 143 OH
R?=H, Me, Et cl
R3 = Aryl, alkyl
+2 CUOA
PPh, uoAe

138
PPh, 2 Cu(OAc), Cp*Rh(OAc), &A OH
‘O C

Ph
XXXVII O O
\_-Ph
Rh-Cp*
20 Scheme 38[2+2+2] Spirocyclization reported by Tanaka O‘ o OO
Cl CI
142
turnover limiting
step
Ph
Ph AcOH
- SWA

addition toa C=N bondto generge spiro compound37. The O ° OO 0
141 Cl

Crameret al reported a cycloaddition of alkyn&8 and cyclic

sulfonimines135 cataly2d by Rh complexe¥. The reaction

starts with the €H activation of the cyclic sulfonimine directed
25 by theN-sulfonyl imino group obtaining hodacyclel36. This

intermediate undergoedkyne migratory insertion followedy [RhCp* R‘h
reaction employs cyclopentadienyl ligandsXXXV Il to CI¥
achieve good to excet vyields (6099%) and 140

30 enantioselectivities (up to 94% e&cheme 39) Ph———Ph
68

migratory insertion
so Scheme 40 Proposed mechanismfor asymmetric
dearomatization by You

Theenattioselective synthesis of spiroindeneatalysed byrh
complexes,was reported by Lanmet al in 2015% In this
ss procedure, 4-hydroxy-3-aryl-pyran2-one derivatives react
with theinternal alkynescatalysed by chiral cyclopentadienyl
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Rh speciesto generate the corresponding spiroindenes in good

yields (6594%) ar good to excebnt enantioselectivities (81
97% ee).

s A Rh-catalyzed cyclopropanation was reported by Xd @iu
et al. in 2016%° In this reaction,N-Boc diazooxindolesl13
react with alkenes (142), catalyed by chiral drhodium
carboxylate  complexes to produce  spirooxindolic
cyclopropanalerivativesl43in good to high yields (7-B7%),

wowith good to excellent diastereoselectivities
enantioselectivities (up to 20:1 d.r. ang to 93% e¢. The
scope of the reaction is broaallowing the use of aryl, alkyl,
cyclic, and disubstituted oleflne(scheme 41

N, Rh,(XXXIX),
2 0.5 mol%
R ( o) %OH
R o + W - =
N DCE, 40 °C '
b :
113 Boc 142 143 Boc ;
R'=H, Me, CI 71-91% yield 1
2= Aryl up to >20:1 dr, 87-93% ee

XXXIX

Scheme 41Spirocyclization reported by Xu and Qiu

15

2.100ther metals

20 In 2014,Katsuki et al. reported a iron-catalysed asymmetric

tandem spiro cyclizatignusing dioxygen as the hydrogen

acceptor®® The reaction starts with the formation of thetho-
quinone methide througihe aerobic oxidation obrtho-methyl
naphtols 146, catalysed by ron. This is followed by the

2s Michael addition of phenol147 followed by nucleophilic
dearomatization tofurnish the spiro compound. A whl
Fe(salen) complex XL was used to achieve good
enantioselectivities with easonable functiosl group scope
(Scheme 42)

R1
DO
OH (10 mol%)
146 air

+ _

Toluene, 90 °C
R2
oH R?

147 148
1= Alkyl 61-95% yield !
R2 = Alkyl, CN, NO,, CO,Me  78-93% ee

30

Ar = m-Xylyl (XL)

Scheme 42Spirocyclization reported by Katsuki

s Fenget al employedthe Darzens reactigncatalysed by Co
complexes for the synthesisof spirooxindole€! Thus, N-
protected isatins38 reacted witha-bromoketonesl49 via a
Michaetintramolecular O-alkylation cascade to furnish the
spirooxindoles epares 150 in good yields (up to 95%) and

40 excellent stereoselectivés (up to 99:1 d.r. and up to 998&)
with good functional group
(bis-proline derivative N-oxide, XL1) wasthe key to achieve
high enantioseledatities (Scheme 43

and

t ol er &PHaoxndoles ¢

o)

N Co(acac),-XLI (10 mol%, 1.1:1)

88 bg K3PO,/KHPO, (10:1 or 6:1)
+
o THF/acetone (3/1)
J\/Br 5AMS, -30 °C
R2
149 150
4 35-90% yield, 47-95% ee
R" =H, OMe, Me, halogen
R2 = Alkyl, aryl, hetero O\\ N
PG = Et, iPr, MOM, Bn \/\
/N\
Ar H

Ar =2,4,6- (/Pr)3C6H2
XLI

45

Scheme 43Spirocyclization reported by Feng

Zhou et al. reportedthe synthesis of spirooxindoles catabd
by Hg complexe$§? Diazooxindolesl 15 reactwith alkenesl44

so to form spirocyclopropanel45. The Hg complexactsas a soft

Lewis acid decomposinghe diazooxindole to gnerde the
active specigfor the cyclopropanation reian with a seriesf
different alkenes. The choe of ligand is crucial for tk
stereoselectivity of the reactionChiral diphosphineXLII

ss derived from biphenylwas the best option. The reaction

presents a reasonable substrate scopkranders the final
cyclopropanes in @pd to excellent yields (409%) and
enantioselectivities (609% ee;Scheme 44)

(2-5 mol%)

o]
N XLII F><
% Arw (2.2-5.5 mol%) @\ FF %
Toluene, 25 °C H 0 PPh,
15 Re O

145 Boc : F><

40-99% yield | F

up to >20:1dr ! o
60-99% ee XL

Scheme 44Spirocyclopropanation reported by Zhou

HgOTf, or HgPFg

PPh,

R' = H, Me, halogen
R2=H, Me, Bn

3. Organocatalytic Approaches

s The pioneering works of Li% and MacMillarf* on enamine
and iminium catalysis in 2000 sawhe renaissance of
organocatalysisSince then,organocatalysis has become the
third pillar in asymmetric catalysis, complanenting the
organometallic and enzymaticatalysisfor the assembly of

70 chiral compounds. The easy stereoprediction, functional group
tolerance and green approacthat avoids the use of metals
make organocatalytic methodologies an excellapproach for
the synthesis of spirocompounds.this review, we presenta
detailed overview bthe organocatalytic syntheseof spiro

7s compoundsThis sectionis divided according tothe nature of
the heterocycle.

3.1 Organocatalytic methodologies for the synthesis of
use of Fengds |
s The irooxindolesformation hasbecome one of theiggest

goals in organic synthesis. Spirocyclic indoles thattaom
varied spiro rings fused #te C3 atom represent privilegeaD

This journal is © The Royal Society of Chemistry [year]
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scaffolds that are part of several phacautical and natural

productsTheirprevalence in privilged structurefasattracted

a notable synthetic methodology intereEhis hasallowedthe

creation of libraries containing spirooxindoles that have been
sused to pursue new candidatesr fdrug discovery. This

N OTMS
H L
Ar 3,5-(CF3),CeHs

(10 mol%)

- @ @ @ @0

. . . . /\/CHO AcOH (10 mol%) o
synergstic effect hasnagnified the effots of organic chemists Ar CHZCIQ
to synthesize weltlefined spirooxindolesThis has led to 193 WA Ar= P, 91% yield 2:1 1, 93% 66
increased groupcompatibility and easy stereopredictioin Qr:::é—ﬁsﬁéﬁ?/;gi/eld?l:; ;{r% 38"/;;;
organocatalysisogether with thedevelopment of vastwave ' ey SRR ISR O SER ee

10 0of new methodologies for the synthesis of spirooxindole

compunds. oms
Herein, we havalivided the synthesis of oxindoles based o Ar ::(IS;I:ICF )2CeHa
the nature of the starting oxindol 3monosubstituted _ omot%)
oxindoles151, conjugate oxindoles25, and isatine88 (Figure /\/CHO AcOH (10 mol%) g+

CH,Cl,
15 3). ii) TFA

153

R2

156

R'=H, R?=Bn, Ar = Ph; 87% yield, 3:1 dr, 81% ee
R'=H, R?= PMB, Ar = 4-F-CgH,; 91% yield, 3:1 dr, 88% ee
R'= OMe, R% = Bn, Ar = 4-MeO-CgH,; 85% yield, 4:1 dr, 84% ee

Scheme 45Spirocyclization reported by Zha€ao, and Wu

40

\ \ \
88 R? 25

Figure3: Starting oxindoles

One of the most common approaches for yretsesis of spiro
compoundsis the use of 3sothiocyan#o oxindoles 33. In
452013 Shiand Xu et al. reportedther reaction with allenes
157 and alkynes68 to render spirooxindole458 and 159,
respectively’® The reaction comprise a formal [3+2]
cycloaddition catalyed by a bifunctional (lydrogen

20 3.1.1 with  3-monosubstituted

Methodologies
oxindoles

Wu, Caq and Zhaoet al reported the use of-8ubstituted
indolines bedang an amidomalonate moie{i52, 155) for the
25 synthesis of polycyclioxindoles®> Compoundl52 reacts with
enalsl53as follows:first malonateanionundergoes Michael
addtion with U ,-Umsaturated iminium ion, whichwas
generated by reacting enal addrgenserHayashi catalyst

bonding/tertiaryamine) squaramidéderivative from cinchona
so alkaloids XLIV. The hydrogen bonding mdtiin the

squaramide activates the allene or alkyne bearing a conjugate

ester groupwhile the tertiary aminabstracts one protdinom
the oxindole. Subsequentlyan intermolecular Michael
addition/cyclization takes plad®llowed by migration of the

(XL HI'). The highly functionalized spirotetracyclic indoleniness double bondto produce the final produaith good group
30 154 was producedia theintramolecular hemiacetal formation tolerance, yields, and enantioselectivities. Moreover, on
between the aldehyde and the aenithoiety, subsequent increasing the equivalents of the allene/alkyne conjugated
dehydration and Mannich additiorof the oxindolein good ester an additional thieMichael reaction takeplace without
yields (6998%), moderate diastereelgctivities (2:14:1 d.r.) loss of stereoselectivity(Scheme 46) Soon after, the same
and good enantioselectties (8899% eg. Moreover when 2 e« research group reported a similar synthesis of spirooxindoles
3s bromo indolines155 were employedthe spirooxindoks 156 using azodicarboxylates as counterpart in the cycloaddition
formed, after hydrolysis in excellent yields (895%), with 3-isothiocyarato oxindoles®” The reaction is catalyzed by
moderate diastereoslectivities (2611 d.r) and good (DHQD):PHAL, to producethe spirooxindolesn good yields
enantioselectivities (784%ee Scheme 45) (90-99%) and enatioseldwities (8598%¢e6).
es Wangd s group and Chowdhury
independently reported a similar reaction using - 3
isothiocyarmto oxindoles and benzylidere oxindoles or
benzylidee malonate$8%® A  bifunctional tertiary
amine/thioura catalyst promoted the reactioaffording the
70 Spiro  compounds in excellent vyields ¢88%) and
stereoselectivities (>20:1 d.r. and up to 97% &on after,
Wang et al. reported the samepproach umg unsaturated
pyrazolones with excedht results(up to >20:1 d.r. and up to
99% ee)’?

75

and
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NCS COR? chromene derivative® affordmoderate result® The second
XLIV . . . .
P (10 mol%) >\\( apprachcomprises aascade redion with exocyclic enoes
R R pp— R1©§ catalysed by chiral squaramideso produceexcellent resultg?
: 4s The third approachs the reaction witha-ketophosphonates
158 Rz . . . . .
R = H, R?= Bn, R = Bn: 62% yield, 52% o6 catalysed by bifunctional hlourea/tertlgry amine catalysts)
R'=H, R?=Bn, R®= Et; 90% yield, 92% ee afford excellent results (up to 91% yield, 20:1 dand 99%
R"=5-MeO, R?=Bn, R®= Bn; 90% yield, 96% ee 78 L. . .. . . .
ee)’® A similar reaction comprisingthe Michaelfcyclization
NCS XLIV COR? cascade reactiorof 3-isocyanato oxindolesand chalomnes
(20 mol%)

R1%0 o o %[COZRS so cataly®d by chiral squaramidesas reported by Det al. This

\
33 R2 157 t,12h

N CH,Cly, -20°C, 120 R’ reaction affordedhe final products irexcellent yields(up to
99%) and stereoselectivities (up to >99:1 d.r. 8% ee)’®

159 R2
= . .
OMe R'=H, R?=Bn, R®= Me; 92% yield, 94% ee Zhao and Duet al. appliedthe same strategysing as the
R'=H, R2=Bn, R® = Et; 91% yield, 86% ee i L. ;
N—/CFy R'=5-MeO, R?=Bn, R®= Me; 95% yield, >09% ee alkeneunsaturated barbiturat®sand maleimide®, with good
SN CF, ss results respectively

XLIV

Scheme 46Spirocyclization reported bghiand Xu

A similar approach was reported by Yuetral using3-methyt

@$/

N
s 4-nitro-5-alkenykisoxazoles160 as the counterpart of thed- \Rz e * Huang a;d°3VangR;013)
isothiocyanato oxindole33.7 The formal [3+2] cycloaddition e eso%iaid X;"Cgig“f,’g" ) e T ad o
catalygd by quinineXLVIIl , achievesexcellent yields(91- “J;‘t%%i;ooef T wwosnee
97% )and stereoselectivities (up to 99:1 candup to 98% ee; R‘%

Scheme 47 bottom rightjn 2015,the same group expanded
10 the scope of the reaction usingnBroindoles36 for the [3+2]
cycloaddition’> The reactionis catalyed by a tertiary

N

=
'3
3
g
X
x
=
3
3
8
=
ENE
o
S
P4
o~

amine/hiocarbamate catalystXLVII. The mechanism
comprisegheinitial Michael addition of the oxidole to the 3 Y N
nitroindole followed by intramolecular alkylation of thgist 162 R/z k2 161
1s formed enolate with the isothiocyanate to form théve- b ATt
membeedring. The reaction shoswgood group compatibility up to >69:1 dr, up o 96% ee up to >09:1 dr, up to 98% ee
and rendes the final spiro compourgil62in excellent yields 0 0
and moderate to gaostereoselectivities (99% d.r and 36
95% ee) A crucial factor for thestereoselectivity is thé\- i
20 substituent of the oxindolgScheme 47 bottom left) O\ i /@ ome  NHNH,
Almost simultaneously Huang and Wangt al. reported the NN CFs S#NH
construction of bispirooxindoles by reacti@gsothiocyanéo AN N
oxindoles 33 with alkylidene oxindoles25.”® Following a _ I ;
similar mechanism pathwatyp the lastexamplesthe reaction OMe % X
25 is efficiently catalyed by a multifunctional catalysnhamelya

thiourea derived from cinchona alkaloidd VI (Scheme 47
top right). The reaction affordd bispirooxindoles163 in

excellent yields (9899%) and stereoselectivities (up to >20:
d.r.andup to 99% ee)Later on, Jing and Qiet al. reported a /@
s similar reaction using cyclic ntayleneidolinones 164 XLVl FsC XLviil
catalysed by a bifunctional hiourea/tertiary amine catalyst Scheme 473p|rocycl|zatior$ using 3isothiocyanato
XLV , derived from cinchona alkaloid4.The reaction affords oxindoles

the trisspirooxindoles 165 in good yields (7486%) and ¢
stereoselectivies (up 90:10 d. and 94% eeScheme 47op A [3+2] cycloadditionof 3-isothiocyanato oxindole83 and

s left). unsaturated imines was reported by ®hial® The authors
Mukherjeeet al. reportedthreedifferent reactions based on 3 modulatel the regiochemistry by tailoring the starting
isothiocyarato oxindoles. The firstcomprised acascade unsaturated iminegerminal iminesl66 led to a 1,2-addition
reaction with nitroolefins catalysed by bifunctional e while 1-tert-butyl imines167 led to a 1,4addition. Moreover
tertiaryamine/thioura catalyst This reactionproducedthe  the authors used dibenzyliderimines to perform a [3+2],

40 Spiro compoundin excellent yields and stereoselectivitfés [4+2] cascade cycloadtdon, leading to multicyclic
similar appoach reportedgy Xie et al. emp|0y33_nitr0_2H_ SpirooXindOleSng and 169. All the readions were Catal}sed
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by the bifunctional hydrogn bond/tertiary amine catalystso synthesis ofspiro oxindoles. Br example they were reacted
XLI X, affording the spirooxindoles in good yields and with MBH (Morita-Baylis-Hillman) carbonateg172)8 via an
stereoselectivities(Scheme 48) Subsequently,the same  Sn28ester formation cascade reaction to geneaateethylene
research group expanded theope of tle latter multicascade  g-butyrolactonel73 bearing a spiro oxindol® The reaction is

s reactionusing dibenzylidene ketones with good reséits. catalysed by quinidine.Il , activatingthe MBH carbonateThis
% u | 3s undergoesan addition from the -Biydroxy oxindole through a
w N | Sn2 ®Bn2 6 p r. Subsecgientlya lactonization furnisésthe
‘ \i/\RS spirooxindole derivative with contiguous quaternary and
©\N © | tertiary stereocenterin moderate yieldg27-64%) and good
© R 168 | = enantioselectivitie$84-89% ee;Scheme 50)Kesavan reported
up to 97% yield OMe . . . .
up to 20:1 dr s this reaction using Boeprotected 3hydroxy oxindoles to
up to 96% ee

producethe same productshis providedhigher yields and a
NH broader substrate scope

‘\
N/S%\ OH

I NH
FiC CF, i N\ Hydroquinone (7.5 mol%
\ ; R? 5AMS
R2 169 ' XLIX . @\
up to 98% yield |
up to 20:1 dr : OBoc Dlmethyl carbonate, 5 'C

up to 99% ee CO,CHj3

2
173 R
. . . . Ar
Scheme 48Spirocyclization reported by Shi 172 RY = H, R2 = Me, Ar = Ph: 64% yield, >20-1 dr, 89% ee
R"=H, R? = allyl, Ar= Ph; 52% yield, >20:1 dr, 87% ee
OMe R'=6-Cl, R?= Me, Ar = Ph; 68% yield, >20:1 dr, 60% ee

Li and Zhouet al reported an organocascade reaction between
10 oxindoles151, enals153, and nitrostyrene§7 that rendeed
spirocyclohexanonegl70 and 171) in good yields(90-45%)
and stereoselectivities to 8:2:1 d.r. andip to >99% ee§?
The reactioncomprisesa MichaetMichaeladol sequence in
the presence of two different cataty (secondary amine
s catalystsL or LI and a bifunctional tourea/ertiary amine
catalystXLIX ). The reaction tolerates aromatic and aliphatic
enalsas well asaromatic and alipdtic nitroalkeneshowever
a decreasi diastereoselectiwtand yield waobserved when
aliphaticstarting materialsvere employedThe only limitation
20 Seems to be the nature of thefecting group of the oxindole
as ory N-Boc-protected oxindoleproducedthe final product.
Remarkably the nature of thesecondary amine catalysts
determine the diastereomer obtainédcheme 43

7y

a5 Scheme 50 Spirocyclization reported bwang

3-Hydroxy oxindoles17 reacted with enald53 under NHC
catalysis to render the corresponding oxindglactonesl74
in good yield967-95%)and high stereoselectiviti¢6:1->20:1

sod.r., 80-99% ee)f® Ye and Sunet al. propose the oxidative
cross coupling of homoenolaand enolatevia single electron
transfer as th&ey step of the reactiofScheme 51)

OH
5
Ph Ph R o LIl (20 mol%) ~ N
mph mph 4 N DABCO (1.2 equiv) R3 I,
\ . \—
R® N oTMS N oTBS R3 17 ke nitrobenzene 2equ|v 1 Ar
HoL RNz H oy . . OTMS g
. iNO, (15 mol%) 77 (15 mol%) 3/\/‘3“0 4A MS, toluene, rt L
XLIX + XLIX
o 2 153 ! Ar=3,5(CFs),CeH
"'R? 15 mol% (15 mol%) R ! 3)2L6M3
0 . ( & Rf\/CHO R'=H, R?=Bn, R®= n-Pr; 77% yield, >20:1 dr, 95% ee

R'=4-Br, R2= Bn, R® = n-Pr, 96% yield, >20:1 dr, 80% ee
R'=5-MeO, R%= Bn, R® = n-Pr; 87% yield, >20:1 dr, 90% ee

- >
NaOAc (2 equiv) NaOAc (2 equiv) {
Toluene, rt Boc

\
Toluene, rt R
170 \©f>: 171 55
up to 92% yield up to 94% vyield

“Sp“:ogg,%,ﬁ};L:f 151 bos w o721 Scheme 51Spirocyclization reported bye and Sun
OMe /ZJ 3-Thioesteroxindole derivatives 175 bearing a Michael
N acceptor moiety reaavith enals153 under secondary amine
eo catalysis to dirnish spiretetrahydrothioyraroxindoles176 in
good yields(55-74%) and excellent steregelectivities(up to
>30:1 d.r. and 99% eg}jhrough a MitaelMichael cascade
reaction® The final products exhibijood antitumor activity
FaC CF, in vitro, as p53MDM2 inhibitors (Scheme 52)

25 65

Scheme 49Spirocyclization reported by Lland Zhou

3-Hydroxy oxindoles17 have been extensively used ihet
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Ph

o

CO,R?
_ N OTMS
H oL
. S (20 mol%)
s PhCO,H (20 mol%)
1 + X _CHO
R y 0+ RN CHyCly, 1t
H H
175 153 176
R'=5-Br, R?= Me, R®= Ph; 72% yield, >99% ee
R'=H, R2= Me, R®= Ph; 63% yield, >99% ee
R' = 6-Me, R2= Me, R® = Ph; 69% yield, >99 ee

Scheme 52Spirocyclization reported b8heng

3-Aminooxindoles177 were reacted with Zoromo enalsl78

s under NHC catalysi¢L V) to afford spirooxindoled79. The
reported mechanism starts with the additiorma®fHC catalyst
to enalwhich, after eliminationof the bromide, leads to the
formation ofa,b-unsaturated acydzolium This intermediate
subsequently undergoes a Michael addition with -3

10 aminooxindole followed by intramolecular lactamization. Du
and Lu reported onlyfour enantioselective examples withas

moderate yieldg51-80%) and high stereoselectivitie$>95:1
d.r. and 8695% ee) Later on Ye and Sunet al. reported a
full study of the same reactlc(ﬁcheme 53§*

R3

\,

NH
LIV (15 mol%)

6
5
R’ [¢]
N Cs,CO3 (1 equiv)

O
ey

177 L,  DABCO (1.2 equiv) N
+ \=N
RN CHO  Et0, 1, 12h BF4'+
\
Br 178 179 R? LIV

R'=H, R?=Bn, R®= Boc, R* = Ph; 70% yield, 16:1 dr, 98% ee
R"=H, R?= Me, R®=Boc, R* = Ph; 69% yield, >20:1 dr, 91% ee
R'=5-MeO, R? = Bn, R®= Boc, R* = Ph; 69% yield, 17:1 dr, 97% ee

Scheme 53Spirocyclization reported bye and Sun

15

Yuan and Xuet al reported the reaction betweerh@droxy
oxindoles or 3amino oxindoles180 with a ,-unsaturated

20 acylphosphonatesl81 for the ®©nstruction of spirocyclic
oxindole-g-lactones/lactam$82.°? The reaction was efficiently
catalyzed by a bifunctional tertiaryréne/squarande catalyst
LV. The mechanisnrtomprisesan initial Michael reaction
followed by the intramolecular cyclization of the acyl

s phosphonate iermediateto afford the sprooxindoles in
excellent yieldgup to 95% and stereoselectivities (up t@9:1
d.r. and 95% eeScheme 54)

OHC
N\
NH
Cre.,
N
180 ‘R1 (20 mol%) OHC\N
+
o CH,Cl, 25 °c R!
2N\)J\ 3
R PO(OR3), )
181 182 R Lv
R' = Me, R2= Me, R® = Et; 51% yield, 98:2 dr, 96% ee

R'=Bn, R?=n-Pr, R®=
R'=Bn, R2= 2-furyl, R®=

Me; 41% yield, 98:2 dr, 93% ee
Me; 51% yield, 99:1 dr, 95% ee

30
Schene 54 Spirocyclization reported by Yuaand Xu

Another approachvith 3-amino oxindoledor the synthesis of
spirooxindoles was developed by Wangt al®® In a
ss multicascade fashign3-amino oxindoles 183 react with

aromatic aldehyded84 to form the imine which after the
addition of the base forms the 1,2dipole. Subsequentlya
[3+2] cycloadditionwith nitrostyrens 77, catalysed by chiral
phosphoric acid VI, furnishedthe spirooxindles185in good

wyields (7899%), moderate to excellentiakstereoselectivities
(38:1->20:1 d.r.)) and high enantioselectivities (899%;
Scheme 55)

NH,HCI :
R! ;
o 3 R
N '
183 \ LVI (10 mol%) Oz OO
+ B NaHCO, (1.5 equiv)
X NO;
77 3AMS
. Toluene, 25 C
R2-CHO 58-73 h

185 'R = 2,4,6-(-Pr)3-CgH, (LVI)

R'=H, R?= Ph; 99% yield, 12:1 dr, 93% ee
R'=H, R?=4-CN-CgH,; 99% yield, 13:1 dr, >99% ee
R'= Me, R?= Ph; 84% yield, 3:1 dr, 87% ee

Scheme 55Spirocyclization reported by Wang

184

Enderset al. reported a cascade reaction betwerimdoles186
andN-Bocisatin imines109, catalysed by cintiona derivative
dimers [(DHQD):PHAL, LVII ].°* The cascade reaction

so comprises a two-stepone pot reaction startingvith the
Mannich reaction between the isaimine and the oxindole.
After completion solvent evaporationand the addition of
CHzCl2 and TFA deprotecN-Boc amine This underge@s an
azaMichael addition to fom the tricyclo dispiro product88

ss in moderate to good yields and excellent stereosefities (up
to 20:1 d.r. and 98% e&cheme 55

Boc,

Lvi
(10 mol%)

- -

1
R 109 MTBE, 1t, 12h O
\ R
CO,Et
0 )
N

Me, R® = H; 81% yield, >20:1 dr, 98% ee
Me, R3 = H; 77% yield, >20:1dr, 72% ee
Me, R®= OCFj; 63% yield, 8:1 dr, 96% ee

Iz

R'=H,R%=
R'=Cl, R?=
R'=H,R%2=

OMe

(DHQD),PHAL (LVII)
Scheme 56Spirocyclization reported by Enders

0 3-Pyrrolyl-oxindoles189 have been reported as a convenient
starting material for the synthesis of spirooxindoles through a
Michael/FriedelCrafts cascade reaction using enaf3 and
catalyzed by TMS diphenylprolinol derivativeL.%®> The
reaction starts as a simple Michael addition of the oxindole to

es the iminium followed by an acid catabed intramolecular
FriedelCrafts reacton between the C2 position of the pyreol
and the aldehydeo furnish spiroring 190. The reaction
displaysgood functional group tolerancsith both aromatic
and aliphatic enaland affordsmoderate to good yield&2-

70 86%) andexcellentstereoselectivigs (up to 99:1 d.and up to
95% ee;Scheme 57)

This journal is © The Royal Society of Chemistry [year]
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OH * = -

i) N OTMS R, 0 (10 mol%)
{7 o

N (10 mol%) HN Toluene
0-FBA (15 mol%) R? o N 0or25°C
5 CH,Cl,, 0 °C N
R o+ Rs/\/CHO —_—— H 194 195
N ii) TSOH (40 mol%)
\ 4A MS, toluene \ -
189 R2 153 reflux, 3 h 190 R?
R"=H, R?=H, R®= Ph; 72% yield, 92:8 dr, 92% ee R
R'=H, R?= Me, R®= 4-Me-CgH,; 86% yield, 87:13 dr, 91% ee
R'=5-F, R?= Me, R® = Ph; 80% yield, 86:14 dr, 89% ee o._ 0O
/P\
o OH
Scheme 57Spirocyclization reported byuan ‘O R w
5 R = 9-Phenanthrenyl (LIX)
UnderLewis base catalysis-Bromo oxindolesl91 react with Ry =4-Me, R, = H, Ar = Ph; 91% yield, >95:5 dr, 94% ee (25°C)
.. . . R; = 6-Br, R, = H, Ar = Ph; 97% yield, >95:5 dr, 93% ee (25 °C)
electron deficientl-azadiened 92 through a [4+1]annulation Ry = H, Ry = H, Ar = 4-F-CgHy; 99% yield, >95:5 dr, 97% ee (0 °C)
to deliver spirooxindole$§® The reaction stas with the Scheme 59Spirocyclization reported by Shi

formation of the immium ylide by substitution of the bromide
10 by the nucleophilic nitrogen of the catalysWIll . This is A similar organocascade reactigtarting with Zvinylindoles,
followed by a Michael addition to the -hzadieneand sswas reported by SHE In the presence of chiral phosphoric
subsequentlyan intramolecular nucleophilic substitution to acids, &atinderived  3indolylmethanols generate a
build spirooxindole 193 in moderate yields (585%) and  vinyliminium ion. This thenundergoes [3+2] wloaddition
excellentenantioselectivitie$82-99%ee; Scheme 58) with the Zvinylinindole to afford the spirooxindole in
1 moderate yields (488%), total diastereoselectivitiessnd
10 excellentenantioselectivitie§94-99% ee).
A double Michaeladdition between oxindoles and dienones
was reported by Wanet al. for the syntlesis of spirooxindoles
using Sooé ¢ a twaitH excelent resuls (up to 98% vyield,
20:1 d.r, and 9% ee)?® Wang et al reported the
4s desymmetrization of achiral spirooxindoles by a siNfechael
R = H. R2= Mo, R = Ph, Ré = Et 75% yield, 96% ce addition1% Spiro cyclohexadienone oxindold$8 react with
R'=H, R?=Me, R®= Ph, R*= Me; 74% yield, 99% ee thiols 199, catalysed by bifunctional ertiary amine/thiourea
R=5-Cl, R =M, R®=Ph, R"= Bt 71% yield, 89% o0 catalystL X. The reaction affatsthe spirmxinoles200in good
Schemes8: Spirocyclization reported bghen and Liu yields (7795%) andstereelectivities(>20:1 d.r. and 8®5%
s0 ee;Scheme 6Q)Later on, Enderet al exapanded the scope of
this reaction by using spiro-lactamderivatives!o?

Br

o
N LVIII (20 mol%)
191 \R2 BzOK (1.5 equiv)
+ -
PhCF; 15 °C
36-60 h

TsN

R® CO,R*

192 Lvii

15

An intereding [3+2] cycloaddition reactiorreported by Shi
comprisesa tandem reactiohetween3-hydroxyoxindolesl 94
20 decorated with an indolyl moiety arBimethyl2-vinylindoles o )
195 The rection is catlysed by chiral phosphoric ati O

3
derivative LIX , achieving the final spiro compound®7 in \ LX (5 mol%) R

R®-SH ——————— > R!
good vyields (7299%) and excellentstereoselectivities (>95:5 O o 199 CHCly, -20 °C, 18-48 R\©\
d.r. and 9698% ee)’” The reportedmechanismcomprisesan N h

»s acid catalysed dehydration to form the carbocatjowhich 198 R? R = b R = o, RO = P 5% vild. 220 12:" 8452
. . . . =H, R® = Me, R® = Ph, 92% yield, >20:1 dr, 84%
subsequentljorms an ion pair wih the anion of the phosphoric Ry=H. Rz=25,i R3=§_napmhyy|yegz% yield, 520: o 82% so
acid. Due to the stabilization of the transition state through O\ s Ph R7=MeO,R%=Me, R"=2-naphthyl, 85% yield, >20:1 dr, 84% ee
hydrogen bondinghte NHmoiety inboth indoles is crucial for NXN\\"KrP“
. : - 7NN
high enantioselectivitie€Scheme 59) N HN<so,
30
X Fc CF,4
55 Scheme 60Desymnetrization reported by Wang

A formal [5+]] cycloaddition between dmdoles andester
linked bisenonesas been reported by Xu and Liareg al0?
The double Michael addition catalyed by a bifunctional
eo tertiary amine/thiourea catalyst provides access to
spirooxindoled-lactonesn good yields (7194%)and excellent
stereosedctivities (>25:1d.r. and88-97% ee).
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An enantioselective MichadPovarov cascade reaction was
developed by Wang for the synthesis of spirooxindé?es. Usinga different approagiQuyangandChenet al reacted the
Thus, 3-allyl oxindolesdelivatives201reacted with enal$53 MBH carbonagés derived from oxindoles208 with 2-
in a reactioncatalyed byJgrgenserHayashi catalyst XI to alkylidene1H-indenel,3(2H)-diones209.1°7 Remarkably the
s form intermediate202 Next, anilineadditionforms the iming s reaction affored different diasereomers when catagd by
which thenunderg@s a Poveov reaction wih the allyl moiety  phosphine devative LXIV, phosphine LXV, or DMAP
to generatespirooxindole204. The keytowards achievinga derivativeL XVI ; DFT calculationgevealedhe catalysthased
high stereoslectivity is thep-p interaction between the aniline switch in the annulation mechanisnin both cases, he
203 and the Phgroup located in thedouble bond. The final  spirooxindoles210/211 were producedwith excellent results
10 Spirooxindoles204 producedin good yields (686%) and s (Scheme 63)SoonafterwardsQuyang and Cheet al. reported
excellent stereoselectivés (up to >20:1 d.r. and 98% ee; the same approach using nzoisothiazole 1;#lioxide or
Scheme 61)A similar strategy was developed by Diragd 1,2,3benzoxathiazin,2-dioxide derivativesas the activated
Wangand compriseshe wse of oxindoles with a side chain in alkene After cycloaddition withthe MBH carbonates derived
the 3 position bearing,b-unsaturated esteand enald® The from the oxindoles the spirooxindolesvere producedin good
15 enals are activated bya secondary amineand undergo a ssyields (7597%) and excellenstereoselectivities (>19:1 d.r.
Michael addition with the oxindoleNext, the enamine formed andup to 99% ee}®8 A similar reaction waseported ly Liu et
in situ undergoes mintramolecular Michael addition to build al. using cyclic sulfmimine and catalsed by b-isocupreidine
the spiropyrazolone in good yields ¢B8%) and excellent (Cll).10°

stereoskectivities (up to >99:1 d.r. @h>99% ee) PPh,
Ph ¢}
oh N OTES - N oreoes
/ CHO(10 molA; (1.5 equiv) Ph NH \:’* )
LXII (20 mol%) TFA (. 2equw) BocO CO,Me Bod \«i“\fﬂene ¢
.
K
R2 Toluene, rt Toluene R? o) &
R! o ,5h R'
N

N
\ Ts, up to 96% yield
208 N-, >19:1 dr, up to 94% ee
201 o+ / Ph
R'=H, R?= n-Pr, R®= H, 82% yield, >20:1 dr, 98% ee (70 (‘\'V
O\P/O R'=H, R?= n-Pr, R* = 4-CF3, 69% yield, 5:1 dr, 97% ee DCE"'O//
0~ “oH R'=H,R?=Ph,R*=H, 30% yield, >20:1 dr, 84% ee — )
R2 Ar_OH
Ar

- Ph LXII O 209 Q
. . . (o]
Scheme 61Spirocyclization reportetly Wang N N

_ _ T8DPSO" o I
MBH carbonates derived from oxindol285 were reported by 10 mol%) e 211 /
Liu et al as an excellent pl&grm for the synthesis of DCE, 0°C up to 98% yield

25 spirooxindoles. They reporteda [3+2] cycloaddition with Ar=3.5-(Me)z-CeH >19:1 dr, up to >99% ee
maleimides usin@ diphosphine catalyst ith excellent results ©°
(up to 84%yields and >99% ee}® Soon after, the same Scheme 63Spirocyclization reporteddy Quyang and Chen
research grouppresented a similar approachto react
trifluoropyruvate206 with 205. This reaction wasatalysed by The 3chloro oxindole212 havebeen reported as an excellent

wan isocupreinine derivative LXIIl , furnishing the starting material for the synthissof spirocyclopropanéused
spirooxindoles207 in good yields (7694%) and exellent 6 oxindoles. Luet al reported the cycloaddition of-8hloro
enantioselectivities (989% e€).1% The catalyst activatethe oxindoles212to nitrostyrene§7.11% The reaction is efficiently
MBH carbonate which reacts with trifluoropyruvateia an catalysed bythe bifunctional tiourea/tertiary amine catalyst
aldol fashion. Next the alloxide undegoes through an  LXVII , affording the cyclopropane&l3 in a two-step onepot

s intramolecular Michael additigriollowed by the release of the Procedure in  good yields (796%) and excellent

isocupreine derivative to generate the final compo(8utheme 7 Steroselectivities (up to >25:1 d.r. and%%e; Scheme 64)
62). Later, Du et al reported a isnilar reaction usingalkylidene

pyrazolonesg!! The Michaela-alkylation cascade reaction was
8060 : catalyzed by squaramidesd producedhe cyclopropanes in
R CN ; excellent yieldgup to 99% and moderate stereoselctivities(
‘ 75t0 87:13 d.r. and 74% ee).

N FiC, o)

\
R? 205 BN LXIll (20 mol%) g1

+ - '"’,;
o) EtOAc, -40 °C N °©
\
FiC~ CO,Et R2 R2
206 207

R'=H, R, = H; 94% yield, 19:1 dr, 97% ee
R' = CF30, R, = H; 89% vyield, 9:1 dr, 96% ee
R"=Me, R, = Me; 95% yield, >20:1 dr, 96% ee

2 Scheme 62Spirocyclization reported by Liu
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= reaction!!* The procedure begins with Michael addition of a
OMe
H /N

cl 1 conjugated oxindole19, bearing aconjugatedimine, reacts
o with theenal153in its homoenolate form (a#t addition of the
. VOWL M) e No, | N NHC catalyss LXX or LIV ) in a Michael addition This is
212 oo N No N s followed by 1,2addition to he enamine to form the spirocyclic
+ — \\\Kﬁo © T A ring. The last wep is the nucleophilic attack of the resulting Ts
re A0z DHECME *@NH TBDPSO amine to the carbonyl groupforming the b-lactam and
” 12h H3 0 A= 35{CR)rCefta (LXVID releasing the NHC carbene. Only two chiral examples were
g]: :: gi:2”_’;&?;'7%;2'3;;:5:223 ‘;Z/gsej - reportedandthe final productsvere affordedn high yields(89
R"=4-Cl, R?= Ph, 86% yield, >25:1 dr, 98% ee swand 93%) and diastereoselectivitie>20:1 d.r.) albeit
Scheme 64Spirocyclization reported by Lu moderate to low enantioselectivitié39 and 51%ee; Scheme
66, top). Yearslater, a new NHGcatalysed reaction for the
3-Substitutedoxindolesdecorated with an estenoiety, 214, synthesis of spiraxindoles was developed B§ang, Zeng, and

sreacted with nitrecaryl compounds 215 to furnish  Zhong!!®> Oxindolederived enals221 and ketimines222
spirooxindoles216 in moderate yields (369%) and good s undergo a [3+3] cycloadditignusing chiral NHC catalyst
enantioselectivities (#85% e€).'*? The method comprisesa LXXl and 1 equiv. of oxidant24 to achievethe final
nitrosoaldol reaction catalysed by a bifunctional tetiary compounds223 in moderate yields (489%) and excellent
amindthiourea catalyst.XVIIl , followed by intramolecular  enantioselectivities (3689% ee;Scheme 6gbottom).

10 lactonization between NOH and the ester moi@gheme 65, !
left). Barbaset al reported the addition of oxindoleecorated o . &:
with a ketone moiety217, to nitrostyrenes77 to generate N X o LIV 70 P c|/\©\
spirooxindoles218.112 The reaction starts witlthe Michael o OHC (20 mol%) Phi LXX
addition of thg gxmdqle to the nltrostyrer@ta_l)sed byanO- o \ th ol o\>\
1s desmethyl quininalerivedcatalystLX | X. This isfollowed by N 153 THR L3R r el
an intramolecular Henry reactioto affordthe corresponding 219 Me 220 Me | =N
spirooxindoles in  excellent yields (/%) and LXX: 93% yield, >20:1 dr, 39% ee| BFs
stereoselectivies (up to 18:1 d.r. and 97% eS8cheme 65, LIV: 8% yield, >20:1 r, 51% ee | LV
right). LXXI (20 mol%) ‘
CHO DMAP (50 mol%)

_Ts 224 (1 equiv)

R20,C 3
o + - ;
Noz )J\ TFA (25 mol%) _ :
1 N i
221 1
B

| Bu u
214 Bn 217 BOC R"=H, R?=Bn, Ar = 4-F-CgH,, 70% yield, 98% ee !
1 R'=5-F, R?=Bn, Ar = Ph, 43% yield, 98% ee ' o
J J SR v S

0%‘) e

: ;N Ph

N |
\=N
7+
¢]
LXXI
\
* 216 Bn : 218 Boc 50
R'=H, R?= Me, 69% yield, 92% ee | R'=H, R?= Me, R®= Ph, 93% yield, 11:1 dr, 94% ee

R'=H, RZ=Bn, 47% yield, 82% ee | R'=H, R?= Me, R®= 2-thienyl, 94% yield, 6:1 dr, 92% ee Scheme 66Spirocyclization reported by Citop) and Yang,
R'=3-F, R?= Me, 46% yield, 85% ee! ' R'=5-MeO, R2= Me, R® = Ph, 90% yield, 7:1 dr, 92% ee Zeng, ancﬂhong (bottom)

CFy
N)J\N
z H H
N
O Lxvin followed byintramolecular alkylation (fxotet) to furnish the
bispirobycycles226. The reactionwas catalysed by a chial
Scheme 65Spirocyclization reported bwangandPeng (left) € bifunctional catalyst.XXIl considging of a squaramide unit
andBarbas(right) (hydrogenbonding) and a tertiary amine (@ sted baseto
achievethe products in moderate to excellent yields-&&4%6),
good diastereselectivities(up to 13.7:2:1d.r.)), and excellent
3.1.2  Organocatalytic methodologies starting with enantioselectivities (up to 96%&e Scheme 67top). Soon after,
a.b-unsaturated oxindoles es the same research group reported a similar Michiehael
cascade reaction using a Michael acceptor instead of the Br

In 2012, Chiet al reported the highly diastereoselective €aving groupl.”_ The reactionwascatalysed by a bifunctional
wsynthess of spirooxindoles based ora NHC-catalysd squaramide/tertiary amine catalysgndering the final dispiro

Wang and Hong et al reported the reaction of
ss methyleneindolinone®5 with oxindoles decoratedt ahe C3

position with an alkyl chain containing a dging group (Br)

225116 The reation comprisedan initial Michael addition

CF3

20

25
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stereoselectivities (up to 15:1 d.r. and >99% eeQifferent Ar
MichaelMichael cascade reaction for the formation of-bis
spirooxindoleshas been reported by Dat al. In this reaction, \
s a,b-unsaturated oxindole®5 react with 3hydroxy oxindoles R1©

[e]
derivatives 227 bearing aa,b-unsaturatedester which is Re=H AP N\B NRs' (THF, -78°C)
. . .. o vi o Z
directly bonded to the alcoh&}® The reaction s efficiently 91% yield, 90% ee Et;NHCI

compunds in good yields (up to 76%and excellent OMe %

NRy* (LXXIV), + EtN (2 equiv)

catalysed bya bifunctional squarnaide/tertiary amine catalyst .si'i;’ez,zs_si/;t::nyl
LXXIIl , affording the bisspircoxindoles 228 with excellent '5&;5&5@1”“
wresults(up ro >20:1 d.r. and >99% e&cheme 67 botton). B0
Recently a similar approach haseen reportedwhere a- R1©:
alkylidene succinimideswvere reacted witha , -insaturated N Ar

oxindoles under squamide/tertiary amine catalystsThe 21 Bz

products weraffordedin good to excellent yields (up to 93%)
15 With excelent stereoselectivitiegup to 991 dr. and 98%
ee)!1® The reaction was tested in multigrasnaleto establish F102C

its practicality. J
R! o
N

\
25 Bz
Et0,C

Z/ ; Nar I}-():)C(zl);“::qoljli/) =0 Scheme 68Spirocyclization reported bye
EtO,Crr- 3%
xRy O Ramacharyet al. reported the synthesis of spbxoindoles by
the aminecataly®d reaction of eynes and alkylidene

o 0 CF, 226 Boc oxindoles?! Enyres react with cinchona alkaloigrimary
R'=H, R?=Bn, 95% yield, 13.7:2.1:1 dr, 94% ee H i i
’ ji{ /@ R =1 R2 Mo, 90% yiold, 6.24-1 4r. 93% ot amine catalystsot ge_nerate the gnamlnwhlch undergoesa
R} =MoO, R?=Bn, 98% yield, 10.9:1.0:1 dr, 94% e 49 Michael addition with the alfidene oxindole. Next an
CF;  R'=NO,, R2=Bn, 70% yield, 6.5:1.4:1 dr, 90% ee X i .

N~ Lo intramolecular Michael addition between tf@med enolate

”””””””””””””” and the conjugated triple bond lesatd the cyclohexenéused

X

Et0,C Etozc\/\ spiro oxindole in moderate yields (480%) and high
— . . 0
/ w 0 L 25 moi) R enantioselectivies (8:96%ee€).
R! ot \©fg:0—>THF e 45
N N 3072 h O Zhu et al. developed a cascade reaction between unsaturated
R2 \
25 227 R3

{ oxindoles25 and nitrostyrenes decorated with a hydro2gB
228 R or aminagprotected grou@35. This leadsto chromane234 or

S B B e o Mo o tetrahydoquinolines 236, respectively,through a Michael

21 T B e e vielg 2011 9% w0 Michael cascade reactid®? The reaction is catabed by

cinchona alkaloid derivativegor the former reactionFor

chromanesformation a dnchona alkalal decorated with

squaramideXLIV is necessary to achieve good yiel(fl-
75%) and stereoselectivities (up to >99% ee). On the other
ss hand for the synthesis of tetrahydroquinolingbe Sharpless
ligand [(DHQD):PHAL; LVII] emerged as the best

organocatalyst, achieving excellent vyields (896%) and
enantioselectivitiegup to 98%ee. The mechanism is the same

for both cascade reactiorstarting from a hetereMichael
o addition between the hydroxyr N-protected moiety to the
alkylidene oxindole followed by an intramolecular Michael

addition between thpreviouslyformed enolate of thexindole

and the nitrostyrenéScheme 69

O LXXIn

20
Scheme 67Spirocyclization reported bwangandHong (top)
andDu (bottom)

3-Alkylenyloxindoles25 reactwith acyl chlorides229, under
s Lewis base catalysigo generatespirooxindoles232 in very
good yields (7491%) and enantioselectivities (8B% e€).1?°
The mechanism starts with the activation of the acid chloride
with the Lewis base (cinchona alkaloid derivativexXXIV ).
This formsthe g-enolate230 that subsequentlyundergoesa
30 Michael addition with the -<&lkylenyloxindole 25. Next
intramolecularcyclization andthe relea® of the catalysts kal
to theformation ofspiro compoun@®32 (Scheme 68)
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234
up to 80% yield, up to 99% ee

236

\
Boc
up to 98% vyield, up to 98% ee

Scheme 69Spirocyclization reported by Zhu

Alkylidene oxindoles25 reacted with chloranalonate237 to
s render the coesponding spirooxindole cyclopropan3s8 in

good yields (7297%) and stereoselectivities (up to 93:7 d.r.

and 94% ee) usinghe thiourea/tertiary amine bifunctional
catalyst LXXV 128 A similar cascade reaction between
methylene indolines and-halogenates-ketoesters239 was

10 reported by Wanand Xu et al?4 Inspired bythe previous
works of Grdoval?® a domino Michael addition alkylation
reaction cataly®d by a bifunctional ertiary amine/thiourea
catalyst LXXVIl, was dvebped, affording the final $m

3 0

Y™ o
R%
O O xﬁRa
1
RGMRB R@ .
cl 237 N

\

238

up to 97% vyield
up to 99:1 dr, up to 98% ee

NaHCO; (1 equiv)
OMe
N

LXXV (10 mol%)

CHCly, rt, 24-48 h

i) LXXVII (5 mol%) BN NH
\ -30°C, THF, 48 h
25 R - . ¥
i) KHCO3 (2 equiv), rt, 24 h S NH
iPr. iPr
g " CO,R®
LXXVI (5 mol%)| 2

C
RBO)JVU\/

Mesitylene
K,CO3, 0 °C 239 g2 LXXV
o} CO,R? 0
\
R* = CO,R® R 240
241 up to 96% yield
up to 12.2:1 dr, up to >99% ee
CO,R? Br
R0,C 2 Bn I; CF; 4
X o
R2: NHPh/ oh Me,N NH

.
< OR =

CF;

NH F

-

(o}

242 FsC
up to 99% yield
up to >19:1 dr, up to 99% ee

Scheme 70Several methodologies leadinggpirooxindoles

LXXVI LXXVIl CF3

30 Kangeret al. reported aothercascade reactionomprisinga

consecutive Michel additionaldol reaction between nitro
ketones243 and alkylidene oxindole®5.1?” Thereaction starts
with anitro alkyl Michaeladdition to the alkylidenexindoles.
Next, theformedenolateundergoesan aldol reactiowith the

compoumnls 240 in excellent yields (896%) andmoderate to ,, ketone moiety to forna fivemembeedring (Scheme 71 The

15 good stereoselectivities (up to 10:1 d.r. and 99% ee). T
mechanism starts witthe Michael addition of the keto ester to
the methylene indoline followed bn2 alkylation of the
enolate intermediateat the gposition decorated with a
halogen.Shangand Zhacet al. reported a similar reactionith

20 alkylidene oxindole25 and malonate derivatives bearing a
enone in the side cha241.1?6 The MichaeiMichael cascade
reaction was catalgsl by a mltifuncional quaternary
phosphoniumcompoundLX XVI, building the spirooxindoles
242 with excellent yield80-98%) and stereosertivities (up

2510 >19:1 d.r. and 99%e;Scheme 7Q)

h&eaction is efficientlycatalysed by the bifunctional hydrogen
bonding(thioureapronsted basecatalyst LX XVII I, derived
from cinchma alkaloidsrendering the final spiro compounds
244in good yields(85-95%) and excellent steoselectivities

a0 (up to d.r. 20:1 andip to 98% ee). The onlyrtiitation of this

methalology is the size of the substituernih the ketone
sterically bulky substituentg{R® = isobutyl) affored lowyield
(25%) and 10:1 d.r, while maintining similar
enantioselectivity96% ee) Years later Chenet al reported

s the sameeaction using Aarylidenel,3-indandiones instead of

unsaturatedxindoles!?8

OMe

RZ

S

LXXVII

\ (10 mol%)

25 Boc

+

R3 NO, CH,Cl,, rt

O 243 LXXVIIl

244 !
R'=H, R?= CO,Me, R®= Me, 87% yield, 10:1 dr, 95% ee
R'=H, R?= CO,Et, R®= Bn, 51% yield, 3:1 dr, 97% ee

R'=3-F, R?= CO,Et, R® = Me, 79% yield, 10:1 dr, 97% ee

Scheme 70Spirocyclization reported by Kanger
50
A similar reaction comprising a MichaetMichael tandem
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reaction using enones instead of ketomess reported years ss cycloadditionusing nitrones as 1,3-dipole!3® The reaction

later by Zhacet al.*?° The reactioncatalysed bya bifunctional
thioureal/tertiary amine catalysderived from the cinchona
alkaloid LXXIX,

was catalged by bisthioureaafford the final compounds in
moderate yields (4%8%) and excellent stereoselectivities (up

renderedthe corresponding spirooixindoles to 99:1 d.r. and 99%e)

s in good yields (7686%) and excellent stereoselectivities (up to

95:5 d.r. and 98%e).The reactiorbegins witha first Michael
addition between the nitroalkar6 and thea , -insaturated
oxindole 25, promoted by the catalystia hydrogen bonding

This is followed by a intramolecular Michael addition to

wrender the final produc47 in good yields (8678%) and
excellent stereoselectivities (up to 95:5 d.and 98% ee;
Schemer2). Later, Quintivallaet al. reported the gae reaction

using unsaturated este®.
<

HN

R%0,C OMe
CN o

y/ Y R4
LXXIX /
o ..

(10 mol%)

E—

Xylene, rt

R30,C, |
NC==

I
=z
[}

245 Lo

\
247 R?
Et,R=
Me, R*= Ph, 86% yield, 95:5 dr, 96% ee
Me, R* = Ph, 82% yield, 91:9 dr, 93% ee

15 Scheme 72Spirocyclization reported by Zhao

CF3  LXXIX

R'=H,R?=H,R=
R'=H,R?=Tr,R%=
R'=4-Cl,R?=Tr, R®=

Ph, 78% yield, 90:10 dr, 73% ee

R%0,C r

Z \»:// LXXX(1O mol%)

R'=H, R?=H, R®= Et, R* = Ph, 92% yield, >20:1 dr, 95% ee
R'=H, R?=H, R®= Et, R* = 2-thienyl, 97% yield, >20:1 dr, 91% ee
R'=H, R?=H, R®= tBu, R* = Ph, 83% yield, >20:1 dr, 92% ee

R'=H, R?=Bn, R®= Et, R* = Ph, 87% yield, >20:1 dr, >99% ee

R30,C1*

Tquene/EtZO (viv="1:1),rt RL@L‘M
N

\
251 R?

LXXX

Scheme 74Spirocyclization reported by Wang

40

Later, noncyclic imino esterd5 were used in the 1;8ipolar
cycloaddition with alkylidene oxindoles25 utilizing a
s thiourea/quaternary ammonium salXXX | as the catalyst
This reaction providedhe final spiro compound252 with
excellent results (up to 98% vyield, >19:1 dand 99% ee;

A multicascadeMichaeFMichaetaldol reaction was reported Scheme 75)3

by Sunet al. in 201513 The 1,2-dicarbonylcompound 248,
nitroalkene 77, and methyleneindoline®25 generatd the

20 spirooxindoles 249, under squaramide catalysiin excellent
yields (up to 85%) and with>xellentsteresdectivities (upto
>20:1 d.r. and 99% e&cheme 73)

R20,C.
1 RB
R o oN f o
XLIV N\
“__NO o o (5 mol%) 25 Boc
77 R4 R% CH,Cl,, 1t, 1h
248
\
Boc 249
R'=H, R2= Et, R®= Ph, R* = Me, R® = Me; 85% yield, >20:1 dr, >99% ee

R'=3-F, R?= Et, R®= Ph, R* = Me, R% = Me; 79% yield, >20:1 dr, >99% ee
R'=H, R?= Et, R®= Ph, R* = OEt, R% = Me; 89% yield, >20:1 dr, >99% ee
R'=H, R%= Et, R® = 2-thienyl, R* = OEt, R® = Me; 70% yield, >20:1 dr, >99% ee

=
OMe
N—_/CF;
‘ N NH CF,
N =~
(¢} NH

[¢] XLIv

25
Scheme 73Spirocyclization reported by Sun

A [3+2] cycloaddition was reported byWang et al. This
comprised a 1,3dipolar cycloaddition between alliglene
30 oxindoles 25 and cyclic imino ester®250 catalysed by a
bifunctional thiourea/tertiary amin&XXX .132 The reaction
rendeed the final spiro compound51 in good vyields (8-
97%) and excellent stereoselectivities (up to >20:1 amd
>99% ee;Schemer4). Chenget al developed aimilar [3+2]

R3
R o
N LXXXI (5 mol%)
25 \R2 K,COj3 (50 mol%)
+ — > R!
X Et,0, 0 °C or rt
AN coR® T2 or |
45 252 R? LXXXI CF,4

R'=H, R?=Bn, R%= Ph, R* = Et, Ar = Ph; 97% yield, 97:3 dr, 94% ee
R'=4-F, R?=Bn, R®= Ph, R* = tBu, Ar = Ph, 90% yield, 95:5 dr, 96% ee
R'=H, R?=Bn, R®= n-Pr, R* = {Bu, Ar = Ph, 90% yield, 84:16 dr, 96% ee
R'=H, R?=Boc, R®= Ph, R* = Me, Ar = Ph, 85% yield, 96:4 dr, 81% ee
R'=H, R?=Bn, R®= Ph, R* = tBu, Ar = 2-naphthyl, 93% yield, 98:2 dr, 98% ee

so  Scheme 75Spirocyclization reported bghangand Zhao

Alkylidene oxindoles25 havealso been usedn a 1,3-dipolar
cycloaddition with azalactones 253.13° A bifunctional
thioureaBrgnsted base catalyst XXXIl deprotonate the
ss azalactone to form an enolate speciaswhich theC2 and C4
positionsare activated. The end&of the aalactoneundegoes
an enantioselective I @polar cycloaddition with the
alkylidene oxindole (dipolarophes). The thioureacatalyst
LXXXII , a slight modification of the Takemot® <atalyst,
s promotes the reaction furnishing the spira3 , -Byérolidonyl
spirooxinddes 255 in good yields (785%), excellent
stereaelectivities (up to 93:7 d.r. angp to 98% eg)and good
group compatibililty (Scheme 76)Later, the same research
group reported the same reactmatalyed by chiral phosphoric
es acids with similaresults!3®
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R%0,C Ph

/ XH
) R® o CHO 20 moI°/)
.
o) LXXXII NRs’\ N Ry, poOMe > oFBA (B0 motk)
R, (20 mot%) 5 R =2 R RO ) CHCI;, 40-60 " oHCly 4060°C

N : R 36h

— 1 W
j= MTBE it | RI—. :[ 5 -

N

) MeOH TMSCHN, a@\\
R
253 N

o

R"=H, Me, halogen

R1
R?=H, Me, NO,, OMe, halogen

up to 90% yield

\
R* 255 R®=H, alkyl up to >20:1 dr, up to >99% ee
X=0,NH
R'=Ph, R?=Bn, R®= H, R* = Boc, R® = Et; 86% yield, 90:10 dr, 94% ee 30 i i . i
R'=Ph, R?=Bn, R®= 5-F, R*= Boc, R®= Et, 91% yield, 91:9 dr, 93% ee Scheme 78Spirocyclization reported by Liu and Wang

R'=Ph, R?= jBu, R®= H, R* = Boc, R® = Et, 81% yield, 86:14 dr, 94% ee
R'=Ph, R2=Bn, R%=H, R* = Boc, R® = tBu, 81% yield, 91:9 dr, 97% ee

R'=Ph, R?=Bn, R®=H, R"= Ac, R= Et, 89% yield, 937 dr, 67% ee Ortho-hydroxy chalones reactwith alkylidene oxindoles

O\ s /@/CFS undera bifunctional tertiaryamine/thiourea catalyso furnish
N)KN 35 the spirooxindoles in good yidb (60-95%) and moderate to
N A “LXXX" high stereoselectivitiestup to >20:1 d.r. and 90% e&¥

Alkylidene oxindoles undergan oxo-Michael additionto the
ortho-hydroxy chalcaes, followed by an intramolecular
Michael addition between the enolate genetaie n asd theu 6

R . L i . . wenone to build the spirooxindoleDu!4® and Zkao'!
s N,N&-Cyclic azomethine imine&56 have been used in a similar independentlyeported a similar reactionising ortho-amino

approach for the synthesis of spirooxindol&sDiphosphoric chalones262 with excellent results (899%yields, >25:1 d.r,
acid derivatives LXXXIII  cataly® the 1,3-dipolar and up to 90% eeScheme 79)
cycloaddition producingthe final spiro compound257 in

Scheme 76Spirocyclization reported bWwang

excellent vyields (8494%) and good a excellent R?
10 Stereoselectivitiegup to 20:1 d.r. and 99% e8cheme 77) / s
R' o XLV
N (5 mol%) R20CH
R20,C

25A —_

Y + o DCEt R

0 ! 1224 h
€T o w 00 : A,
N LXXXIIl
25 \Boc (10 mol%) R20,C1++ o NHTs 262 263 3 0 xuv
+ o
K>: CHQCIQ 15°C @\
N

R'=H, OMe, halogen up to 99% yield
256 257 Boc

R2= Anyl, alkyl; R® = Aryl, alkyl up to >25:1 dr, up to 94% ee!
R'=5-OMe, R2=Et, Ar = Ph, 87% yield, 9:1 dr, 99% ee
R"=H, R%= tBu Ar = Ph, 92% yield, 14:1 dr, 98% ee ) o .
R'=H, R?=Et, Ar = 2-furyl, 68% yield, 14:1 dr, 91% ee Wanget al. reported acascade reactiocomprisingthe addition

Scheme 77Spirocyclizationreported byHong andwWang of 2-hydroxy-1,4-naphthoquinone or-Bydroxy-4H-chromere-
s0 4-0nes265 to benzylidene oxindels decorated with a ketoester
15 A multicomponent cascade reaction was developed by Liu and264).14? The reaction mechanismomprisesan initial Michael
Wang et al using benzylidene oxindoles decorated with a reaction between the enolate of thé@-hydroxy1,4-
hydroxyl group in theortho-positionof the phenyl ring258.138 naphthoguione or 3hydroxy-4H-chromen4-ones to the
The reaction consist®f an oxaMichael addition with a benzylidene oxindolefollowed an intramoleculahemiacetal
subsequenintranolecular Michael additionThis is followed ss formationto furnish the corresponding spiro oxindol&he
20 by anintemolecular Michael additiomvith a new molecule of reaction is efficiently cataged by a bifunctional
enal occurs, followed byan intramolecular aldol reaction to thiourea/tertiary amine catalystXLIX, affording the
form the cyclohexea ring after dehglration The reaction corresponding spiro compoun@66 in moderate to good yields
rendes the spirooxindole261in moderate to good yields (31  (55-92%) and exdéent stereolectivities (up to >20:1 d.r. ah
90% vyield) withgood to excellenstereosecetivities (up to 12:1 s >99% ee) The functional group tolerance is excellentile
25 d.r.and>99% ee). The reactids limitedto theuseof aliphatic the only limitaton is the needof N-substitutedoxindoles
enals: vhen b ,-disubstituted erla were usedthe reaction  (Scheme 8Q)AImost simultaneously Kesavanet al. reported
stopped after the intramolecular Michael additiopreventing  similar methalologies using 2-hydroxy-1,4-
the formationof the spirocentr¢Scheme 78 naphthoquinon&3and pyrazolone&*
65

Ar o 45

XXX Scheme 79Spirocyclization reportedy Du and Zhao
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o CcN

R! o + N~ N —= ;
R o
N 270

1 \
N 3, i 88 2 \
264}, (moiw) R O 1 R R?
., R R'=H, OMe, halogen; R?=H, Me, Bn, Ac, Boc 271
o CHoCly g CO,Me
OH -20°C 7 )\ XLIX (2 mol%)
R | OMe NC™ “Ph | CHClyrt
272

o 266 N

265 up to 99% yield |
R'=H, Me, MeO, halogen up to >20:1dr, upto>99% ee |  XLIX F3C CFy
R2 = Me, MOM, allyl, Bn, Ac, Cbz : NH

R®= Me, Et

S%\NH

Scheme 80Spirocyclization reported by Wang
up to 95% yield
XLIX F3C CF3 up to 94:6 dr, up to 97% ee

s A one pottwo-stepreaction was reported by Kesavanal. for Scheme 82Spirocyclization reported by Yan
the synthesis of naphbpyranspirooxindoles*® The reaction

is based orma tandem FriedeCrafts’hemiketaization reaction. 0 Soon afterwards Shi and Wei et al. reported aRauhut
Taking advardge of the electrorich nature of naphol 267, a2 cyrrier/Michael/RauhuCurrier cascade reactionof N-
FriedetCrafts type reation was employedbetween the mds  ,qtacted isatylidenemalononitriles271 with dienones274,

10 activemet-position of the2-naphhol andtheb-position of the catalged by chiral phosphineLXX XV.148 The reported
alkylidene oxindole decorated with a ketoes®84; the  mehanism sarts with the nucleophilic attack of the phosphine
reaction wascatalysed by a chiral thiourea/tertiary amine . 5 the dienoneto form the enolate275, which attaclk the N-
catalystLXXXIV . The subsequent addition sllfuric acid  , otected isatylidenemalononitriles. Nexhe formed enolate
resulted in hemiacetal formation whiclafter dehydration  >73yndergoemnintramolecular Michael addih to the eone

1s renderedthe final product269 in good yields (6889%) and 4 form the spio compound®76. The elease of the catalyst and
good to excellent enantioselectvities {J8% ee).The tertiary 4 intermolecular RuhutCurrier reactionrender the final
amine acts as a base to activalte nucleophile while the _ compounds 272 in good yields (682%) and excellent
thiourea moiety etivates the ketoester for Michael addition ¢iaregselectivities (up to 20:1 dand 97% eeScheme 83)The
(Scheme081) same group reported the use of similar alkylidenoxindoles

reactingwith MBH carbonatesn a [4+1] cycloaddition to
/ generate spirooxindoles in  good yields, moderate
ss diastereoselectivities and high enantioselectivitiés.

Et0,C

R! o

N LXXXIV g3
264 o (5mol%)
+

Em—

R!
OHsolvent, rt
R3

267

Ph S

R'=H, MeO, CF30, halogen H J\ up to 89% yield
R2= Me, MOM, allyl, Bn, Ac, Cbz C/H N N CF, up to 98% ee
e \—N

R®=H, MeO, Ph, Br
Solvent = 1,1,1-trifluoromethylbenzen

H H
“Me  LXXXIV

Scheme 81Spirocyclization reported by Kesavan

20

N-Protected isatyliédnemalononitriles have beconmopular
reactans for the synthesis of spiropyrazolones. In 2012 a

25 cycloaddition reactiorbetween isocyanoacetat@3?2 and N-
protected isatylidenemalononitriles, prepated n viithe u 6
Knovenagel reaction between isa8iand malononitrile270,
was reported by Yaat al**® The formal[3+2] cycloaddition is
catalysed by a bifunctional trtiary amine/thiourea catalyst

30 XLIX , to affordthe final spiro compound273in good yields
(73-92%), malerate diastereoselectivitiesp( to 88:12 d.r,)
and high enantioselectivities (897% ee; Scheme 82) A
similar reactionunder thiourea catalysisas reported by Wat
al., whereby N-protected isatylidenemalononitrileseacted

ss with ketonitriles to afford spiradndoles with moderate
stereoskectivities.*4”
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NC

R! o
LXXXV
271 \ (10 mol%)
LR PAr,
Toluene, rt, 12 h
2
A = R1 H, Me, halogen R% 279 '
= MOM, allyl, Bn up to 92% yield Ar = 3,5-Dimethoxyphenyl

P* (LXXXV)

R3 Aryl up to >20:1 dr, up to 97% ee

Proposed mechanism:

o NC o]
W NC
R ~" pr P:
275 R' o]
N
Rz 277
o) RS
P NC o
RsW (LXXXV) NG
274

SchemeB3: Spirocyclization reported by Shind Wei

N-Protectedisatylidenemalononitrile®71 reacted witha , -
s dicyanoalkenes280, catalysed by the cinchona alkaloid
derived bifunctional tertiary amine/thiourdéaXX XVI .10 The
reported mechanism starts withthe deprotonation ofthe
cyclohexylidene malononitrile by the tertiary amiire the
catalyst, which underges aMichael addition to th&\-protected
o isatylidenemalononitrile  This  latter
simultaneouslyactivated through hydogen bondingby the
thiourea moiety of the catalystNext the

93%) andhigh enantioselectivities (785% ee;Scheme 84) A
similar reaction was reported one year later by Kesataal
with similar results!

N LXXXVI
27 \AC (10 mol%)
+ _—
: CN
z CN
280

R"=H, Me, NO,, OMe, halogen

20 = 0,1

m-xylene R!
3AMS, 50 C

\
281 Ac

up to 92% yield ;
up to >20:1 dr, up to 97% ee |

Scheme 84Spirocyclization reportedy Wang

LXXXVI  NO,

compound is

intermediate
undergoes afintramolecular nucleophilic addition to the CN
group to form the imine whiclupon isomerizationgenerates

15 the spirocyclic oxindole281 in moderate to good yields (51

Later, N-protected isatylidenemalononitriles 271 were
employedin the synthesis of spirooxindolésrougha double

25 Michael cascade reaction with enolizable aldehydesorated
with a enone282.1%2 The reation is efficiently catalged by
TMS-protected diphenylprolinol L and requires the use of
Schreiner thioured XX XVII for optimum results Enamine
first attacks the malononitrile moietyThe subsequemMichael

30 addition between the recéytformed enolate and the enone
furnishesthe final pirooxindole283 in good yields (7695%)
and excHent stereoselettities (up t097:3 d.r. andd8% ee;
Scheme 85)

p CN O e
L ?’
R' O (10 mol%)
N LXXXVII NC

271 v (10mol%)  NC
) + _—
CHyCl, it R’
RZWCHO oh
282 283 't
R‘ H, Me, MeO, NO,, halogen up to 95% yield
= Aryl, tBu up to 97:3 dr, up to 98% ee LXXXVII
35 Scheme 85Spirocyclization reporteddy Zhao

Wu and Shaet al. reportedthe vinylogous Michael/cyclization
cascade reaction of acyclizg-unsaturated amide®84 with
isatylidene malonitriles 271 to build spirooxindoles285.153

40 The reactiong catalged bya Sharpless ligand [(DHQRPYR,
LXXXVIII ] to affordthe spiro compounds in good yields {84
96%) and enatiosetdvities (8597% ee;Scheme 86)Another
example is the addition of pyrazolone toisatylidene
malonitriles catalysed by Sharplesligand, which affordsthe

ss sprooxindoles  in  quantitative  yields and  good
enantioselectivities (691% ee)!> The same research group
expanded this reaction usimgquinones instead of isatylidene
malonitriles!®®

4 Mvu\ LXXXVIII (2 mol%)
R > R!

o-Xylene, -20 °C
\
2-84h 285 R?2

up to 96% vyield
up to 97% ee

271 R? 284 N\N

R'=H, Me, MeO, halogen
R2= Me, Bn, PMB, CHPhy; R3= Aryl, alkyl

OMe

(DHQD),PYR (LXXXVIII)

50 Scheme 86Spirocyclization reported by Wu ar&ha

Penget al reporteda 1,3-dipolar cycloaddition between the
SeyferthGilbert reagent286 and isatylidene ilononitriles
271, catalyed by cinchona alkaloidsLXXXIX .15 The

ss resulting spirooxindole287 wereformed in good yields (up to
99%) andenantioselectivities (up to 99% e®¢cheme 87)
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NC

J

CN

R o)
LXXXIX
(10 mol%)
- -

CPME/CH,Cl, (1:3) R!
-60°C, 4-9 d

N

271 H

N
o
B_—OMe

\
| OMe
N2 286
R"=H, Me, halogen

287

up to 99% yield
up to >99% ee

LXXXIX

Scheme 87Spirocyclization reported beng

A formal [4+2] cycloaddition for the synthesis of

s spirooxindolescomprisingthe reaction between vinyl ketones
289 and oxindoé-derived a , -Ulnsaturated imine®88, was
reported by Shand Weiet al.'®” The nultifunctional thiourea
phosphine catalystXC efficiently promoted the reaction
achieving the spirocompoun@86in good yields (6787%) and

10 excellent stereoselectivities (up 20:1 d.r. and 98% ee). The
reaction consistof the RauhutCurrier reaction of the vinyl
ketone 289 with the unsaturated imin€88 promoted by
phosphine XC. This is followed by the Michael addition
between the tosyl amine and the vinyl ketoAdimitation of

15 this methodology is that only unsubstituted vinyl ketonzm
be usedScheme 88)

Xc
(20 mol%)
—_

‘ Toluene, rt

289 1-2d

(o}

[e]

+R4

o PPh,

-
R’ oR*
N

! 296 |
Ry |
up to 88% yield

up to 20:1 dr
up to 98% ee

N
\

Ry
288

Ar = 2,4,6-(iPr)3CeH,
R'=H, MeO, halogen (P*; XC)
R?=H, Me, Bn
3= Aryl, alkyl
R* = Ph, alkyl
Proposed mechanism:
R

/
N—S0,

product

+

p*

Rz
H-transfer

R4

(o}
292

Scheme 88Spirocyclization reported by Sland Wei
20

A Diels-Alder reaction catalyed by bifunctional tertiary
amine/squaramide catalys¥Cl, was reported byVeng and

25 spiro[tetrahydrocarbazol@

Lu et al.'58 Benzylidene oxindole&5 reactwith 2-vinylindoles
297 via a [4+2] cycloaddition to efficiently build
, -8x@ndold 298 in moderate
yields (5284%) and good stereoselectivities] to >20:1 d.r.
and 6599% ee;Scheme 89)Soonafter,the same ractionwas
reported by Shi et al wusing chiral phosphoric acid
derivatives'®® The spiro[tetrahydrocarbazoeR , -8xindole

sowas affoded in high vyields (7196%) and excellent

stereoselectivities (up to >95:5 d.r. and 97% ee). In the
proposed transition statehe phosphoric acid coordinates with
the oxindolecarbonyland theindole N-H. The final product is
attainedafter isomerizatiortio recover the indole aromaticity

@ﬁ@f

XCI
(10 mol%)

CHCl 1t
Boc
R'=H, Me, halogen \B
RZ2= Ph, CO,alkyl, CN, COPh oc 298
R®=H, OMe; R*= Me, Bn up to 90% yield
up to >20:1 dr, up to 99% ee
= N H
HN = ‘
N
HN o
F@Q o
CF3 Xcl

35

Scheme 89Spirocyclization reported blu

Isoindigos299 have been used innaorganocascade reaction
with 1,4-dithiane2,5-diol 300, catalysed by quinidineLll .16°

40 The reactionbeginswith a thio-Michael addition of the thiol
moiety followed by an intramolecular aldol reaction to form the
spiro tetrahydrothiophene rir@p1 in good yields (7601%) and
high stereoselectivities futo 20:1 d.r. and®0% ee;Scheme
90).

LIl (10 mol%)

L j/ Mesitylene, 30 °C R

3-5h

R2
up to 91% yield
up to >20:1 dr, up to 98% ee

300
R'=H, Me, OMe, halogen
R2= Alkyl

301

\
299 R?

45

Scheme 90Spirocyclizationreported byPeng andVang

Dienamine catalysis was used by Wagteal in the synthesis
of spirooxindolesthrough a formal [2+2] cycloadditiotf? In
so this method, rals possesing a d-hydrogen302 reacted with
diphenyl prolinol XCIl to form the dienamindntermediate
which undergoes formal [2+2] cycloaddition with alkylidene
oxindoles25to furnish thebutanocyclebearingspirooxindoles

303 in good yields (683%) and excellent enantioselectivities

ss (Up to >19:1 d.rand97% ee).Surprisingly the use of silyl -
protected diphenyl prolinol derivatives gavelower
stereoselectivities, suggesting thatbdnding playsa crucial
role in this reactin (Scheme 91)
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Jargensenmand Albrechtet al. developeda similar strategy
consisting ofa Diels-Alder reactionwith MBH alcohols and
20 benzylidene oxindole¥® The pimary amine catalyst derived
from cinchona alkalids activates the MBH alcohajenerating

\ . . e .
25 R? RY 02 303 R? a diene This undergoes a [4+2] cycloaddition with the
R!=H, Me, MeO, halogen; R? = Me, Bn, allyl up to 83% yield alkylidene oxindole to furnishspirooxindoles with four
R3 = Ester, ketone; R* = Aryl, alkyl up to >19:1 dr, up to 97% ee

stereocentre in good vyields (805%) and excellent

Scheme 91Spirocyclization reported by Wang 45 stereosadctivities (up to >95:5 d.r. and 95% ee).

Trienamine catalysis was usby Chen andlgrgenseret al. for

s thesynthesiof spirooxinddes %2 Polyenals304 reactwith the
JorgenserHayashi catalystLXl, forming the trienamine
intermediate Thisundergoes a formal [4+2] cycloaddition with
3-olefinic oxindoles25, affording spirooxindole805 in good
yields (6099%) and excellent stereoselectiegi (up to >95:5

wd.r. and 98% eeScheme 92)Chenet al repated a similar
reaction based on tetr@&namine catalysis with similar
resultstes

A formal [3+4] cycloadditionbetween alkylidene oxindoles
308 and azao-quinone methideggeneratedn situ from 309),
catalysed by chiral NHCcarbeneshasbeen reported by Enders

s et al for the synthesis ofpirobenzazepinone10.17 Isatin
derived enals308 reacted witha NHC catalyst XCIll to
generate the Breslow intermediafthe homoenolatéhereacts
with thein situ-formed azeo-quinone methide to build a new
C-C bond. Next the acyl azolium species dargoes

ss lactamization to release the NHC catalyst and furnish the
spirobenzazepinon810 in moderate yields (523%) and
excellent enantioselectivities (up to 98% e€Ehey expanded
the scope of the reaction by using hydrazones and oximes with
similar results(Scheme 94)

Ph
OTES

LXI (20 mol%
o-FBA (20 mol%)

CHCI3 rt or 50 °C

\ 2 XCIll (10 mol%)
305 R CSZCO3 (1.5 equiv)
R'=H, MeO, halogen; R2 H, Me, Boc up to 99% yield R
R3 = Aryl, alkyl, ester, ketone; R* = H, alkyl up to 92:8 dr, up to 99% ee EtOAc, rt, 12 h

Schene 92 Spirocyclization reported b€hen andlgrgensen 308 Rz '
15 R'=R3=H, Me, MeO, halogen o 310 R .
P . . . . R2=Et, Ph, Bn S up to 75% yield
A similar trienamine activation strategy was used by Céen o =N up to >20:1 dr, up to 98% ee
al.164 Primary amines derived from cinchona alkaloids acted as N .
catalysts forming the triemmineintermediatewith linear 3,5 BF;
dienones. The trienamine undesgaDiels-Alder cycloaddition F F
20 with 3-metylene oxindoles to render the spirooxindoles imo _ xew o F
highyields (8:94%) and excellent steresisctivities (only one Scheme 94Spirocyclization reported binders

diastereomer, 999% ee).
Soon after Jergensenet al. reported the use of tetraenamines €onnon et al developed & enantioseictive Tamura
for the synthesis of spirooxindolé® Aldehyde 2(cyclohepta ~ €ycloaddition — beween cyclic ~ anhydrides 311 and
2 1,3,5trien-1-yl)acetaldehyde306 reacts with the @gensen © alkylidenoxindoles 25.1%% The reaction is catated by a
Hayashi catalyskL Il to form the tetraenaminietermediate. ~ Pifunctional tetiary ~amine/squaramide catalysXCIV,
This undergoesa formal [4+2] cycloaddition with alkylidene affording the final spirooxindole812 in excellent yields (82
oxindoles25 to form the spirooxindol807 in good yields (514~ 98%) and stereoselectivities (only diastereomer and ufp
84%) and good to excellent stereoselectivities (up to >95:5 d.r99% eeScheme 95)

30 and 95%ee) The scope of the reaction is quite narramdonly R! ) XCIV (6 mol%)

. . o i mol%
estersubstitutedN-Boc-protectedoxindoles renderexcellent / w MTBE. 30 °C CO,Me
stereoselectivitieOn the other handketones onon-protected ot T 9 R

. . . . i) TMSCHNj, (1.2 equiv)
oxindoles are usedhe enantioselectivity drops considerably N R3 0 MeOH
25 Boc 311
(Scheme 93) 312 Boc
Ar R'= CO,Et, Ph Me up to 98% yield
N OTMS R?= R3= Aryl, alkyl up to >95:5 dr, up to >99% ee
Ar = 3,5 CF3 -CgHs
XLII (20 mol%) ><
o-FBA (20 mol%) H
R’ CHCI3 R! \\
X 70 XCIv O
307 Scheme 95Spirogyclization reported by Connon
R'=H, Me, MeO, halogen up to 86% yield
X = NH, NBoc, O; R®= OEt, Me up to >95:5 dr, up to 95% ee
* ; it A multicomponent cascade reactiobetween alkylide&
Scheme 93Spirocyclization reported byadgensen p y

oxindoles and enolizable aldehydes was repobyedeng and
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Zhong et al'®® The reaction consistsf an initial Michael diketones317 and nitrosobenzeng15 react with alkylidene

addition, catalysed by the JergenserHayashi catalyst L, oxindoles through a MichaeMannich cascade reactipio
betwea the enamine adldehyde314 and alkylidene oxindole  furnish the spirmxindoles318in moderateo good yields (41
25. This is followed by an aldol redion between thén situ- 94%)andexcellentstereoselectivities (4:1 to >20:1 dand92-
s generatd enolate and another aliphatic aldehydwlecule 45 99% ee;Scheme 98)
This is followed by intramolecular hemiacetal formation to RS
furnish the spirooxindoke315. The reactions workwell with /
short aldehydes (up to 91% yield >20:1 dand 99%ee o o R4
Scheme 95 However stereoselectivities decrease with longer RMRZ . N
10 chains Enders reported similar organocascadesactionusing 317 XCV;AZM?'/“) (1_§5equiv’§5
alkylidene oxindoles and aliphatic aldehydes catagéd by +
secondary amine catalyst¥. The alphatic aldehyde ithis RS@/N\\O CH;'hS’" ash
enamine form undergoesa Michael addition wih the 215 = 318 RS
unsaturated oxindole. Subsequendgpthernaliphatic aldehyde R'=H, Me OMe /ZJ up to 94% yield
1s moleculeundergoeoxidation to form the correspaling enal A N up o >20:1 d, up to >83% ee
by reaction with IBX. This enawhich isin theiminium form, R?=H, Me, halogen CF3
reacts with then situ-formed enolate of the oxindal&inally, Ro B2 ter. ketone | s
an intramolecular aldol reactioand dehydration furnish the “o NH
spiro compounds in moderateeyds (5078%) and excellent I v CFy

20 stereoselectivies (up to 20:1 d.r. and 99%)ee

Ph
O—Qph

Scheme9d8: Spirocyclization reported by Sun

N OTMS
R20,C ) {10 mol) 50 3.1.3  Organocatalytic methodologies starting with
/ ii) NaOH isatin
o o R ScHo —————
iii) SiH(C,H5) . i i
N 314 BF,ELO Scheidtet al.173j reported NHQXCVII ) catalysed reaction with
% 315 enals153 and isatin88 with a Lewis acid (LiCl) as cocatalyst
R"=H, Me, MeO, halogen up to 91% yield . . . . R .
R2=Me, Et Bn; R3= Alkyl upto>20:1dr, upto 99% ee 55 Thefinal spirooxindoless19were achieveih good yields (73
Scheme 96Spirocyclization reported bgeng andZhong 93%), moderate diasteresactivities (up to5:1 d.r.) and

excellent enantiselectivities (up to 99% e&cheme 99)
A onepot thia-Michael/Mannich/lactamization cascade
»sreaction was reported by Zhang fathe synthesis of 2 o ; o
spirooxindolest’™*  (E)-Ethyl  2-(1-methyk2-oxoindolin-3- R1%o XCVII (5 mol%) \>§N
ylidene) acetate derivative&5 reacted with thiolsl99 via a N DBU (10 mol%) N
thio-Michael addition Next, thein situ formed enolate reacts % R HORewy)

with the formed imine (reaction of aromatic aldehyd&d4 and A\ CHO THF, 23 °C

7 RS!
;’:O 3 BF,
N :
319 R? 3 Xcvil

. . . R
30 NH4OAC). The resulting amine attacks the ester moiety to form 153 R'=H, Me, MeO, halogen up to 93% yield
the final lactamspirocoxindole 316 in reasonableyields (59 ﬁiii;ﬁ”ﬁ' Sgt‘ggg) Z;
81%) and good stereoselecties (up to 6:1 d.r. and 95% ee; ' . o .
) g (up 60 Schene 99 Spirocyclization reported by Scheidt
Scheme 97)
e}
\
E10,C NH,One N e Soon afterwards Yang andZhong et al. reported the same
R*NH, 315, . . .
/ XCV (10 mal%) | ROCHO 86 e reaction using NHC catalystXCVIIl / Brgnsted acid
RI-SH + R? o R /=0 combination(Scheme 100374
199 N Toluene, -20 °C, 3 h Piperidine N
25 \Ra Toluene/EtOH 316 \R3 65
25°C,12h
R"=H, Me, halogen; R? = H, Me, Bn up to 81% yield

R® = Et, Me; R* = Aryl, alkyl up to 6:1 dr, up to 95% ee
RS = Aryl, alkyl; R® = H, allyl OMe
H LN
XN NH CgFy7
|
N~ %\
S7 N

H
Xcv
35 Scheme 97Spirocyclization reported by Zhang

A cascade cycloadditiorcomprising the reaction between

ketimines and alkylidene oxindoles25, catalysed by

bifunctional quininederived squaramidXCVI, was reported
s by Sun et al'’? The ketimines generateth situ by 1,3-
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exhibits broad group compatibilitythe only limitation being
requirement oN-methylprotected oxindoles.
N-Boc-isatin iminesl09 have alsdeenused for the sythesis
25 of spirooxindoles330 by theirreaction with 1,4dithiane2,5
diol 300.178 The reactiorcomprisesthiol addition to the iming
followed by hemiaminal formatio829 between the resulting
amine andhe aldehydeand PCC oxidation of hemiaminag9.
The reaction was catalgd by a bifunctional tetiary
30 amine/squaramide catalystIV , achieving the spirooxindoles
in moderate yield (5365%) and excellent enangelectivities
(90-97% eg after oxidation of the hemiaminal to amide), with
good functional group compatibilitf§cheme 102)

s Scheme 102Spirocyclizationreported byLu, Du, andLi

Isatin imines were alsased in 1,3dipolar cycloadditions to
generate spirooxindolég? Under chiral phosphoric acidl VI )
Scheme 100Spirocyclization reportedy Yang andZhong catalysis, aromatic aldehydd84, 2-aminomalonate331, and
s isatin imines109 generatd the spirooxindoles332 in good
In 2016, inspired by these reactionéao et al employeda yields (64-76%) and excellentstereoselectivities (>95:8.r.
s similar strategy for the synthesis of spirooxinda388 usingg- andup to 94% eescheme 103)
hydrogenbearinga , -Unsaturated carboxylic acid326 with
NHC as the catalystLIV.1”®> The reactioncomprised the
activation of the carboxylic acid by HAT{B27), followed by
the addition of the NHC catalyswvhich formedthe vinylogous
10 enolate withthebase Subsequently, the ketone of the is&8i
undergoes nucleophilic attacky the formed enolatéNext,
intramolecular lactonization affords the spirooxind@@8 in
good yields (7291%) and enantioselectivities ((F®% eé).
Almost simultaneously Ye et al. reported thesame reaction
1s With slighly inferior results(Scheme 101)76

a5 Scheme 103Spirocyclization reported b8hi

Lu, Hanet al. developed &3+2] cycloaddition betweeh-Boc
isatin iminesl09 and allenoate833, catalysed bya phosphine
catalystXCIX .»8 The reaction starts with the addition of the
so phosphine to the allenoateleading to the zwitterion
intermediate This acts as a dipole andundergoesa [3+2]
cycloaddition with the alkylidene benzofuranone to afford the
Scheme 101Spirocyclization reported by Yao phosphorousylide via a g-addition ora-addition. Following
intramolecular proton transfer and eliminatjonthe
N-Boc-isatin imines reacted with enals under NHGadgsisto s SPirooxindole 334 wereproducedn good yieldg(56-81%) and
0 afford the spirooxindoles in good vyields (@8%) and diastereoselectivites (up to 9:1 d,r)and excellent
steroselectivities (ufp >20:1 d.r. and 99% eé}” The reaction ~ enatioselectivities (up to 99% e&cheme 104)
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