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Abstract

Catalytic manticsdective conjugate additiong organometdic reagents to electren

deficient alkenesand asymmetic dlylation of carbonyl compounds are important

reactions for the construction of new carkmarbon bondsHowever,ametha using

an allylnickel speies b perform catalytic nucleophdi allylation enantioselectively

remains considerably underdevelopaud only a hantul of examples have been

describedln this thesis enantioselective nickedatalzed aryative andalkenylative

intramolecularallylations ofallenyl electrophile with boranic acidsaredescribed.

i == Ar-NiL .
n (\/\NILn C\H‘\Ar CH‘\A',
i E
E E Ar £ NiL,

Figure 1. Nickel-catalyzed arylative cyclization of an electrophile ténered allene

Enantiosekctive nickelcatalyzed arylative intramolecular 1,4-allylations

An asymmetrimickelcatalyzed desymetrizationof allenyl cyclohexa2,5-dienons

by reaction with arylboroniacidsis reported In this study, nudeophilic allylnickel

spedes formed by nickel-catdyzed arylation of e allene undergol,4-allylation

cyclization reactionto furnish hexahydoindol5-ones ad hexahydrderzofuranb-

ones with three contiguous steceates in high dasteree and enantselectivities

H Ar

(871 99%¢€89.
O (P\ 0,
PPh, NI\>
o _Ph
R x—/_ Ni(OAc)(;-ft)Hn;g)I {01)0 mol%)
X = 0, NTs, NBoc Mecggq,ig)’(?geh(szz)

+

ArB(OH), (2.0 equiv)

R nuh&

X

+ High ee 87-99% ee
+ Formation of 2 new C-C bonds
+ 23 examples

Figure 2. Enantioselective nickelcatalyzed arylative g/clization of allenyl cyclohexa2,5

dienones

Vi



Enantioselective nickelcatalyzed arylative and alkenylative intramolecular 1,2-

allylati ons

An asymmetic nickelcatalyzedcasadereaction of allepl ketones withboronic
acids isdescibed In this project, a mckel-catalyzed arylatioand alkenyl&ion of the
allene gives allylrakel species, whiclundego a 1,2allylation-cyclization with
tethered ketores to furnish dhydroxypyrrolidin2-ones, 3hydroxypyrrolidines and

4-hydroxypgperidines in highdiagereo- and enantioselectivities

O,

o
R PPh, N

t-Bu R

/ (5 mol%) ‘%,
//' Ni(OAc),-4H,0 (5 mol%) HO
TFE, 80°C, 24 h
+
' . R’
R'B(OH), (1.5 equiv)
R Ts
“, n-—PG N7
HO
R
HO
Ph Ph
up to >99%, >19:1dr up to 96%, >19:1dr 50-66%, >19:1dr
80-99% ee 80-99% ee 76-99% ee
11 examples 5 examples 2 examples

Figure 3. Enantioselective synthesis of dhal pyrrolidine -2-ones, pyrrolidines and piperidines

Vil
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Throughout this work, Awedgeso stiyaate bee
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1. Introduction

The catdytic enantoseletive carlonyl nucleoghilic allylation readion is one ofthe
most significant reactionsin organic synthesis for the agymmetric formaton of
carboricarbon and heteroateoarbon bonds, whilst simultaneoudy forming a

valuable alkeneas a versatilenotif for further tranformations (Schemet).*1°

_H
X X
s L o
R" “R? R! X
R2
M =B, Si, Sn, Ti... ,
X' = alkyl, halide, ether or other anion X=0,NR

Schemel. Allylation reaction

The first carbonyl allylations were repoetd by Mikhailo and Bubnawith the use of
isolade alyl boron reagnts! andHomosi andSakurai with the useof allyl silanes'?
SubsequentlyHoffmann et al. establifed an enariosdective synthesis of dyl
alcololsvia chiral allylborane consideedasthe first discoveryof usng a chiral allyl
metal reagnt and aldehyden carboryl dlylation.'® Since hen,a vast majority of
protols for asymmetric cdoonyl allylation havebeendevelopedbased orthe use

of chirally changedllyl metd compouwnds (Scheme2).1424

Me Me
OH OH
O\ )\/\ )\/\
O‘B/\/ Me X t-Bu X
i
Me Ph 65%, 92% ee 85%, 45% ee

Hoffmann (1978)

— OH OH
CB_/_ Me\)\/\ N
Tus

Masamune (1989) 96%, 80% ee 96%, 92% ee
SO,Ph

Ph N/ OH OH
\B_/: )\/\ )\/\

A~y n-CsHqq X Ph X

Ph\\ \ [} 0, 0, 0,
S0,Ph 90%, 95% ee 90%, 95% ee

Corey (1989)

Scheme2. Selectedpioneering examples for enantiosdedive cabonyl allylation by chiral

modified allylmetal compounds



The Yamamotogroup repored the first example of chiral Lewis acd-catalyzed
agymmetric allyhtion of aldehydesla with allylsilanes2 and chiralacyloxy borare
L1.% Following UmaniRonchis 2 and Keckd& 2’ developnent highly
enantoselective homallylic alcohols 3a were obtained with allyltributsin 4 and
chird complexof L2 (R)-BINOL and Ti@i-Pr)4 in 1993 In the following year,
Denmarket al. revealed lie first staly using chiral Lewis basedor the asynmetric
allylation of aldehyles wih allyltrichlorcsilanes and chiral prosphoranmides?® In
2001, the samegroup introducedan elegant study forenantoselectiveconstructio

of quatenary carba cenersusing5 andL3 in the sane fashior?®

Yamamoto (1991) Oi-Pr O COOH o
(¢} OH e}
: 1 (20 mol%) = [e)
J o~ -SiMe; L H
+ /
Ph Z PR oL-Pr BH
1a 2 3a 46%, 55% ee L1 J
Umani-Ronchi (1993)

Keck (1993) OO
o oH oH

j sy, L2 (RIBINOL(10 mol%)
3 -
et AN PR T

. OH
Ti(Oi-Pr)4 (10 mol%)
1a 4 3a 88%, 90% ee

Denmark (2001)

Q Me SiCl L3 (5 mol% N O\\ 4 H
3 mol
Me CH,Cl,, -78°C Me Me l\llle
1a 5 6a 89%, 96% ee

Scheme3. Early examples of emantioselective carbonyl allylations

For these methods Denmark and ceworke's classfied two types & addition
pahwaysfor various allylation reager? In thefirst appoach,allylic orgarometallic
reggents @n cooperate with the carbayl to form a closd sixmemberedchairlike
intermediatk furnishing a o-alylation (Schemedi). On the otler hand the cartonyl
conpound can be actiated by an external ewis acid and attacked by aallyl
trialkylsilaneor allyl trialkylstannanghrough an open transition stai@chemedii).
Greaer degree of regioand diastereoselectivity is ually achieved in reactions

proceedingvia the closed chailike transition state



OH

R XX
Rr2 R® R R2
M =B, Li, Al, SiCl,
LA~
0 OH
)] ﬂ\m/ ML,
R H > RN
R2 R'>R? R! R2
M = SiRs, SR,

Schemed. Two approaches of enarnibselective dlylation reactions.

In meal-catdyzed enantioselective allylatioreactionswhich areconsideredsthird
type of carbonyl allylaton, allylorgarometallcs reactin the presence of metal salts
and diral ligands. The readbn urdergoesa transmetdation gep consisting of
allylorganereagent and medl-ligand conplex. The stereoselectivity isortrolled by
chiral ligands associated thithe nmetal (Scheme5). The asymnetric alylation of
subgrates includingC=0 and G=N bondshas hkeen well-docunerted to furnish

homodlylic alcohols or amines®4!

-

H
X

R"” "R?
Xx=0,N R X

R2

metal ML*
B l/\/
L*

active species
Schemeb. Metal-catalyzed enantiosekctiv e allylation.

One major approach forenantioselectivearbonyl allylationgnvolves he raluction
of "-allylmetal comple»es formed from allylic alcohols,allylic haides or alylic
carboxylats (Scheme6). Thes reactios required sbichiometric quanties of
metllic reductantsuch aft,Zn, Smp and SnChb, which consideed asampolung
process to generate the corresponding maghilic allyl-metal species These
species were trapped bylectrophies such as aldehydes or ketones to give
homoallylic alcohas.*?

|
L J
AN _AN. Additive frad R OH
PAOLX > FI’XL - /\/[Pd"L"] - )\/\
Oxidative addition XLy R X
nucleophilic

#allylpalladium o-allylpalladium

Scheme6. dUmpolungdnucleophiic allylation



In addition,asymmetric carboryl additions may developin the absence of preimed
organoméllic reagents or metallic rediants.Onealternative approacis basedon
Ci C bondforming transfer hydrogeion (Schenme 7). 71043

(lj OH
T J v e OH
I ML, R L,M
ML, == A —— AN\ T N
R
7-allylmetal c-allylmetal R Hydrogen donor
M =1r, Ru, Rh

Scheme 7. Carbonyl addition through transfer hydrogenation

Apart fromcarboryl or iminecompoundsUf-unsaturatedketonesalso pay a role as
atradive electophiles becausethey can eiter undego a 1,2-addition when
nucleophiles attackat the carbonylgroup or a 1,4-additionwhen nuclephilesattadk
the b-carba (SchemeB).*+*” Both additiors are valuablehowever,the products of
1,4-addtion still have cabonyl group that seve asthe amerable group for further

manipulations.

1,2-addition 1,4-addition

HO_ R Q M cat. " S
B SE— —_—
= = R? R1JJ\/\R2 R B R2
/\/ng o p /\/ng

Scheme8. Addition reactions of U ,-Unsaturated ketones

In the literature reviewof this thesiseachsection will desdbe a general discussion
of the mechanistic spects of transitionmetd-catalyzed asymmetrc carbonyl
allylations with representative exampledMethods via nuclegohilic allylmetal
complexeswill illustrate both 1,2-additionand 1,4additionto carbonyl compunds
for trarsition-metalcatalyzed enantioselectivallylation reactionsThen an approach

to allylationsusingdomino reactionswith allenes asallyl donorswill bediscussed
1.1. Transition-metal-catalyzed enantioselectivenucleophilic allylation
1.1.1. Pd-catalyzedenartioselectivenucleophilic allylation

There have beerseveralmajor approaches tpdladium-catalyzed enantioselective
allylation of catbonyl or iminesvia formation of nucleophilic complees First, the
substratesnay allylate with allylorganometkics through bis(allyl)pdladium.*® The
secondmethod isvia awimpolungreactivity of " -allylpalladium.Another approach is

usingmetalpincer complex catgkis.



1.1.1.1. Chiral bis-"-allylpalladium complexes

Yamanoto et. al introduced the first example usingthe nucleophilic bis-"-
allylpdladium complexego react with alehydesketones ad imines (Scheme9).*°
The authorssuggested thabis-"-allylpalladium complexesl form in situ from
transmetallation ofallyl stanranes4 with a Pd(ll) or a moneallyl palladium
complex These species conveinto a d- or - allylpalladium Il, which are
nucleophilic enough to react with the electrophilellowed by tansmetallabn with

allyl stannaneo regenerate theatalystspecied.

)j\ + /\/SHBU3 PdCl,(PPh3), )\/\
R H THF, rt R X
1 4 3
PdCly(PPhjs),
/\/SnBu-o»
Bu3SnCl
BuszSn 4
w2

RN

ey N

SchemeR. Bis-" -allylpalladium complexesfrom allyl -stannanes

Inspred by ths work, the group developedthe first Pd-catalyzed asymatric
allylation of imines 7 using of allyltributylstamane 4 and bis-" -allylpdladium
catdyst 8.%° It is suggestethat hebis-" -allylpalladiumcoordinats with the nitrogen
atomof the imine to facilitate anintramolecular nuclephilic attackof the chiral -
allyl ligand andthenwould proceedsia a sx-memberedchair-like transitionstate.
The reactiorprefeentially proceed throudp a transition staté, wherethe imine is
added from the ledsindered backsideo give (R)-9 productg(Schemel0).



%\w

N/ E) -8 /Bﬂ
)l\ *_~\_-SnBu (5 mol%) "y
3 > s
Z THF, 0 °C RN
7 4 9

Me Z} e > (S)-9
Pd
— IR /N Ph
o Ty

Schemel0. Asymmetric allylation of imines usingbis-" -allylpalladium complexes

Later, the groy discoveredhat the addition ofwater tothis catalyticreaction can

give a broad substrate scopeavhile reaining the enantioselectities and chemcal
yields fora variety ofimines(Schemel 1).%!

A

N7 e HN’RZ
Jl\ , A SnBus (5 mol%) . Y
R H (125equlv) 1.0 (1equiv), THF, 0°C  R'” X%
7 4 9

PhSO

HN/ HN/ HN/\/ HN/ 2
Ph N Ph N Ph N SNV N

86%, 85% ee 89%, 90% ee 82%, 78% ee <10%

_Bn _Bn _Me
HN” HNT HN”
N X
9 o

84%, 50% ee 90%, 67% ee 42%, 55% ee

Schemell. Allylation of imines with allyl tributylstannane

However, using bis-" -allylpalladium comgexes can lead toundesired byproducts
from allyl-allyl crosscoupling reactionsand selecivity problemscan occurwhen
palladium complexes caaining two different suliguted allyic moieties (Scheme
12). It alsoshowed the linitations intheterm ofthe scope ofthereactian. 552



R
Reductive elimination jii
;
2 R
Rl M AN 0 RN
T

Pd | 3
[Pd] Rz/\\/ R H OH OH

jo\(\ * R3J\(\

R! R2
Schemel2. Some drawbacks when usingis-" -allylpalladium complexes

1.1.1.2. dJmpolungdprocess

In genera)] an Aimpolungd proces involves " -allylpalladium intermediates of
pdladium(0) catalysts relyg on treatmentwith a lowvalent metal compound or
reducing agnts sub as indiumor zinc compounds b gererate the corresponding

nucleophilic allytpalladiumspedes(Schemes).*?

In 2004, Zanoni and ceworkers pioneeed the first erantioselective allylation of
carbawyl compounls by theumpolung™ -allyl palladium complges using a chiral
monodentate phosphorougdind L4 (Scheme13).>® The chiral alcoholll with

moderate enantioseledtly was obsewved by theumpolung Tsji-Trost eaction of
10 with aldehydes in the presence ohZt. One example of chiral homoallylic
alcohol 13 was obtained from acyclicinnamylacetatel2 as a” -allyl precursor in

the reaction conditions.

OH

OAc (R)-L4 (10 mol%) PdXLn* . H
(n3-C3H5PdCl), (2.5 mol% PhCHO 1 (1 equiv) : ph ([ -
> _—
Et,Zn (5 equiv) OO

10 11 60%, 52% ee P—Ph

mQ

i OO
same reaction conditions
P X"N0ac Ph/\l/\

12 Fh - o
13 77%, 60% ee

Schemel3. EnantioselectivePd-catalyzedallylation of a carbonyl compourd via A&impolungd

The first pdladium-catalyzed asymmetric lglation ketones14 with allylic alcohol
15 asthe allylting reagentvas found by Zhou et al.in 2009 (Schemel4).>* The
study gavea varety of chiral benzannuleed pyrrolidin-2-ones 16 in good yields but

moderate to good enantioselectivit{d3i 71% ee)



(S)-L5 (10 mol%) .
)\/ Pd(OAc), (5 mol%) R
R? o
BEt, (3.0 equiv), THF, 30 °C N

(2.0 equiv)

Selected products

HOJ HOJ HOJ HOJ

Me
97%, 71% ee 90%, 63% ee 90%, 63% ee 99%, 56% ee

HO J/ HO J/ HO S\J/ HO

N N
\

N
N

(0]
N
\ \ \ CF;
Ph Ts Me Me Me
93%, 62% ee 74%, 47% ee 98%, 64% ee 99%, 60% ee

Schemel4. Asymmetric allylation of ketones with allylic alcohols

Inspired by thevork as mentionedbove the group continue@alladiumcatalyzed
asymmetric allylation of inmes 7 with allylic alcohols 17.3° Using chial
phosphoramiditeL6 gave various homoallylic amine$8 in high yields with

moderate to good enantiosdieities (Schene 15).

2
R? (R)-L6 (12 mol%) R NH
N~ Pd(OAc), (5 mol%) H
| RS _~ OH .
NN NN BEt, (3.6 equiv) R /\/\
(2.0 equiv) Dioxane, 60 °C R3
_____________ T M
Selected products
Ts o Ts o Ts o
Ts o SNH “NH “NH
Ph/\/\ /©/\/\ (:(\/\ C’/\/\
(o}
Cl
86%, 68% ee 94%, 74% ee 93%, 65% ee 71%, 75% ee
Ts Ts Ts
PR PR YT PR YT
Me Ph
60%, 76% ee 65%, 10:1 syn:anti, 69% ee 67%, >99:1 syn:anti, 65% ee

Schame 15. Palladium-catalyzed asymmetric allylation of imines with allylic alcohols



The authorproposed anehanismof theumpolungreactvity usingthe nucleophilic
“-allyl palladum (Schemel6). First, the formatia of o*-allylpalladium complex! is
triggered by oidative additionof the allylic atohol 17, followed bythe transfer of
the electrorrich ethyl grop from boronto palladium which forms nucleophilicd!-
allylpalladiumll . The intermedide wouldundego a chairlike cydic transition state

[l to givel9andfinally protonolysisfurnishesthe corresponding amiries.

|
EL,B_ _Ts OH
2 \N/ v :
MR Et;B
19 Et,B
Ts
AN !
A= Pd—L
v L /
\/\Pld = &
~—_
m o Et N I
R__N
NF TN
7

Schemel6. Proposed mebanism of the umpolung process

1.1.1.3. Metal pincer complex catalysts

Another appoachfor palladum-catalyz2d asymmetric allyhtion of carbonyfroups
or imines isbased orthe utility of chiral pincer conplexesand dlylorganomeallics
reagents.Using themetal pincer compex catalyss, allylation reactions could be
performed without the formation of ls(allyl)pdladium specis. Gererally, the
complexesare known to ready undergo transmetallation withorganoméallic
reggents. In the complex,theligand binding tothe palladiumis bulky, thusonly one
coordnation site ina complex isavalable for tre allyl moiety. Therefore,a d!-allyl
complex isformedandhasa nucleophilic chaacer thatreacts with electrophile®

furnish orrespondingalcoholor amine®®

Szalf) et al. reporteda newnucleophilicmoncallylpalladium complexfor allylation
to obtain homoallylic alcohol8 (Schemel7).%¢ The metalpincer complex20 reacs
with allylstanmne 4 to give a nucleophilic d*-alyl palladium specied, which
underges chair-like transition state to formalkoxide Il . The intermediatél reacts
with BusSnOC(O)CE to give 21 andregeneate the pincer catalyg0.



(0]
SnBug 20 (5 mol%)
R)J\H + /\/ > R)\/\

THF, 25 to 60 °C

(0] o

3 - | | SnBuj
R N Ph,P—Pd—PPh, A
4

|
21 OCOCF,
20
BusSn—OCOCF, BusSn—OCOCF,
0~ ; ~0 0~ ; ~0
| [ [ [

Ph,P—Pd—FPPh, Ph,P——Pd——PPh,

MR\ﬁﬁ

1

Schemel?. Using mono-allyl palladium complex for allylations of aldehydes

Later, the groupintroduced new chiral pincer palladium catalyst for highly
enantioselective allylation of sulfonimingSchemel8).>” Using a series of ligand
BINOL as chiralligands for palladiumpincer complexegjave the coresponding
homoallyic sulfoamneswith high enantiodectivities (801 85%eé).

NHSO,Ph
NSOzPh /\/SnBu3 catalyst (5 mol%) . 2
—_——
R 7 R X
7a B ] 7a
oY S
P—Pd—P
_______________ 07, o OH |
R_!_N
L Nz ~S0,Ph _|
Catalyst NHSO,Ph NHSO,Ph
SR RS : :
P XY Ph XY
Cat 22 49%, 73% ee Cat 23 44%, 67% ee
P_Pd_P NHTs
22 R=Me 2
SR 23 R=Et RS PN < :©/\/\
24 R=Ph
Cat24 70%, 48% ee Cat 22 55%, 48% ee
7 L e
o 0 A A
o] 1,0 PR Y
P—Pd—P

o ! o Cat ent-25 28%, 83% ee
O‘ 25 OO NO,
O O Cat 25 71%, 85% ee

Schemel8. Chiral pincer palladium-catalyzedfor asymmetric allylation of sulfoimines
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1.1.2. Ir-catalyzed enantioselective nucleophilic allylation

In 2008 Krischeand colleguesreportedthe first examples usingiridium-catalyzed
allylation of carbonyl compoundsndercatalytic hydrogenatioronditions®®>® They
used allylacetate asmaalternativefor allylmetal reagnt and proposed te reaction

occured via an intermediate allyl idium as a nucleopld, which is remarkable
(Scheméel9).

lO OH
//I\\ Il R) Lir Me)\""e OH
i, == A" —— "= — .
0™\ Hydrogen donor R X
z-allylmetal o-allyimetal R

Schemel9. Carbonyl allylati on via nucleophile allyl iridium

The allylation of aldehges1 and alylic acetate?6 wasillustrated in the reponwith
the useof isopropanolas the temminal redutant andL?7 (-)-TMBTP asthe ligand.

The products3 were obtaned with high enantioselectivity anth goad to excellent
isolated yield4Scheme20).

Me
S

Me™ Xy PPh,

Me—Z\,_PPh,
I6) S
J Me
L7 (-)-TMBTP (5 mol%) OH
R [Ir(cod)Cl], (2.5 mol%)

* 0Ac 3NO2CeH,CO,H (10 mol%), Cs,CO; (20 mol%) RN
P e i-PrOH (200 mol%)

3
26 (10 equiv) THF, 100 °C, 20 h
Selected products
OH OH
OH
: X X
Ph N
76%, 96% ee O2N 78%, 97% ee MeO,C 85%, 97% ee
OH OCHj, OH OH
X X X
HsCO 75%, 94% ee 86%, 95% ee Br 77%, 97% ee
OH oH Me OH
cl = 5 5

\
X <O:©/\/\ N
o)
76%, 98% ee
Cl

83%, 94% ee 82%, 94% ee

Scheme20. Carbonyl allylation of allyl acetate and aldehydesy iridium-catalyzed reaction
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An iridium(ll-"-allyl complex which culd serveas active catalysif this carbonyl
allylation, was syntheized andanalyzed by singlecrystal Xray dffraction. The
proposal mechansm (Scheme21) began with the formabn of intermediatel, the
ortho-cyclometalatedridium comgexes followed by thehydrogentransferprocess
to give intermediatell , theiridium(lll) active catalys. The allyl group transfered
andaddel to aldehyds 1 through a chaklike transition stateo affordintermediates
lll . Thesespeaes exchangd with the isopropanol or aeectart alcohol togive the
homoallylic alohds 3 and the intermediatesV. Through b-hydride elimination

process, the intermediatavas regenerated and completed thialytic cycle.

NO,

R1J\R2 o : 26
\",m AcOH
L7 H \ ©
NO

NO,

o) [¢]
g L, = (R)-BINAP o
\Ir'” H Ir”'\
s
L’ \O—QRZ L )
v R? I}
OH %\ Noz/
/\)\ 3 i
Z R J\
J\ e R 1

R! R2 Ln/' o)

Scheme21. Propased mechanism ofridium-catalyzed carbonyl allylation

Then thegroup developedthe asymmetric trarsferhydrogenative allylation othe
carbonyl groupwith 1,1-dimethylallené® allyl acetatelJ athyl allyl acetat&* or U-
(trimethylsilyl)allyl acetaté? by usingnucleophiliciridium complexesaindpropan2-

ol as hyride donor

The first use of 1,idimethylalene 27 as a prenyl donor for allylatioto give
enantiomecally enriched adducts6 was reported in 2009 (Scheme22). ° The
reactiors were toleréed witharomatic aldehydegla, 1b), Ub-unsaturated aldehydes
(1c, 1d), and aliphatic @lehydes(1e-1h) to give adducts6a-6h in good to exellent
isolated yields (6696%) and enantioselectivities {873% ee).
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(S)-28 (5 Mol%) OH /\

AN ) '
\'%I/Me j’ i-PrOH (2 equiv) )>(\ PhyPy,, \ WPPh, o
+ _— (PN
R AN Ir
Me R PhMe O/ < O
Me Me PPh, __ O PPh,
27 (2 equiv) 1 6 *C —
: . ° PPh, o PPh,
‘Lir—H [ur\/\(Me RCHO. | < O
lecccccaaa=a=] 1 |eececcadaadaa - O
Me NO,
(S)-28
OH OH OH Me OH
AN S
Ph X Ph” X X Me X
Me Me Me Me Me Me X Me Me
Br Me
6a 94%, 89% ee 6b 96%, 90% ee 6¢c 81%, 93% ee 6d 85%, 93% ee
OH OH OH OH
Ph(HZC)2)>(\ BnO(HZC)2)>(\ BnO(HZC)3)>(\ Me(H,C); A
Me Me Me Me Me Me Me Me
6e 84%, 87% ee 6f 65%, 89% ee 6g 86%, 93% ee 6h 71%, 92% ee

Scheme22. Asymmetric Ir -catalyzed carbonyl allylationfrom aldehydes

The first use of activatettetonesl4 for asymmetriciridium-catalyzed allylation in

the pesence of allyl acetate6, U met hy | 29, dr §,kdimathylalierea? e

was investigated! The products16, 30 and 31 were furnished in high yield and

excellent enantiedectiviies (Scheme23).

MeO PPh,
MeO PPh
e Vi 2

NS
o) OMe
R (R)-L8 [cth-(R)-p-phos] (5 mol%)
OAc [Ir(cod)Cl, (2.5 mol%)
o + /\( 16 65-92%, 91-96% ee
R? N R 4-CN-3-NO,CgH;CO,H (10 mol%) Me
b ) i-PrOH (4.0 equiv) HOo =
R3 n (2.0 equiv) Cs,CO5 (20 mol%) .
14 20 THF, 100 °C

R'=H, Me, MeO, Br

R2=H, Cl, Br

R2=H,F

30 64-87%, 13:1-29:1 d.r
80-92% ee
0
R! Me (R)-L8 [cth-(R)-p-phos] (5 mol%)
[Ir(cod)Cl], (2.5 mol%)
o + :-:< >
R2 N Me 3-NO,CgH3;CO,H (10 mol%)
\ . i-PrOH (2.0 equiv)
R3 Bn (2.0 equiv) Cs,C0; (7.5 mol%)
PhMe, 60 °C
14 27 31 70-90%, 90-96% ee

Scheme23. Asymmetric iridiu m-catalyzedallylation of activated ketone
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In 2010, Krischeggroupdemastrated thenanticelectiveiridium-catalyzel trarsfer-
hydrogenatve allylation of (trimethylsilyl)allyl acetate 32 in the presence of
aldehydes1.%? The reactionwas also mediaed by 2-propanol and afforded the
producs 33 with excepional levels of anti-diastereoseleatities and excellent

enantioselectiti es(Scheme24).

=L
,, iy \Pth 0
o~ PPh2 0
(@)
NO,
(R)-28 (5 mol%) OH
(0] Ac e
J . /\( K3PO,4 (1 equw) . H
R SiMe,  i-PrOH (2 equiv), H,0 (5 equiv) R/\(\
THF, 70 °C, 48 h SiMe;
1 32 (3 equiv) 33
Selected products
OH OH OH
PN W P NN
SiMe SiMe SiM
3 Br 3 iMe3
71%, 96% ee 73%, 98% ee 74%, 94% ee
OH OH OH
: Br_ _N 2 2
Ph(Hzc)z/\l/\ | X A Me(HQC)7/\I/\
SiMe, = SiMe; SiMe;
69%, 98% ee 66%, 99% ee 72%, 90% ee

Scheme24. Enantioseletive Ir-catalyzedallylation of (trimethylsilyl)allyl acetate

In general,the medianism proceeds nn a similar apprach to iridium transfer
hydrogenative allylatiofiScheme21) andis shown inScheme25. Thereaction also
began with the formabn of the ortho-cyclometalatedridium complexesl, followed
by the hydrogen transferprocess to givehe iridium(lll) active catalys |Il. The
reactionwas suggestedo proceedvia an (E)-U-allyl intermediate(lV). The anti-
diastereoselivity is observedin most of the cases demonstrag that carbonyl
addtion happes througha chairlike transitionstate of anintermediateV (Scheme
26). Thesespedes exchangd with the isopropanol or agactant alcohol tgive the
homoallylic alohds 33 and the intermediate®l. Through b-hydride elimination

process, the intermedidtavas regenerated and completed taelytic cycle.
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O,N

NC

-

e ; Qo

Base

=——> NC
H-Base

O,N ,
o) P\) R H/Me S|Me3
Il 32
NC HMe VI o
,0
[P OAc
i O,N OoN
Me/H H O,N chair-like 2 o
o transition state O
— = NC
OH i-PrOH o) o .0 I
: I"HI:P )J\ Me3SI\/\/|r”| K/ \r\)
R ~ R0 ,"p R” H D
SiMes — 1 SiMe,
33 Me;Si \" V (E)-c-Allyl III =-Allyl SEGPHOS complex

Scheme26. Stereochemical intermediate

In 2017, Krische and cworkers reported ahighly enantosdective ridium (I)-
PharePhoscatalyzed couphg of methanoWwith a 1,%disubstituted Ck-allenes34 to

afford 35 of hydrohydoxymehylation as sinlg regioisomers with high

erantiosdectivity (Schene 27).% The carbonyl additioralso occursthrough iridium

transferhydrogenativgorocess witha nucleophilicallyliridium intermediate

PhyP

L9 (R)-Phanephos (5 mol%)
[Ir(cod)Cl], (2.5 mol%)
Ir(cod)(acac) (5 mol%) =

-~ OH
Ph CF,

MeOH

CF,
:.=< +
Ph

34

acetone, 70 °C, 18 h

35 95%, 90% ee

Schene 27. Ir -catalyzedasymmetric allylation of trifluoromethyl subsituted allene and

methanol
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1.1.3. Cr-catalyzedenantioselective nucleophilic allylation

Thefirst example othromium-mediated addition of allid hdides36 to aldehydes
was reported by Nozak, Hiyama and colleagues.Ther study showed ahighly
chemoselectivaeactiontowards aldehyd€¢Scheme28).%* Later Firsner and Shi
reportedallylation of aldehydesvith allylhalidein the presence o€rCl> andexcess
Mn and TMSCI(Scheme29).%°

pZ X

Me X
Me (7).36 (E)-36
¢ crel, l crcl, j\
OH

CrL Crln
A= I e e

Me

Scheme28. The addition of 2-butenyl halides to aldehydes Nozaki-Kiyama-Kishi reactions

o
X
/\/ )J\
37: P \R1 H
2CrX, 2CrXg )Oix/z\
R X
Me;SiX

OH . OSiMe,

H
MnX, Mn R)\/\ <_R)\/\

3
Scheme?29. Firstner and Shi catalytic system

Following these groundbreakindindings, Cozzj UmaniRonchi et alreported le

first enantioselective chranium-catalyzed allylation of aldehydes 1 using

chromium(ll) slen complexwith ligand L10.%¢ The proposednedanismis shavn

in Scheme30. LaterBerkessel et al. udeananalogous catalysterived fromL11 ¢’

and Nakada and cworkers used a bisf¢@zolinylarbaole ligandsL12 to get

modest to high enantidgctivities (861 97% ee) for allylation of aldehyds®®

Yamamoto group developed a new class of chiral ligatedhered bis(&uinolinol)

L13 (TBOxH) for chromiumcatalyzedNozakiHiyama allylationsof aldehydes to
obtain homoallylic alcohol3 high yields (up to 95%) and high enantioselectivies

(up © 99%).5°
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H

ﬁ Cr'“ (salen) \
CrCl,

1
+ — 2 [Cr”(salen [CI’”I salen ocCr (salen)

salen \
Me;SiX

MnX2 OS|Mes

R X R \

Pl D

L11
Berkessel

Cozzi, Umani-Ronchi

Ph

Rogy
£

e e
L12 L13 -TBOxH

<
®
<
)
)"lu

Nakada Yamamoto

Scheme30. Enantiosekctive dironium-mediated allylations for Nozaki-Hiyama reactions

Miller and Sigman reported the first ample of chromiumcatdyzed
enartioselectiveallylation of ketores38 using allylicbromides37a With the simple
ligand L14, allylation of acetophenorsled to corresponohg tertiary homoallylic

alcohds 39 with high enantioseledtities (up t092% e@ (Scheme31).”°
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N N

B
L14 (10 mol%)
CrCl3 (10 mol%),

o TEA (20 mol%), TMSCI (4 equiv) HO R?
JL . Br/\/ (20 mol%), TMSCI ( equ}) ’
R!"” “R2 Mn (2 equiv), THF, 0 °C, 24 h R? X
38 37a 39
Selected products
HO  Me HO Me
HO Me g %
X N
Ph X
Br Me
82%, 92% ee 73%, 90% ee 94%, 86% ee
HO Me
2, HO, Me Ho \J/

S

CF;
63%, 91% ee 95%, 92% ee 64%, 59% ee

Scheme31. Chromium -catalyzed an entioselectiveallylation of ketones using allylic bromides

In 2018, Zhanggroup denonstated a carboryallylation with a variety of
fluorinatedand nonfluorinatedalkyl halides40, alkene41 andaldehydes1 basel on
a CrlCo bimeallic cataltic system’ Using ligandL15 gave productst2 in good
yieldswith excellentdiastereoraric and enanomeric seledivities (Scheme32).

Cri)

\\(N N\f)

i-Pr iPr

L15 (10 mol%)
o) OH
Riox / . JJ\ CrCly (5 mol%), PS (10 mol%)
74 R2" “H Mn (2 equiv), TMSCI (1 equiv) R2 R
40 X =1, Br 41 1 CoPc (0.25 mol%), THF, -10 °C, 12 h A
then TBAF

Selected products

OH OH o OH
Ph/\):lﬂc'% Me(H,C)s CF3 N CF,
= = =
o

80%, 10:1 d.r, 90% ee 81%, 15:1 d.r, 90% ee 75%, 10:1 d.r, 94% ee
OH OH OH
Ph CF, Ph OTBS Ph t-Bu
— = F F .
82%, 6:1 d.r, 839% ee 86%, >15:1 d.r, 90% ee 88%, >15:1 d.r, 91% ee

Scheme32. Cr/Co bimetallic catalysis systemfor carbonyl allylation
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The proposednedanismis shown in Scheme33. Frst, CoPc intiates the formation
of the alkyl radicds I, followed by addtion to 1,3-butadiene41. The " -allyl radical
speciedl then reacgwith Cr(ll) complex followed bysubsequensomerizatiorand
carbonyl allylationto furnish the final produci2. Manganeseacs as a reduag

agent for both Co ahCr catalyticsystens.

OTMS ocr(liL
o
N Vi . JL cr(lly, Co(l) 2 | TMSCI
74 R2™ H L,Mn, TMSCl R R 14 R2 R!

40 4 1 X Lcrancl S

CO(III)XXW Mn(0) 42

172 Mn(I1)X T
Co(lh "X ramer _ _
1/2 Mn(0)

r(lL / I6)
A YN 1/2 Mn(IC MeZ_NT1
sow S Y e AR L= /\C/r/N\/'
R" ——m > . —> -\ \ %
L(me O N / 0 [\
H.Z /) Me

1 R1 Me
I v R KQ R?
L ’ .
v

Scheme33. Proposed mechnism of Cr/Co bimetallic sysem for carbonyl allylation

1.1.4. Cu-catalyzedenantioselective nucleophilic allylation

In 2004, Kanai and Slibasaki et al. studied the f$t enantioselectes carbayl
allylation using allylborane43 via an active nucleopla allylcoppe in the presence
of chiral catalyst CuFi-Pr-DUPHOS and La(Oi-Pr)s as a cocatalyst The Cu
catalyzed reaction afforddaigh enantioselectevproduds 39 (up to 8% eg from
aromdic, heteroaromatic, cyclic, aliyatic ketones (Scheme34). Use of cocatalyst
La(Oi-Pr) significanly increasedreactivity, but the precise meahism of rate

enhancmentis still unclea.

L16 (6 mol%)
Me CuF,2H,0 (3 mol%) oH

e / Me  La(Oi-Pr)3 (4.5 mol%)
JJ\ + /\/B\ :tMe > R1J5\/\ ( )

R? o DMF, -40 °C, 1 h 2
Me R
38 43 39 i-Pr J-Pr

Selected products P P

OH OH OH 2 Q
)\/\ I N / i-Pr i-Pr

Ph”z X : X 2 K

Me 4 |

Me Me

L16 (R,R), i-Pr-DuPHOS
S J

S

94%, 82% ee 94%, 82% ee 87%, 90% ee 88%, 84% ee

Scheme34. Cu-catalyzed enantioselective carbonyl alylation using allylborane
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The group coninued devedping a general Cu-mediated allylation ofsimple
ketoimines usindCuF-3PPh asa caalystandLa(Oi-Pr)y as the cocatalysindthey
discovered the first enantioseletive  exanple when using the
CuFT cyc !l oRHOS aasyd ¢hital catalyst amh LiOi-Pr as cocatalyst
Homaallylamines 45 were obtaind with high enantioslectivity from aromatic
ketoimines 44 (Scheme35). Scheme36 illustrates the proposed mecham where
the nuwleophilic allylcogper | gererated by transetdlation of CuR cyclopentyl
T DUPHOScomplexwith allylbororate43. The use oLiOi-Prremarkaby enhanced
bothreactivity andenantioselectity, as compared tba(Oi-Pr)s.

Me CuF-(R,R)-cyclopentyl-DuPHOS (10 mol%) P
N
NI Ph O~ e LIOMPr(30 mol%), tBUOH (1.0 equiv) TN PN
+ B )\/\
R)\R' A \o—\Me toluene, 0 °C, 1-24 h R A
44 43 (3.0 equiv) 45
Selected products
NHBn NHBn NHBn NHBn
PhM = X g X ph/\)g'\/\
Me Me Me Me
MeO
92%, 89% ee 76%, 85% ee 88%, 92% ee 98%, 23% ee

Scheme3s. Cu-catalyzedallylation of ketoimines

CuF-phosphine

/\/Bpi",\l
43
LiO-Pr Nl/\Ph
t-BuO—Bpin /\/CUL R)\R'
)/’ I \ 44
t-BuQ _ LCu
\Bpin SN ph
/\/ + ]
Cu R”= X
R
1]
CuOLE t-BuOH
Bpin ultrbu
/\/ P P
HN Ph

43
R):\/\

Scheme36. Proposed mechanism of Cicatalyzedof allylation of ketoimines

In 2018, Budwald et al. developed a highly enantioselectiv€uH-catalyzed
allylation of ketones38 usingterminal allenes46 as an allyl donof* Allene was a
substitdion compounds tahe dlylmetal reagentfor the formation of nucleophilc

allylcopper speciesThe proposed meclasm was suggesteds in Scheme 37.
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Copper hydide complexes$ insat into allene46 to generate a mixture of allylcopper
species |l and Ill . Then the coppemediate species undgp regiosdective
stereoslective ddition to a carlbonyl group To complete e cyck, copper
intermediatelV can undergoligand exchange with an auxiliary alcohoko form
corresponding atthol 47 or L* CuOR V undergomeathesis wh a hydrosilaneto

regeneate intial hydridel.

LCuX 2
o R3 ROH, R3SiH HO, ;R
+ prmnd E——— 1
R XX
R “R2? R* RS Ré
38 46 47
...................................................... g
R;Si-OR LCuH ==
! 4% K
R3Si-H
LCuOR CuL R* CulL
v —
OH Z R =~ R*
RS
g H H
R2°= X 1] m
R'Rs Re Leus ‘/\ o
47 RO-H JJ\
R2 :1 X R R2
R R3 R4 38
v

Scheme37. CuH-catalyzed allylations of ketones

The reactia toleratedvarious subgrates38 bearing electromlonating, or electren
withdrawing substituentas well asheterocyclesandthose witha functional group

Using ligandL17 gavechiral alcohols with high enantioselectiviti€Scheme38).

PAr,
tBuP” g

S

L17, Ar = 4-CF3-CgHy (6 mol%)  ho R2

0 Cu(OAc), (5 mol%) &
JJ\ + = > R1>\/\

’ ~ \
R? R2 R3 (MeO),MeSiH (2 to 3 equiv) :3
38 -BUOH (2 equiv) R
0 °C to rt, toluene
HO, Me HO, Me HO, Me
Ph>\:/\ Y X Ph>\:/\
Cy MeHN Cy (CH,);0H
98%, 13:1d.r, 94% ee 98%, >20:1 d.r, 96% ee 97%, 2.5:1 d.r, >99% ee
Cy,
HO /
HO, Me HO Me Me
N 7,
S
Ph/\)\z/\ Br TN
éy éy
Me
71%, >10:1d.r, 90% ee 90%, >20:1 d.r, 83% ee 61%, 3.0:1 d.r, 94% ee

Scheme38. Selected examples dEuH-catalyzedallylations
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In 2019, he Buchward group continued developng an enantioselectivecoppe-

catalyzd allylation using allenes 49, copper sdb andL18 to give chiral tertiary
alcohols 39 with high enantioselectivite$ The reactons were tolerai with a

variety of subgrates38 with many functional group&Scheme39).

Me
N
N t-Bu
7 t-Bu
o} N7
R o R? L1 i gl*ee 1% HO R?
38 8 (S,S)-QuinoxP* (6 mol%) N

A CuCl (5 mol%), NaOt-Bu (5 moli%) R)‘\/\

== (MeO),MeSiH, MTBE

48 (1 atm) -40°C,4 h
Selected products
O Me HO, Me HO, Me
X X X X
\_s
"y
O\) Br
87%, 84% ee 89%, 91% ee 73%, 80% ee
HO, Me
Me > HO \\Me HO \\Me
Ph N \
X X
Ph
Me 80%, 94% ee 86%, 83% ee 77%, 92% ee

Scheme39. Selected exramples of enantioselective Cicatalyzed allylation using allene gas

The proposedmechaiism was sugested tabe simibr to thatdescribé in Scheme
37. Initially, a hydride compl& | is generatd from a c@persdt, phosphine ligand
and silane reductantheninsertian of allene48into the complexaffords nucleophilc
allylcopper(l) peciedl! . Those speciesanthen react witta ketore 38 through a six
memberedtranstion state to give aalkoxide Il . Followed by metathesis with the
hydrosilanethe silaneprotectedproduct49 is formedleading to regemation of the

Cu-complexl. The desired produ@9is furnished after waiing up (Schemed0).

OSiR,

39 -— RzJ\/\
LCuH

= AN — .=
R’I
49 I 48
5-bond metathesis Allene insertion
R3Si-H
P
Cu

Leu” N

L o) [}

Ketone insertion R1 J]\ R2

Scheme40. Proposed mechnism of enantioselectiveCu-catalyzed allylation using allene gas
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1.1.5. Ni-catalyzedenantioselective nucleophilic allylation

Morken and ceworkers develope@nantioselectie nickelcatalyzedallylation of U-
subgituted denal 50 with allylboronic acid pinacol est 43in the presence of il)
andthe chiral phosphonite19.”® Aromatic and aliphatic substituents wereetated
and predominat (E,Z)-stereasomer products were formedin high yields and

enantigelectivites (Schemetl).

Ph

Me 0 O\
P—Ph
Me” ov" O/
Ph™ Ph
Me (R,R")-L19 (10 mol%)
o] L Me Ni(cod), (10 mol%) R
+ B >
P \ .
R/\/\)]\H = o M""e THF, -35°C, 18 h HO™ SN
50 43 © 51

Selected products

Me/\/i/\ Ph/\/i/\ HZCOBn/\/ﬁ\/\ Cy/\/ﬁ\/\
HO™ X HO™ X HO™ X HO™™ A

84%, >20:1d.r, 88% ee 68%, >20:1d.r,91% ee 86%, 15:1d.r, 73% ee 92%, >20:1d.r, 93% ee
TBSOHZC/\/i/\ m TBSOHZCHZC/\/i/\
o}
HO" X HO" X HO" X
81%, 7:1d.r, 85% ee 73%, 15:1d.r, 94% ee 83%, 16:1d.r, 90% ee

Schemedl. Enantioselectivenickel-catalyzedallylation of U-substituted dienal

Schemed? illustratedthe proposed mechanisifhe boronpinacol ested3 has been
invoked to acount fa the ability ofelectron transfer from Ni(0) to the ent form
nickel complexes. The ietmediatel undergesa transmetallation of the alldroup
from B to Ni to form a bs(allyl)metal speciedll. Then these intermediates

underwent a 3@reductive eliminatiorand work upto furnish allylation produ&51.

0

YR /\/\)J\
RO H

51 ?\\ N LNi(0) 5
B(pin) ! +
(pin)B\/\
43
R™ +
B(pin) m
D o~ H” o
K/J >
I \/ /Y‘%m)

Scheme42. Proposed mechaism of enantioselective nickel-catalyzedl,2-allylation
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Qian and @Gng et al demonstated the first asymmetridli-catalyzel reductive
allylation of aldehyded with allylic carbonate$2 (Scheme43).”” They suggested
an electronc nature of he allylic partners is impdant n the control of
enantiselectivitesand a possibe equilibrium betweeny!-(E)-allyl-Ni and @)-allyl-
Ni complexes withthe presence of sulitsients at the Cbr C3 position of allylic
carbonatesThe addition of theveak nucleophlic allylnickel species to aldhydes
andthe formationof nickel" -allyl complexes isone ofthe significant stepsin the
catalytic processThe coupling 62-aryl allylic actates witha variety ofaldehydes
la-lc were demonstratedThe aldehydesubstrates without electrewithdrawing
groups generally gave high enantioselectivitegE)-but-2-enal (1d), aliphatc 3
phenylpropana(le) also gave homallylic alcohols in highenantioselectivitesThe
reation of lerzaldehydg1f) andmethoxy phenyl ajllic carbonatg52f) alsofurnish
product53f in goodenantioselectiviy. The processvorked with he sterically more
hindered 2(2-methyl)phenyt (5290 and 2isopropyt (52h) allylic carbonatesbut

diminishedenantioselectivities

L20 t Bu
(S) t-Bu-Pybox (15 mol%) ]
) Ni(CIO,4),-6H,0 (10 mol%) R OH
+ RCHO /I’\/k
/I’\/OCOZMe Zn (300 mol%), 12 h, 25 °C R2
1 53

R1 = aryl, alkyl, H

Selected products

OH OH /\M
* O * Ph Me” X7+ Ph
\ |
(Me)N

oM

53a 96%, 88% ee 53b 95%, 85% ee 53¢ 95%, 80% ee 53d 91%, 85% ee
OH OH Me OH
Ph)*\)l\O\ Ph)*\)‘\© Ph)*\)J\i-Pr
OMe
53e 95%, 68% ee 53f 91%, 72% ee 53g 53%, 41% ee 53h 45%, 51% ee

Scheme43. Seleced examples ohsymmetric Ni-catalyzed reductive allylati ons

1.1.6. Ru-catalyzedenantioselectivenuclegphilic allylation

In 2011, Krische et al. developeah enantioselectiveutheniumcatalyzed redox

neutralinternolecular coupling ofldehydesand 1,3dienes54.”® The homoallylic
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alcohols was generated with perfectiosglectivity and good to excellent levels o
diasteree and enantiselectivites (Schene 44). The process invives transfer
hydrogenation and carbonytdition in a rutheniumcomplex and chiral ligand 21
(Schemet5). The hydrogen transféetwea rutheniumcomplex! and 1,3dienesb4
generats allylrutherium intermediatesll, followed by an addition toaldehyde.
Allylrutheniumraldehyde transion statelV undegoes a coupling reaction to give
Using propa-2-ol as an external reducing ageeleases alcohd&@5 andregenerate
theruthenium catalystto finish the catalytic cycle

1)
o PAr,
<O ‘ PAI'2
o]

SiPhMe, L21 Ar = 3,5-Me,CgHs (5 mol%) Me,PhSi

)W RuHCI(CO)(PPhj); (5 mol%) )Yl\

i-PrOH (200 mol%), PhMe, 95 °C, 48 h

)\H\@\ r
NMe,
76%, 12:1 syn:anti, 88% ee 80%, 19:1 syn:anti, 93% ee 56%, >20:1 syn:anti, 90% ee

Schame 44. Enantioselectiver uthenium-catalyzed hydrohydroxyalkylation of 2 -silyl -butadienes

SiR,
) c cl Me
SiR3 CP/,, J CP/,, o W RCHO
.Ru —_— u
PY - P 7 1
| / G i SiR
e 1
54 0 e} 3
I m
cl cl
CP,,,R| O CP,,,RI OaR
P” | VH P” | 7
C

NN

P'RI ‘o/\ >

I
C C
1 1l SiR3
o (6]
\'

SiR; OH RCH,OH

\|

Scheme45. Proposed catalytic mechanism for rutheniurmcatalyzedhydrohydroxy methylation

Inspired by the wok, Krische and cevorkers developed na enantioselective

rutheniumcatalyzed asymmetridirect redoxtriggered carbortarbon coupling of
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aldehydeand buadiene(Schemet6). The chiral phosphoric acid22 wasemgoyed

in the catalgis gstem’ The products of carbonyl crotylation with high
diasereoselectiity and enantioselectivityithout a formation of stoichiometric by
products. he products of carbonyl crotylation ene afforded tmough the same
fashion showegbreviousy (Scheme45). A hydrometallation of butadienirnished

a " -allylruthenum complex followed by a closed trangibn structureto give U-
crotylruthenium complex. The given hompallylic ruthenium alkoxide had all
occupied coordination sites at the metal center and thelmamege with a reactant
alcohol to release pduct56 andruthenium omplex.

/m

cisdt L22 (10 mol%) OH
¥ H,yRu(CO)(PPh3); (5 mol%), dppf (5 mol%) /\)\
0 HO(CH,);OH (200 mol%) Z Y R
l THF, 95 °C Me
R
..... - St
OH OH OH OH
/\:)\Ph N N Z"
Me Me Me Me
CO,Me OMe

74%, 8:1 d.r, 88% ee 74%, 6:1 d.r, 86% ee 66%, 6:1d.r, 88% ee 79%, 4:1 d.r, 86% ee

Scheme46. Enantioselective ruthenium -catalyzed asymmetriccoupling of aldehydeand alkene

1.1.7. Rh-catalyzedenantioselective nucleophit allylation

A rhodiumcatalyzed enantioselective allylation was initiallgiscovered by Nuss
group® The addition ofallylic stanrane b benzaldehydda gavechiral alcohol3a
in high yield buta small dgreeof asymmetric inductiorf17% ee)YSchemet?).

/\/SnBua
o Rh(cod)[(-)-DIOP]BF, (1 mol%) OH
ph” “H CHiClp 45°C,31h  pp Xy
1a 3a 90%, 17% ee

Scheme47. Initial rhodium-catalyzedenantioselective allylation

Nishiyamagroup observed a improvement in enantiosekeve allylation of allylic
stannanes4 to aldehydel using chiral bis(oxazolinyl)phenylrhagn(lll) complexe
57 as the catalygiSchene 48).8! They proposed the nucleophilic transitistructure
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approacted from theSiface ofthe complexed aldehydiue tothe shelding of the

Refaceby the oxazoline substitugriormedtheasymmetrigroduct.

O

O
=0
0 §/N "Rh—N—
)J\ Bn cl Bn

R ] H (S,8)-57 (5 mol%) OH
+ > )\/\
SnBu, CH,Cly, 4A MS, 1t, 7 h R A

/\/ 3

4

OH OH OH
Ph)\/\ Ph/\)\/\ Ph/\)\/\
88%, 61% ee 98%, 77% ee 84%, 63% ee

Schene 48. Rhodium-catalyzedenantioselective allylationof stannanes to atlehydes

In 2013, Gog and Song et. akported a chiral pincehodium(lll) complexes8 was
effectively applied forthe allylation of aldehydesl and allyltributyltin 4.82 Using
ligand bis(imidazolinyl)phenyin the gstem gave chiral homoallylic alcohassin
high yields with enantiadectivititesof up to $% ee(Schemet9).

p-ToI\ p-Tol
N N
Lo et

N——Rh
/| 3
R H Bn Cl" OH, Bn
1 OH

. (S,S)-58 Rh-Phebim complex (5 mol%) )\/\
A~ SnBus CH,Cly, 4A MS, 1t, 6 h R X

4 (1.5 equiv) 3
Selected products
OH OH OMe OH OH
Ph)\/\ AN X X X
\_o
O,N
92%, 90% ee 99%, 80% ee 82%, 93% ee 82%, 90% ee

OH OH OH OH
@)\/\ Ph/\)\/\ Ph/\)\/\ BHOM
S

84%, 95% ee 95%, 86% ee 80%, 37% ee 80%, 85% ee

Scheme49. Chiral NCN pincer rhodium(lll) complexesfor allylation
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1.2. Transition-metal-catalyzed enantioselectve 1,4-addition of

allylorganometallic reagents b electron-deficient alkenes

Whilst 1,2-allylations are well-documentedasymmetric 1,4-allylation reactios are
in their infancy?®8* As outlined in the abstact, wedesred to develop new types o
cataltic enantioselecte 1,4-allylations to contribue t© this underinvestigated
chemistry The following literatue reviewwill describe an overview of agymmetric
transtion-metatcatalyzed 14-additiors of allylorgaromegllic reagents into

activated allenes.
1.2.1. Copper-catayzed enantioseletive 1,4-allylati on

In 2008, Snppe et al. reported the first effective meéhod for catalyzing the
aymmetric 1,4addtion of allyltrimethylsilane 60 to activate cyclic unsatrated
ketoestes 59.2° The pro@ssused copper (I1) triflate and di(tert-butyl)bigoxazoline)
(box) ligard L23 which is commecially available as wé as a stable
allyltrimethylsilane rucleophileaddition tocyclic enonego furnish enanio-enriched
products61 upto 9B% ee

Me Me
o o O\RS/O
I \J
, OMe 3/'\‘ N—/
‘\ﬁ): tBU |23 (11 mol%) -BU voor

* OMe
- Cu(OTH), (10 mol%) :
N oMes CH,Cl,, temperature, time

- X
60 (5 equiv) 61
Selected products
Me
OMe Me OMe OMe
Me
X A Me AN
61a 78%, 90% ee 61b 65%, 97% ee 61c 51%, 55% ee
(-78 °C, 45 h) (-50 °C, 48 h) (0°C, 15 h)
(0] [e]
o) ﬁ\ O o
OMe w
X A A
Me Me
61d 77%, 64% ee 61e 69%, 70% ee 61f 65%, >98% ee
(23 °C, 38 h) (-78 °C, 15 h) (23 °C, 17 h)

Scheme50. Copper-catalyzed enantioseledive HomositSakurai conjugate allylation of

unsaturated kewesters.

28



Catalytic enanticelective HosomiSakuai allylationswere studied with a vaety o
substraesand nucleophilic methallyltrimethylsilaneto form allylatedfive-, six-, and
eight- membeed ring products(Scheme50). Six-menberedring enone 61b, with
gemdimethyl substitution at the 6-position was synthesizedwith high
eranioseledivity (97% ee, 65% yield). When examning steric hindrance at 4- and
5-position of the cycleto dbserveproduct6lcand61d, higherreactiontemperatures
wereapplied in order to gehigh conversion however, the sdectivity wasdecreased
to 55% eeand 64%eeresgedively. Enore 61ewas obtainedn moderde seledivity
(70% ee, 8% yield), wheeas he eightmembered ringrodud 61f was rnished in
excdlent enanioseletivity (>98% ee and 6 yield).

In 2011, Kumagai and Shésak et al reported a coppe-caalyzed asymmetic
conjugae additiom of alyl cyande b Up-unsaturated thioamide affording
substrats through a coppercatalyzed cascadeCi C and $N bond formation®®

Some sledive examples withthe Z seledivity areshown in Schemesb 1.

L24 (R)-DTBM-SEGPHOS/
[Cu(CH;CN),JPFg/ s R

S CN  Li(OCgH4-p-OMe)/ PhsP=0 (5 mol%) M
+
Bn,N N
BHZNJ\/\R )/ EtOAc 2

CN

Selected products

S Ph

F
N L @
anNM s 7 Me S < O
N J\/:\/\ : °© PAr,
BnyN X
64a 81%, 97% ee 2 BnoN o PAr,
CN cN ‘

Gram scale: 87%, 97% ee 64b 77%, 87% ee 64c 82%, 97% ee <

OMe

L24 tBu
| NN O OCH,4
=
S H S = S z Ar —
: : H = }'7 t-Bu
anN)M Bn,N A Bn,N A L )
CN CN

CN
64d 43%, 99% ee 64e 40%, 93% ee 64f 64%, 98% ee

Scheme51. Copper-catalyzed asymmetric conjugate addibn of allyl cyanide to U,b-unsaurated

thioamides

The meacton of 64a was caried out on gramscale withod a change in
enantioskectivity (97% ee).However,the enanticelectivity decreaseto 87% ee
with ortho substituerd (64b). In addition, the reactity of the thioamide depemled
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on its ekctronic natue. Halogen substituents (64¢) were well-tolerant in82% and
97% ee wheeas themethoxysubstitued thioamide gave product 64d with only
43% ee b-3-Pyridyl thioamide give 64e in high enantioselectity but moderate
yield.

The exclusiveZ-olefin formation ca be proposed ashonvn in Schemeb2. At first,
allylcyanide 63 reacted with copper comple® form the deprotonasd U-C-copper
nucleophilel . This copper peciescoordnaeswith the Ub-unsaturated thioamids2
as the eightnembered transition state to form the copper ttwamide enolatdV .
This intermediatelV servedas a Bpnsted base tdeprotonatdhe allylcyanide to

gererate the active nucleophileleasng the praluct 64.

| CN H_ _CN
T
63

11 y-C-Copper l Cu™-L
S

*Cu CN J]\/\
Bn,yN Ph
= 62
1 o-C-Copper

Schemeb2. Proposedcatalytic cycle and plausible transiton state

In 2013, the Nakadagroup repared a coppercatalyzed aymmeric HosomiSakurai
reactionof U-alkylidene b-keto imides65 and allytrimethylsilane66.8” The acidic
imide hydrogencan form an internal hydrogebond torestict the free rotation 6
imide as shown irFigure4. In addition, the bismzoline subsituert shields oneside
of the dkene therefore reactits are expected to obtain high antioselectre
products. Selectedexamplesof 67 were desgbed in Scheme53 with high yields
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(801 95%) and excellent enantioselecties (90-97% ee)by usng Cu(OT). ard
ligandL 25.

Figure 4. Proposedstructure of copper complexof U-alkylidene b-keto imide

Me Me
o%/o
Me | | wiMe
N N

MsHN—" NHMs

L25 (10 mol? o
HL - COzMe ] CU(OT:)z o m/‘;)l%) CONHCO,Me
+ - X R
X | 0 )\/TMS CH,Cl,, conditions
H
65 66 67

Selected products

(0] (o] (0] (6]
CONHCO,Me CONHCO,Me CONHCO,Me CONHCO,Me
o (@] Me Me
X X
H H H

H

94%, 92% ee 95%, 92% ee 80%, 90% ee 90%, 97% ee
(0°C, 36 h) (-30°C, 7.5 h) (0°C, 47 h) (-30 °C, 10.5 h)

Schemeb3. Copper-catalyzed asymméric Hosomi-Sakurai reaction

In 2016, Hoveyda reportea catalytic enantioselective conjugate additiogadion
with butadiene41, an encate 68 and B(pin). 69.288 The catalytc cycle (Schemeb4)
would beginwith the traasmetallation of copperomplex| with B2(pin). 69 to form
copper specied , which is followed bythe addtion to 1,3dieneforming allylcopper
specieslll and IV. These allylcoper spedes would undego 1,4additionto the
enoateforming U- vs. g-addition products However, there might be awption that
boryl conjlgate addition would competitilereactwith theenode to form 73.
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PFg
N NMes
Z +

( o
e 1.
NN OH 70 (5.0 mol%)

t-Bu,,

CO,Et i =
I 2 (B‘ifq“'v) CuCl (5.0 mol%) HO @
Co,et * _ CO,Et
(pin)B—B(pin) NaOt-Bu (1.5 equiv), THF, 22 °C, 16 h G
68 (slow addn) (1.5 equiv) 2. NaBO3-42|;2% T2Hr|]:/H20 (1:1) E71 CO,Et
69 ’
A~ a (pin)B—B(pin)

LCu—B(pin) ------ -G a

(pin)B 0 LCu—OR 69 .
| B(pin) OCuL
undesired )\H\

CO,Et

Y

CuL

v\/B(pin)

L
ocuL CO,Et
(pin)B u Vil
\ ) Ot Bu )
(pin)B g

OEt

CO,Et +
Vi 2 |) .
B(pin
\ Lou” NNBPN)
4/
COzEt v
L
CI : /
. AN u,
(pin)B 2 0
oy
GTN OEt
CO,Et

Schemeb4. Proposed céalytic cycle for the copper -catalyzed conjugate addition

The U-additionproducts71 wereexclusivéy afforded wherthe encate68 was slowly
addedwith the imidazolinium slt 70. The selectedresultswere showed in Scheme
55 demonstrahg the desird producs in up to 83% yield and82 enantiomeric
ratio. A variety of encates 68 with different substituemst on agyl groups were
tolerated in this process. HEctron withdrawing o ortho-, meta, and para
substituted substrate were suitable and gave goad yields and exellent
enantioselectivies With electrondonating substituds, the boyl carbonyl by-
productthrough 1,4 addition of B2(pin). to the enoate71c wasformedin 32% vyield
This resultshowed thathe reaction of allylcoppeintermedate was influenced by

theenoates electrophilicity.
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— PFs
t—BU, /
“ N\?IllMes HO o
N 1. CO,Et
COLEL \/\ OH 70 (5.0 mol%) G ,
Ty (6'0f1qu'v) CuCl (5.0 mol%) E71  CO.Et | Ho
.
CO,Et Et
2 (pin)B—B(pin) NaOt-Bu (1.5 equiv), THF, 22 °C, 16 h €O,
68 (slow addn) (1’5 equiv) 2. NaBO3-4H,0, THF/H,0 (1:1) Z o Lo
69 22°C,2h CO,Et 72 ~O2
Ho” G
,7q  COEt
Ho \F Ho N Ho N7
CO,Et CO,Et CO,Et
Ph
CO,Et CO,Et
CO,Et cl 2 OMe 2
71a 71b T1c

9% B(pin) conj. addn,
77%, >98:2 a—addn : y—addn, 76: 24 E:Z
92% ee (E); 98% ee (Z)

Ho N
CO,Et

CO,Et

B 714

8% B(pin) conj. addn,
63%, 95:5 a—addn : y—addn, ND E:Z
92% ee (E & 2)

<2% B(pin) conj. addn,
78%, >98:2 a—addn : y—addn, 75: 25 E:Z
94% ee (E); 96% ee (Z)

HO =

CO,Et

CO,Et
F3C
T1e
<2% B(pin) conj. addn,
83%, >98:2 a—addn : y—addn, 77:23 E:Z
94% ee (E), 96% ee. (Z)

32% B(pin) conj. addn,
51%, 98:2 a—addn : y—addn, 73: 27 E:Z,
86% ee(E); 94% ee (2)

Ho NF
CO,Et

CO,Et
o)

71f
11% B(pin) conj. addn,
45%, >98:2 a—addn : y-addn , 75: 25 E:Z
92% ee(E); 94% ee (2)

Schemeb5. Scope ofthe copper-catalyzed1,4-addition of an allyl moiety

1.2.2. Yb-catalyzed enantioselectivd ,4-allylations

In 2011, the Feng group 8 reporteda Yb(lll) -catalysedagymmetric cajugate
allylation of coumarins74 with tetraallyltin 75 and a dual activatiorstrategy by
using a cocatalyst(CuOTf)2-C7Hg. Their investgation shoved that substrates

containing abulky ester group could afford highstereoselectiviés Thesubsituted

coumarinderivativesaffordedenriched enantioséective productsup toa 93% eeand
99% yield(Schemes6). Coumarirs with 7 and 8substitution patterng76cand76d)

gave laver yields compared with-Substitutedcoumarins(76b) in a 5583% yield

and 96% vyieldrespedtwely. In addition, fusd ring coumarin deriatives afforded
product76fin high yield (94% andenantioselectity (92% ee).
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Oﬁ N\OJ '(cz\ljy

N~

L26 (10 mol%) @

Yb(OTf (10 mol%)
(CuOTH), C7H8 (10 mol%

THF, 40 °C, 48 h

Me

t-Bu
76d 83%, 91% ee 76e 78%, 93% ee 76f 94%, 92% ee

Schemeb6. Catalytic asymmetric conjugate allylation of coumarin derivatives

From ther control experiments, he poposd catajtic cycle was demonstrated in
Schene57. Firdly, ligandL26 and Yb(OTf} form L-Yb(OTf)s complexl, followed
by coordinaton with coumain 74, generatingo furnishintermediatell . The allyl
coppell) complex Il geneated from transmetallationof (CuOTf)-C;Hs and
tetraallyltin 75 would undergo charge trasfer to he substrateand brm the
intermediatdV , followed by the cleaxge of tte allyl-Cu" bond Then, tetraallyltin
interacs with intermedate V to form tin complex, which givesthe product76 by

protonation in thevork-up procedureregereraing the ative allyl copper(l)species
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| Yb(OTf); + L1

i l

O

/\/S“ allyl)s ;/(

Ot-Bu m 3+ o)
: 0 0’) X Ot-Bu
Yb-O
o~ o
74

X Iy —
(\o - /(h \
o ,,O‘{,C‘u"‘>/
N,
bo o= , OtBu
* Ot-Bu
v o~ Sntalys

75

Cu*l
U}

Scheme 57. Proposed catdytic cycle of atalytic asymmetric conjugate allylaion of coumarin

1.2.3. Ni-catalyzed enantioselective,4-allylation

In 2007,the Morken goup reported the firstatalyic example ofnickelcatalyzed
1,4-allylation of allylboron compaundsto activatedunsymmetrial alkeneketones™®
Catlyst Ni(cod) and ligand Eys were used in the retan of allylB(pin) 43 and
styryl ketones77 to achieve excelent regioselectities. 1,4-Addition allylation
occurs at the more hieded sie in good yieldwith an exception @ the allylic ether
(Schemeb8). The allyl etheralsogives the cofugate addition produci8cin good
yield (66%)

PCy; (20 mol%)
/B\)Oj\/ﬁl\ + (pin)B Ni(cog)Z (10 mol%) /j\)(j\/\
pin

THF, rt

77 43 78
OB(pin)

S | NiL

Selected products

/;\)OJ\/\ = [0}

Me

F Ph Z Ph
OTBS

78a 82%, 88:12 p:p' 78b 80% (65 °C), >95:5 B:p' 78¢ 66%, 61:39 B:p’

Schemes8. Nickel-catalyzed1,4-allylation of styryl ketones
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In the following year, the ®sae group found the frst nickelcaalyzed
erantioselectivel,4-allylation of unsymmetical dialkylidene ketones79 with a
TADDOL-derived monophosphoramidite ligand27 (Scheme59).°* The products
were generatedn good yield, high rego- and enanbselectivties with favoured
conjugateallylation at the aryidene site Substrate bearing electrondeficient arenes
at the para-postion gawe 80c with excellentenantoselectivites (94% ee)but lower
chemoselectivies whereas electrerich aenesgawe 80b with high rego- and
enantioselectivies (91% ee) Substratesvith a sulstituent at the ortho-postion on
the arene gave dramatically increased chanoseletivities (80d). However the

reactiors were limited taryl-substituted dialkylidene kenesulstrates

<L

Ar (10 mol%)
Ar \ pentyl Ar = 3,5-di-t-Butylphenyl
73 Ni(cod), (5 mol%) /j\)oj\/\
(pin)B\/\ toluene, rt ArTg Z pentyl
43 (1.5 equiv) 80

Selected products

/M/\ g I
=
Ph = pentyl pentyl
HyCO

80a 77%, 17:1 B:p', 93% ee (7 h) 80b 66%, 20:1 B:B', 91% ee (12 h)
/&\/\J\/\pemyl &\)‘\/\pentyl
80c 78%, 7.0:1 B:p', 94% ee (7 h) 80d 45%, 32:1 B:B', 94% ee (12 h)

Schemeb9. Nickel-catalyzed enantioselectie 1 4-allylation of nonsymmetric ketones

The medhanism of thereactionwasinvestigded and supported by DFalculations
The reactionproceeed via a Lewis acidinduced oxidative adtion of nickel to he
lesshinderal alkylidene enoneto give intermediatdl, followed byan Sg'-type

transmetallation and 3,3Nyeductive elimination procedschemes0).
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Scheme60. Proposed catalyic mechanism of asymmetric Ni-catalyzed 1,4-allylation of enones

1.2.4. Sc-catalyzed enantioselective 1,4-additions

In 2014, Franz et al. reported the firstatalytic asymmetriccarboannulatiorof 81
with allylsilanes 82 by uwsing a scandium(lll}catalyzed system with a chiral
indapybox ligand_28 and tetakis[3,5-bis(trifluoromethy)phenyl}borane(BArF).%?
The substatesundewent 1,4-allylation, followed bycyclization trapping d the b-
silyl carbocation to furnish the functionalized cyclopentane83 with high

stereoselectivikés (Schemesl).

| X
0 7
..... N
EtO,C \ N
F / )
Si(i-Pr)3
o
N L28 (R,S)-indapybox (5 mol%)
81 )Ac ScCl3 (5 mol%), NaBArF (5 mol%)
/—O
. 4 A°M.S., CH,Cl,
/\/Si(i-Pr)a
82 (3 equiv) r 7
@ i 1,2-silyl shif
EtO,C v 1.2-silyl s ift
E 1 and cyclization
Si(i-Pr) h
N—o
""""""""" N sl [Tttt
>—O/
Me

Scheme61. Catalytic asymmetric addition of allylsilanesto Ub-unsaturated carbonyl reagents
1.2.5. Pd-catalyzed enantioselecive 1,4-allylations

In 2011,the Morken groupreportedthe Pd-catalyzedenantioselective 1;dllylation
of unsatirated metplidene ketones’® The processexhibits simitir readitvity with
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previouswork using anickel catalyst demorstratal in Section 1.2.3 However, the
chemistryoverame the limitation of usingaryl substitutedalkylidene substrates. In
this report 1,4-allylation of unsymmetrial dialkylideneketonewas suitable for bbt
aryl- and alkytsubsttuted substratesThe reactionwas @arried out with theless
sterially hindered methylidene ketonesd a chiral monophospramidite Igand
L29 affording products in egellent regie and enatioseletivites (Schemes2). The
first exanple of caglytic enanioselective 1,4llylation of simple acyclic aliphatic
enone(85a) was reportedn good yield and higlenantioseletivities (59% yield and
86% e@. Sibstrates containing aliphatic eéones and aromatic ring were also
toleraked in 79% yield ad 88% ee(85b). The studyshoved that themethylidere
ketones learing branchedubstitients or oxygenation in the sidgain afforded
products85c, 85d in good yield (57% and 81% respectly), high redgo- and
enantioselectivies. In addtion, aromatic enonesvere well-tolerated under the
reacton condtions (85e, 85f).

r

A Ar Me
Me 0 o\
>< P—N
Me o O/
o]
ATAT 6 ot
/\)J\/ (6 mol%)
R 84 L29 Ar = 3,5-di-t-Butylphenyl
. Pd,(dba)z (2.5 mol%) =z 0

(pin)B\/\ toluene, rt, 14h R
43 (1.5 equiv) 85

Selected products
/j\/ﬁ\/ Z o} Z 0
/
CsHit = Ph Cy

85a 59%, >100:1 d.r, 86% ee 85b 79%, >100:1 d.r, 88% ee 85¢c 57%, >100:1 d.r, 90% ee

\

= o) = o) = o]
BnO Z 1-napthyl Z 0 Z
Me Me <O

85d 81%, >100:1 d.r, 92% ee 85e 37%, >100:1d.r, 92% ee 85f 76%, >100:1 d.r, 90% ee

Scheme62. Palladium-catalysed emntioselective 1,4allylation
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1.3. Transition-metal-catalyzed domino allylation using allenes

As indicated abovienost ofthe previousreporsin the fielduseallylmetal precursors
and the reaction generdly afford stoichiometricamount of metal wastewith the
exception ofthe Krische group In addition the required reagés are often
expensie or unstable Furthermore, the catalytic systens areoften made ofnon
commecial ligands.On the other handransitionmetd-caalyzed comino allylation
is attracive becausetransitionmetal catalystvia a cascade readbn enablesan
efficient canstructon of highly regio, diasteree and @atio- selectie structursin a
singlestep There arestudiesthathave shown thahenucleophilicallylmetal species
can form in situ from the unsatratel hydrocarton and further react with

electrophileg 942

Addition to electrophiless a traping step for he cascade reaich is challenging
becaus it is well-known tha " -allylmetal complex iselectophilic and will react
with nucleogiles The activity of "-allylmetal reagents with electrophilesices
two main challegesshown inScleme63. Frstly, the metalpropertes needo be
changed or controlled by utilizing additives and/or ligands. Secory, catalyst
regenerationneed to be ensurmto furnishthe enolate andallow for good caalytic

turnover.

catalyst
/\/L?%_\ ﬁ\regeneratlon
XM“*ZL
[LM"]
w [M”Ll v

\

X=0,NP
R
Electrophilic Nucleophilic
r-allyl complex n-allyl complex

Scheme63. Electrophili c vs.nucleophilic -allyl reagents

There are sveralways tochangethe electrofilicity of eledrophilic " -allylmetal
species through addition of redumg reagents, through transnetallation from

preformed allyimetal ragentsthroughtransfe hydrogenation strategies through

39



metal coordination with ligands in the reactiaf$The " -allylmetal speciescan be
formed flom unsatrated carbon compounds such as alkeaékynes, dienes or
allenes. Allenesownt wo o r t {bandswith spécific electronic nature sbcan
be used as amttractive functional group. The following section will illustrate
cascade reactionssing different catalyticystems where theucleophilic allylmetal
speciesare formedin situ by insertioninto alleneand followed by addition int@

carbonylgroup.
1.3.1. Pd-catalyzed domino allylation

Morken group introduced a pdladium-catalyzedasymmetricdiboration of alleng
where the obtained product was dakle compound and could react widn
appropriate electrophif¥ Schemeb4 il lustrate a readion of allene 86a and B(pin)z
69 to afford a diboron interméate 87a followed by addition of benzaldehydéa
andbasic hydrogen groxide resuling in formation of theb-hydroxykd¢one 88a in
82% ee.The authorssuggested the allylation pathwayroceeded preferentially
through transition staté, which might be a result o&n unfavourableA(1,2)
interaction of transition statd. They also proposed thdhe reaction pathway
through intermediatdl was energeatally less favourable compared topathway

through intermediate

xﬁ: o
J

S Ph
LN (R.R)-L30 s mol%

86a
+
B, (pin),
69

Pd,(dba)s (2.5 mol%)

toluene, r.t., 14 h

Me
Me
B(pin)
O/ \ a{&
Ph Ph
1

then H,0,

87a 88% ee
A(1,2) Me
Me
(pin)B:—\Lhc‘)&Me
){\)\\\///B\O Me
o)
Ph H
1}

Ph\)]\/l\
Ph

88a 56%, 82% ee

B(pin) ] 1a O OH
r.t

Scheme64. Tandem reactionusing palladium-catalyzed diboration and cartonyl addition

The grop developed t above

idea and

reported palladiumcatalyzed

enantioselective diboratieallylation-cascade reactioffScheme65).> Allene 86
reaced with Bx(pin). 69 to give diboron intermediat87, followed by addition to
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aldehyde to furnish vinylbonic ester88. This allylboration reation mixture was
then filtered through a pad of silica andded withaqueous NaOH and to give
89ain 49% and 89%ee. 89b was observed when heating reaction mixture with
aceticacid In addition, addition of iddenzene and ®&H to mixture gave 89c in
good yield ad high enantioseleiwity.

Ar. Ar
Me 0 O\ /Me
SCI
Me™ “ow o Me
N Art Ar
RN
86 X Ar = 3,5-dimethylphenyl E OH
(R,R)-L31 (6 mol%)
* Pd,(dba)z (2.5 mol%) = R?
Bo(pin)2 R
toluene, r.t.,, 14 h
89 R'CHO, E* 89
’ fe
(0]
B(pin) ﬂ B(pin) OB(pin)
. R’
)\H/B(pm) r.t 4 R!
R .
R
87 88
| OH | OH Ph OH
= i-Pr = i-Pr %\/l\i—Pr
CioH21 CioH21 Ph
89a 48%, 89% ee 89b 80%, 89% ee 89c 79%, 88% ee

Scheme6b. Palladium-catalyzed erantioselective diborationallylation-cascacdk reaction

This grouplaterreported thdirst palladiumcatalyzed enantioselective diboration
aminaallylation to givechiral homoallylic amine® Chiral addition productsvere
obtaned through a multicomponénJ-aminaallylation involving an akne 86a a
diboron ester69, and N-(trimethylsilyl)benzaldimine A protonationproduct (91a)

and a Suaiki crosscoupling product(91b) of the vinyl boronatewere obtained in

enrichedenanioselectivties (Schemes6).
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m-xylyl _ m-xylyl

Me 0 O\ /Me
>< /P_N\
Me™ o 0 Me
m-xylyl"  mxylyl
NTMS
Ph” X, (R,R)-L32 (6 mol%) . J o Q
X pdy(dba)s (2.5 mol% B(pin) + CH3OH JU - J
86a 2(dba)s (2.5 mol%) Ph (pin)B HN R Protonation R' HN R
+ > B(pin)| ———————— ——
. toluene, r.t., 14 h [Ph)\ﬂ/ (0] O Z R /Suzuki reaction =z R!
B, (pin), )J\ )J\
R O R Ph Ph
69 87a 90 91
O (0]
(pin)B HNJ\ (pin)B HNJ\Ot-Bu H HNJ\ t Ph HN” OtBu
%\)\Ph = Ph %\/l\Ph = Ph
Ph Ph Ph Ph
90a 62% 90b 58% 91a 87%, 97% ee 91b 61%, 96% ee

Scheme66. Pd-catalyzedasymmetric allene diboration/U-aminoallylation

The Cheng groupreported pdadiumcatalyzed siylative-carbonyl addition of
allenes86, borylsiane 92 and aldehyde4 to give homaallylic alcohols95. ® The
products95 were obtained in good to excellent yield@th high syn selectivites

with various aromatic and aliptia aldehylesor allenes(Schemes7).

o

% Me
93 (10 I°|/) ﬂ
mol7 2 .
N . R OH  SiMe,Ph
RK\'& PhMe,Si—Bpin  Pda(dba)s (5 mol%) SiMezPh 1 1 (2.0 equiv)
+ >
, , EtOAc, 80 °C, 5 h - R?
86 (2.0 equiv) 92(1.0 equiv) R? Bpin R’
______________________________________________________________ RN, - S
OH  SiMe,Ph OH  SiMe,Ph OH  SiMe,Ph OH  SiMe,Ph OH  SiMe,Ph
Ph N n-pentyl Ph Ph
Ph \ S Ph Ph n-Bu cyclohexane
96%, >99:1 syn:anti 74%, >99:1 syn:anti 67%, >99:1 syn:anti 92%, 95:5 syn:anti 75%, 93:7 syn:anti

Scheme67. Palladium-catalyzed stereodective allylation of ddehydes

The mechanism of reaction was showisehemes8. The organic hisdde 93 has been
invoked to acount for thanitiated silabration of allenes 86 by acting asan initiator
undegoing oxidative addition wh Pd(0) togive the palladium(l)) intermediate This
intermediate reaswith allene86 andsubsequenborylsilane92 to give silyl iodide
96. This silyl iodidereact with Pd(0)to begin the catalyticycle Oxidative addition
of 96 to Pd(0) speciegives Pd(ll) intermediatel, followed by coordination and
insertion of allene86 to furnish Pdallyl specieslll. These peces undego
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transmetalationwvith borylsilare 92 to regenera silyl iodide 96 and affad Pd-allyl
specieslV. Redutive elimination oflV yields the silaboration product 94 and
regenerate the Pd(0) catalystThe silykllylboronate94 undegoesallylation with
aldehydesl via a sixmembeed chaircyclic transition state tagive the final

homaallylic alcohols95.

) Me
OH  SiMe,Ph PhMe,Si o Me
H | 1 i
) ¢ — B Me R SiMe,Ph
R H {u = 0] —
R’ Rt R2 v Bpin
95 RZCHM (2)-94
1 . Pd (0) |I—SiMe,Ph
SiMe,Ph
2
— R’ SiMe,Ph
R! Bpin PhMe,Si—Pd—I \—<
2
(E)-94 ) 1 /-\
SiMe,Ph H Pd—I
/7\< /'*—,_.= vil
R & R' 86
Pd—Bpin ¢
v )
PhMe,Si—Pd—I )@(Mezs|—|>:d—|
|—SiMe,Ph %\ H, H R} :
96 . — —~ ——.—
SiMe,Ph R I H vi

PhMe,Si—Bpin /_<
92 R1 /;:\ /
Pd—I
m

Scheme68. Proposed mechanism opalladium -catalyzed steregdective allylation of aldehydes

The Tsukamoto @up reported a palladiuratalyzed intramoleculacyclization of
1,3-disubstitded allene aldehyd®7 under microwave irradiation(Schene 69).%¢
They proposedanintramolecular electrophiliaddition of the cabonyl and concered
transnetallationwith boronic acid98a to form intermediaté, followed by reuctive
eliminiation to givethe cyclization product99. One enantioselective example was

shown in high yield74%)and exellentenantioselectivity(92% ee)

B(OH),
Me /— —\ Pd(PPh,), (5 mol%)
Me +
Me
N\ MeOH, puW, 80 °C, 10 min /
97 O 2
OMe OH
¢ - PdOL, 98a 99 74%, 92% ee
r PdArLn
Me _%\ oxidative addition e
/ Me —_— niMe
Me (4 transmetallation Me reductive elimination
\O 1 OH

Ar = CgHy-p-OMe
Scheame 69. Palladium(0)-catalyzed arylative cyclization of allenyl aldehydes
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The group introduced the firstpalladiun{ll)-catalyzed enantoselective arylative

cyclization of 3,4- and 4,5dienals100 with arylboronic acid98b to give cis-fused

five- and sixmembered cyclicalcohols®® The homoallylic alcoholslO1l were

obtained in good ylds and high enantioselectivitieswith allenyl aldehydes
containing tosykprotected nrogen Boc-protected itrogen, ether oxygenand

tertiary carbon(Scheme70). However, sing methyl ketoneequred higher reetion

time andthe cyclization prodct 101g wasobserved in moderate optical yiel6l106

ee).

CC

PPh
R / i
Y o PPh,
: .
o
‘\‘)n/\\o R Ar
100 L33 (S)-SEGPHOS (20 mol%) "K
Pd(OAc), (20 mol%) TN
+ >
Ar-B(OH), CH4CN, rt n “OH
98b Ar = p-Ac-CgHy (1.5 equiv) 101
Selected products
Ar Ar Ar Ar
\\\\\\\\\\\\\\\ EtO,C .n\‘&
Ts—N \K\ Boc—N & o \K\ z N
2 ., ., EtO,C 3
“OH “OH “OH “OH
101a >99%, 98% ee 101b 63%, 99% ee 101c 76%, 96% ee 101d 74%, 96% ee

Ar
Ar, Me Ar K
Ss‘_ TS_Nd‘m\& TS—NQ“‘ \
Ts—N Y OH “oH

101e 99%, 99% ee 101f 82%, 98% ee [ 101g 79%, 51% ee !

o,
Me OH

Scheme70. Palladium-catalyzed enantioselective arylative cyclization of allemyaldehydes

[al Reaction with 10 mol % of catalystd.Reaction at 50 °C.

The mechaism for this arylative cyclization was proposed atown in Schemer 1.
Reactionis initiated with the formation of atgaladium(ll) intermediatell by
transmetallation opalladum(ll)-diphospline complex| with aryl boronic acidd8.
The authorssuggestedhat polar solventsvould promotedissociationof the acetate
anion fromll to give cationic arylpalladiuiil) 11l . This intermedatewould undego
carbopalldaton with allene 100a from the less hindered sidef distal alene -
systemto furnishanti-g3-allylpalladiun{ll) (1), followed by somerizatiorto give
d-allylpalladiun(ll) (VI, VII'). The intramolecular allylation of the carbongbuld
occurthrough sk-membeed cyclic ranstion states/Il . Transmetdation of VIII or
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protonation ofVIII with arylboronic acidgegenerate arylpalladiungll) (111 ) and

releases thaddition productOl.

Ar\ ,P ArB(OH), ACO\ ,P
/Pd\ >* <L /Pd\ >*
AcO P AcO P

Ar
TSNG'& % ! y

2 4P :
101a OH Ar—Pd >* /\//

P
ArB(OH), y I \\‘/\)
98 100a
A

A * 1,2- strain N
r Ar ,P) Ar ,P)
aw K H Pd_P ﬁ Pd_P
TsN \
+ P 20 - 0
“Pd * J - TN
o TsN H

P H H
Vi v // v
Ar P Ar
Pdi P H
= = "
H/lp=d 0\ P
[\r Pd-P
TSN)
N H
Ts -~ ring strain
Vi \"

Scheme71 Proposed mechanism ofasymmetric palladium(ll) -catalyzed arylativ e cyclization

Lu and ceworkers developed a cainic paladiumcomplexcatalyzed [3+2] casade
reactons of 2formylarylboronic acids102 ard allenoats 103.1%° Various indenol
derivatives 104 containing two steeocentrs were oltained with different boronic
acids and dkenesin moderateto good yield and enantioselectivitiep to 84% ee

using chiral ligand_34 (Schemer2).

(0] OH
£ (S)- L34 (3.3 mol%)
R H . 4 Pd(CH3CN),(BF,), (3 mol%) R! E
B(OH), R? toluene, 80 °C \
2
102 (1.2 equiv) 103 (1.0 equiv) 104 R
OH OH OH
( R
CO,Et CO,CH,Ph CO,Ph o
\ \ \ e
Me
0 PAr,
92%, 82% ee 98%, 67% ee 81%, 70% ee

0 PAFZ
OH Me><
Me o

oH oH
MeO Cl
CO,Et CO,Et CO,Et L34 Ar = 4-Me-CgH,
\ \ \ ) ’
Me

54%, 5% ee 52%, 80% ee 100%, 84% ee

Schemer2. Cationic palladium complexcatalyzed enartiosdective tandem annulation
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Thegroup suggestedhe possible mechégmas shownn Scheme73. The palladium
hydroxo compleX is formed and undergsa transmetétion with arylboronic acid
to give intemediatell and lll . Allene then coordinats with palladium enter of
catioric palladium complexo give intermediatéV, followed by allenoate insertion
to form allylpalladium V. These species undergo remnolecular 1,2addition b

furnish intermediateVl and subsequent hydigsis to give the product 104,

regenerat@alladium catalyst andomplete thecatalytic cycle.
| o
P

P, O P P 2+ OHy
C Pd_Pd > _— 2*( Pd_
p” o P -2 H,0 P°_OH,
- -2 HBF 2BF,
OH 2BF; 4
CO,Et |
P_ +OH
104 . pd _
P BF, B(OH),
/:\ 0 102

PP
OPd+ BF, P_ . OH
H C ~PdZTB(OH),
CO,Et P A

|

CO,Et o JH m
| O/)\'
I
\' \ H /,;J O X
O A
Pd OEt
/N -
U BF4 103

Scheme73. Proposedmechanism of ationic-palladium-catalyzed tandem annulation

Inspired by the work, the groupdeveloped enantioselective cianic pdladiunm-
catalyzd annulatiorof alleryl aldehydes 05with arylboronic acid®8in 2015 A
variety of chiralhydroquiolines106 were syntheszed inhigh yields and diasteeo-
and enantiagectvites (Scheme74). They sugested the reactioproceedghrough
mechaism as showrn Scheme75. In a similar fashionto the previous report, the
reactionis initiated with formationof palladium-phosphinecomplex |, followed by
transmetallabn with arylboronic acidto give the intermediatd . Allenyl aldehydes
98 will coordinate to the Pd cger ofll to givelll . Insertionof the aller to the

arylpalladium speciesffords the nucleophilic d*-allylpalladium complexV. The
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palladium center iV is highly Lewis acidic andthuscancoordinate with carbonyl
growp to undergo the 1;addition to furnish intermediat®’. The protonatn of V
givesthecyclization producfiO6and regearates the palladiun complex

o,
| PPh,
R =
N/\/ X
|
Ts

L35 (R)-BINAP (5 mol%) R * Ar
Pd(CH3CN),(BF ), (5 mol%)
105 N
+ DME/H,0 (10:1), 70 °C 1
ArB(OH), 98 (1.2 equiv) 106

Selected products

cora,, e, oo
T S Ts

s T
78%, 22:1 d.r, 89% ee 73%, 10:1 d.r, 84% ee 81%, 14.6:1 d.r, 97% ee
OH OH OH
Me
Me l}l FsC l}l l\ll
Ts Ts Ts
88%, 15:1 d.r, 98% ee 80%, 20:1 d.r, 85% ee 88%, 13.5:1 d.r, 97.6% ee

Scheme74. Cationic palladium-catalyzed enantioselectiveannulation of allenyl aldehydes

P +,0.4.P P_2+,0H,
C P Pd > —= 2:( Pq
P o 2 H,0 P’ "OH,

OH 20Tf~ -2 HOTf 2BF,
Ph ¢
N P_ ., ,OH
Ts < Pd _ PhB(OH),
106 y p’ OTf \
1
/*\ p\ +/OH
P, P BN
\ - P’ OTf
by OTf "
0"  Ph
\r 105
N .

Scheme75. Plausible mechaism for the palladium-catalyzed annulations
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1.3.2. Rh-catalyzeddomino allylations

In 2010, Nishimura and Hayashi edl. repored asymmetricrhodiumcatalyzed
alkynylative cylization of allenyl aldehydesl07.19> The corresponding chiral
indanols109 were obtainedn good yields with high enantioselectivitieScheme
76). Allene containing 1,idisubsitutions gave indanol 109b with a quaternary

stereocente in 76% yield with 81% eealthough the diastereoselectivity was

PPh,
L33 ( S) -SEGPHOS (6 mol%)
107

Rh(acac)(C,Hy)s ( 5 mol%)

CH3CO,H (5 mol%)
1,4-dioxane, 80 °C, 24 h

moderatgcisitrans= 3:1).

oo

SiPhs SiPh, Si(i-Pr)3
OH OH
E Y/ / A
‘Me
109a 80%, 99% ee 109b 76%, 3:1 cis:trans, 81% ee 109¢c 81%, 98% ee
Ph PMP 1-napthyl
OH OH OH
: f /\// E / /)
109d 50%, 98% ee 109e 57%, 99% ee 109f 64%, 98% ee

Scheme76. Rh-catalyzed asymmetric addition ofterminal alkynes to allenyl aldehydes

The alkynylrhodium(l) intermediatd was suggested teact withallene107to give
the nucleophilic “-allylrhodium(l) intermediatell , followed by intramoleculaf,2-
additionto the aldehyde moety to give arhodium alkoxiddll . These speciesould

undergoprotonolysis to givehiral cycloalkanol 109 (Schemer7).

H . Rh catalyst OH/ R
\ - @iﬂ/
107 \\ 109
T
CHO O—Rh] _
m

Scheme77. Proposed mechaism for Rh-catalyzed alkynylative cyclization of allenyl aldehydes
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The Cramergroup developed ahodium(l)-catalyzedcyclization of ketiminesl10
and alleres 111 to form amine through a directed CH activation and allene
addition 1°® They demonstrated raenantioselectivehodium-caalyzed dormo Ci H
activatiorrcyclization reactiorusingL 36 in 60% yield and 68% e8chemer8. The
reaction was suggeed tobegin withC-H activation ofa rhodium (I) compleX and
110 to give intermdiatell , followed bycarborhodatiorof terminaldowble bond of
allere 111 to give allyl rhodium(l) species(lll and 1V). The nucleophilic
intermediatel V underges allylation of the inine moiety to afford rhodium amido
complexV. Subsegently, protonatia would occurto release th amine113 and
regenerate the catalyst. Tha&tranolecularcondesation & amine and carbglate

groups wouldorm theamide compound12 (Schemer8).

MeO PAr,
OM
NH MeO PAr, ©
Ph. NH._°
02N OMe
110 L36 (6 mol%)
h(OH)(cod)}, (5 mol%) H
- O,N
CO,Et > 2
/.V\/ 2 toluene, 100 °C
1M1 112 60%, 68% ee

Phe NH
\ NH
iR ;
X = OH, NH, /
OoN R=CH,COEt  O2N [Rh]
v

Ph

—‘NH " ™
Rh
(Rh) [Rh] Ar—[Rh]
OZN
i [Rh]

NO, |||

Ar—[Rh]

H

Scheme78. Enantioselective rhodiumcatalyzed GH activation/cyclization

The group cotinued with the idea @ provide highly séective apprach to
indanylamines byrhodium(l}catalyzed cascade CH activationcarborhodation
cyclization of ketiminesl14 and alleres 115 in 2013!% They reported different
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substitition patters on thearyliminesand allenes to give cyclization produdtssin

high diastereeand enanbselectivitiesusing chiral ligand-35 (Schemer9).

PPh,

NH OO
l ] PPh,

114 L35 (6 mol%)
RZW-/\Ra Rh(OH)(cod)}, (2.5 mol%)
115 toluene, 100 °C

Selected products

Ph. NH,
S NH;
gy
Ph
96%, 13:1 E/Z, 96% ee 72%, 5:1 EIZ, 92% ee 66%, 7:1 E/Z, 97% ee 89%, 96% ee
Me_ NH, Ph NH2 Ph NH,
N NH ‘ S
AN ~ 2 S
| wiPh FsC i 4
N~ \ o \ =
Bu \ Me
62%, >20:1 E/Z, 98% ee 42%, 96% ee 65%, >20:1 E/Z, 94% ee 38%, >20:1 E/Z, 92% ee

Scheme79. Rhodium(l) -catalyzedcascade CH activation-carborhodation-cyclization

1.3.3. Nickel-catalyzeddomino allylations

The Kang group reported nick@)-catalyzed alkylative/arylative cyclization of
allenyl ketones 117 with orgarozinc reagnts 118 to give cis-stere@electie
alkenylcyclopentanol 19 (Schemes0).%

7 § R
/\// Ni(cod), (10 mol%) B
X + R'Zn (or RLIZnCly) ———————————»
THF, 0 °C 2
Mn/l?o 118 n=oH
117 119

Selected products

TTTCEKCEK

77% 83% 58% 75% 73%
: Ph
EtOzC 7 Et0,C Et0,C
Et02C A Me Me
=VoH
60% 77% 67%

SchemeB0. Nickel(0)-catalyzedalkylative/arylative cyclization
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The reaction mechanism was posed as shown iScheme81. The reactionis
initated with oxdative cylization of Ni(0)-allenyl-aldehyde complex to form
oxamdallacycle |. This intermediatd is thentransmetalated witlan organozinc
reagent to afford intermediate, followed by reductive elimination to furnish zinc

alkoxidelll andregeneratéNi(0) conplex. The dkoxide Il underg@sprotorolysis
to form productl 19

7
Et Et
TsN OH = TsN OZnEt Ni(0)L, X/\//
. . Mn/l\o

H H
119 Il 17

Ly P
/
| o
NiEt TsN/\%’" -
TsN OZnEt \H(‘d““N'LZ
H H

Scheme81. Proposed mechanism of ickel(0)-catalyzedalkylative/arylative cyclization

The Lam group developed nickedtalyzed domino addlin-cyclization reations of
2-acetylphenylboronic ads 120 with allenoaes121to give 3-methyleneindati-ols
122in moderate to excellent yis (Schemne 82).19¢

0 R*
)\ Ni(OAc), 4H,0
R" + R2 - EWG >
\( MeCN/1,4-dioxane (3:2)
B(OH), R3 RT, 24 h
120 121
Selected products
Me oH Me oH Me oH Me oH
' o) - o) ' o) - o]
OBn OMe NPh, SPh
84% 40%

OEt

51% 61%

Scheme 82. Nickel-catalyzed domino additian-cyclization reactions
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The groupdemonstrated an enantioseleetirariantof this nicketcatalyzed donmo
additioncyclization using Ni(O2CCR)2:4H.O and phosphinooxazolineL37 as
ligandto furnish 3-methyleneidafi-ol 122ain good yield with 746 ee(Schemes3).
The popos@ mechanismis shown in Scheme83. First, nikel complex! is
transmetallated with arylboronic acl@0ato give arylniclel speciedl, followed by
arylnickelation to allee 121ato afford allylnickel speciglll . This is followed byan
intramolecular allylation of ketoné&o furnish 3-methyleneidari-ol 122a througha

cyclic sixmembered transition state.

o
\ wuPh
PAr, N
0 Ph Me on
o _OBn 37 Ar=4-F;CCqH, (11 mol%) E o
Me + 4/\“/ Ni(O,CCF3),-4H,0 (10 mol%)
0 MeCN/1,4-dioxane (3:2) 0Bn
B(OH), RT, 24 h
120a (2.0 equiv) 121a 122a 76%, >19:1 d.r, 74% ee
Me OH O

I
Scheme83. Enantiosdective nickel-catalyzed domino adlition-cyclization
1.3.4. Cu-catalyzed domino allylations

Meek and ceworkers introduced the firstcoppercatalyzed diasteree and
enantioselectiveadditions of alkylboonates 123 to aldehydesl using chiral
monodentate phosphoramidit&88.1°” The pralucts1,2-hydroxyboronated 24 were
formedand oxidized to the corsponding diolsl25in good enantioselectivitiesnd
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the reation wastolerant to aryl and vinyl aldehydeéScheme84). The aryl groups
bearing eledron-withdrawing and electrordonating substitients were compatible
heteraryl aldehydesand cyclohexne derived vinyl aldehydesalso undewert
smooth diastereoselective gédition Reactionis initiated with Cu salts and
monodetate phosphinelL38 to form the copper complexl, followed by
transmetdation with an alkyl 1,1-diboron reagentgo form intermediatdl . These

species undergo 1a&ddtion to aldelyde to form1,2- hydroxyboronate product4.

OO o Me

/P_N\
--\\O Me

L38 (10 mol%)

0 (pin)B Me OH OH
PR Cu(NCMe),PF (10 mol%) . NaBOs4r0 .
. - N e _— N e
Ar H B(pin) LiOt-Am (90 mol%) Ar (optional) Ar
THF, 22°C, 48 h B(oi
1 123 124 B(pin) 125 OH
L*Cu—OR L,*Cu Me
| Ar H
11 Bpin)
Selected |
elected examples OH OH Me OH
OH
Me O,N Me Me
Me
Ph
OH OH OH
OH F
67%, 11.5:1 d.r, 88% ee 77%, 11.5:1 d.r, 88% ee 35%, 5.3:1 d.r, 90% ee 68%, >99:1 d.r, 86% ee
Me OH OH OH OH
M Me
Me G’/l\l/Me | SN e
OH \ (0] OH P OH OH
Me Me N
65%, >99:1 d.r, 86% ee 55%, 6.1:1 d.r, 90% ee 68%, 4.9:1 d.r, 80% ee 34%, 24:1 d.r (syn:anti)
66% ee
OH OH OMe OH OH
Me Me Me Me
2 2 2 Ph/\)\l/
OH OH OH OH
Cl O,N
38%, 54:46 d.r (anti:syn) 46%, 45:55 d.r (anti:syn) 75%, 45:55 d.r (anti:syn) 54%, 32.3:1 d.r (anti:syn)
94% ee, 88% ee 90% ee, 90% ee 80% ee

Scheme84. Cu-catalyzed 1,2addition of borane and aldehydes

In 2013, Hoveyda etal. devdoped the first coppercatalyzed enantioslective
nucleophilic additios of 2boryl-allyl units to ketones:°® Reactons with ary-,

alkenylt, alkyl-substitued keones gave products mgh enanbseledivities by using
chiral bphosphindigandsL39, L40 andCu complexegSchemeB5). The proposed
reation meclanismis shown inScleme86. Transmetdation of copper sowe | and
boronane69 forms Cui B(pin) Il , followed by additionto alleneto furnish (pin]B-

substituted allylcopper compledtl and IV, which might bein equilibrium. The
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reaction could proceed througtihe less congested Cu centerinfermediatel V

which couldreact with aldehyde to gid product VI through char-like transition
stateV. Protonolysis of ratal enolateformsthe2 B ( pi n)

alcohol126. Thenoxidation of the GB bond would fornil27 or bromde derivatives

128

0]

EN

R?

38
R' = aryl, alkenyl, alkyl
R2=H, Me

R2

¥ JF—*= + Bypin,
3

R

86 69

127

sSsubst

126
,OH © ,OH Br
R%,) R%) C—B->C—0
R! Me O R!
R3 R3 or

OTBS

77%, 15.6:1 d.r, 92% ee

CuClI(L) (5 mol%) B(pin)

_—
NaOt-Bu

THF, 22°C, 8 h R3

128 C—B—>» C—Br
OH O OH Br
Ph” X Me Ph
Ph
OTBS

84%, 24:1 d.r, 94% ee

81%, 9:1 d.r, 94% ee

( cl

< __>0Me, PP

Ph,P O

MeO
Cl

L40 (5 mol%), 22 °C, 18 h
. J

OTBS
84%, 24:1 d.r, 78% ee

OTBS
92%, >49:1 d.r, 82% ee

Ph Me

88%, >49:1 d.r, 70% ee

Scheme85. Cu-catalyzed enantioselective coupling of allene with carbonyls

126 =

(L)Cu-

R ONa B(pin)

R1'

c R®
NaOt-Bu /

N

R

(pin)B
(ol

\

R1
Y

v R

(L)Cux

69
X =Cl, Ot-Bu

(L)Cu—B(pin)

B(pin)

N e

(pin)B—B(pin)

B(pin)

3

v

/ R
)

Scheme86. Proposed mechaism of enantioselective additionof aldehydes and ketones
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1.4. Transition-metal-catalyzed enantioselective domno  1,4-addition-

cyclization reactionsusing allenes

From the previoussection, we have seen the domino reaction has offered the
efficient cangruction of highly regio, diasteree and enatio- selective productsin a
sinde step There are few reports of transibn-metatcatalyzed reactions beveen
electrofhiles and allemes,'°%1% however, there are just a handful of examplesof
cagade reactiors where nuclegphilic allyl transitionmetal spedes attacked
electrophiles tetherethrough a 1,4-addition @&ong with gclizaton. The following
literaturewill describe the tansitionmetd-catalyzel enartioselectivecascadel, 4
addtion reactions incuding allens and aganometllic reagents Transitionmetal
complees undergo transmetallabn with organometallic species, followed by
addition to alenes to form allyl transitiom-metal nucleophilic spedes The
nucleophilc speciesthen attacls electrophies tethered through 1,4addtion and

cyclization o form desiredproducts
1.4.1. Cu-catalyzed domino 1,4-addition-cyclization reactions

In 2015 Tian and Linet al. rgorted the first coppercatalyzed enantioslective
silylative cyclization of cydohexadienoa tethered allees129via 1,4-additionof b-
functionalized allylopper to Upb-unsatrated carbnyls!®® Allenes and Ub-
unsatrated carbnylswere used téavour 1,4-addtion andavoid 1,2-addition into a
calbonyl groupdue o the natue of siterestrictiors. The results showed th#tese
cas@de reactiosgavecis-hydrobezofuran(130ae), cis-hydroindole(130) andcis-
hydroincene (130g-h) derivatives in excellen yields and enaitseletivities
(SchemeB7). Thereactiontolerated different substituentsuch as alky(1303), allyl
(130), phenyl(13Cc) groupsin 931 98% yield and 9% 97% ee Moreover different
enone core structuse were obtained in excellem yields (80i 94%) and
erarnioselectivites (9597% e¢ and could undewfurthertransfornations to furnish

bicyclic- or tricyclic- producs.
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OMe

N=

X
MeO PPh,

MeO PPh.
o) ONFA | 2
o OMe
— L8 (12 mol%) H SiMe,Ph
R x—/_ CuCl (10 mol%) 2
X =0, -NBoc-, -CHy- £ BuONa (15 mol%) R "N
+ 129 MeOH (2 equiv) X
THF, 1t
PhMe,Si-Bpin 92 (1.2 equiv) 130
“Selected examples T
(0]
H  SiMe,Ph H  SiMe,Ph H  SiMe,Ph H  SiMe,Ph
oG Y el L
o O o (¢)

130a 93%, 14:1d.r., 97% ee  130b 95%, >20:1 d.r., 95% ee 130c 98%, >20:1 d.r., 97% ee 130d 92%, 12:1 d.r., 94% ee

o] (0]

o (0]
H SiMe,Ph H SiMe,Ph H SiMe,Ph H  SiMe,Ph
CzH s i e | nn
LAY 3 & Me”\ & MeO & ~"o &
/
Boc’

130e 90%, >20:1 d.r., 94% ee  130f 94%, 16:1 d.r., 95% ee 1309 95%, >20:1 d.r,, 97% ee 130h 80%, 13:1 d.r,, 97% ee

Scheme87. Selected examples of copperatalyzed asymmetry silylative cyclization

The mechanisnfor thistransformation igproposdin Scheme38. At first, thecopper
complex | transmetallate with PhMeSi-Bpin to form copper specied which
undegoesb s i bnyof theallenel29 It is suggestedhta 1,4-addition silylation to

cyclohexaienonecould be suppressed bya steric hindrancef adjacent atomdo get

regioselectiveproducts.Moreoverb si | yl at ed al | yMislkgyp er
favoured versuslll becauseof the preferentiallyaddiion positionof Cu locatedat
the lesshindered siteof theallene Theb e | i mi n a y Wwasnot appbcabldav a

heteroatomlinked substrates due to the higkactiuty of the cyclohexadiaone
From intermediate IV, products 130 with chiral cis-bicyclic cores where afforded

throughintramolecula 1,4-addition.
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(pin)B—SiMe,Ph
LCu—Y

H SiMe,Ph 92
1
\\\\\
=\
TN
) 130
Asymmetric LCu—SiMe,Ph
1,4-addition of Allyl-Cu "
o o]
SiMe,Ph Supress
,\/ Cul conjugate silylation
(A a
o R X B

129
SiMe,Ph B--silylation of allene
2

B-elimination
R X—Cu

SchemeB8. Proposed catalytic cgle of copper-catalyzed asymmetry silylative cyclization

In 2018, the same group report€dH-caalysed 1,4reductve coupling of #enes to
enones with cyclohexadieneone suiiss1291° The reactionpathwayoccursvia a
Usubstituted allcopper ntermediate | or Il which origins from the insation of
CuH into theterminal allene Regioselective insertion occurs as the Cu psefee
lesshindered sitefollowed by 1,4-additionto the carbonyfgroupto afford bigcle-
products 131 (Scheme89). The 1,8-asymmetrianduction productby the “Yaddition

pathwaywasnot obtained in tis report

y-addition

0 Q o vy _Cul
Supress )
1,4-reduction
CuH CuL H
-« _ ﬁ = R
M L S
R o—/o‘_B Y R o—/* R” Yo R

129 |

a-substituted-allyl-Cu n

Scheme89. Proposd CuH-catalyzedreductive couping of allenes to enones

Excellent enatioselectig cis-hydrobezofuran products were obtainedby usng
chiral ligand (R,R)-i-Pr-DuPhosL16, coppersalt and dethoxymethylsilanel32
(Schene 90). Subdrates with R sulstituerts as alkyl (1319, allyl (131b), and
berzyl (131c) grous or R? substituentsncluding heteroadms were tolerate without
the observation of nucleophilic substitution produt8{e-g). Allene 129dgive 131d
in a remarkablegield (95%) and esellent enantioselectivity (99%eg
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o A
O Pro [¢]

RZ R2
ot L16 (12 mol%) HoH
it CuCl (10 mol%) &
——e— ~Si_ R
R o—/_ * BOTNy t- BuONa (15 mol%) R
Me MeOH (2.5 equiv) o
129 132 (2.2 equiv) THF, -40 °C, 48 h 131

131a 43%, 95% ee 131b 45%, 98% ee 131c 42%, 96% ee 131d 95%, 99% ee

AcO” N

131e 55%, 99% ee 131f 47%, 99% ee 131g 51%, 99% ee

Scheme 90. CuH-catalyzed asymmetric allyl ation of enonetethered allenes

In addition,the re-aromatization otis-hydroberzofuran 131aocaurred under acidic
conditiors and affoded the metasubstituted phenol 132a with high

enantioglectivity (Schemedl).

re-aromatization

PTSA

131a 132a 61%, 95% ee

Scheme9l. Further re-aromatization transformation

1.4.2. Ni-catalyzed 1,4-addition reactions

For nickelcatalyzed 1,4llylations, there isonly limited precedent within the
literature with exampes demonstratedy Sieber ad Morken®! (section1.2.3 and
by Montgometry et all!! In 2011, the Montgometry group illustrated the ifst
example of intramolecularnickel(0)-catalyzed cyclizatiors utilizing enolatesand
chiral allenes toafford functonalized pyrrolidine davatives First, sibstrate133
was synthesizedand suljected tothe readion conditiors involving a Ni(0) catalyst

and ZnMe, unfortunately, a Diels-Alder cycloadditionproduct 135 was formed
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instead ofthe 1,4-allylation product134 (Scheme92). Then substrated36 and 138
were prepared and stessfully gave the products137, 139 through theproposed
mechanism shownn Schemed3. The hypotheis involves a Ni(0}" complex(l, Il )
andmetallacycle(ll, 1V) to furnish fivemembeaed 14-addition cyclizatiorproducts
137, 139 It is possible to infethe importance oéllene chiralityin steeochemicd

arranggmentfrom the results.

ZnMe,
E—
[Ni(cod),]

135 64%

O—§ not observed

Scheme92. First attempt of using nickel(0) catdyst

o —
ZnCl,, MeLi, Ti(O-i-Pr), }—NW_\*OTIPS

TIPS INi(cod),] (20 mol%) o N
20 Ctort \

l
(]

%N

ZnCl,, MeLi, Ti(O-i-Pr), R O OTIPS

[Ni(cod),] (20 mol%)

SN
20 Ctort \
o—{
¢ OYO fo 139 24%
R p—
., H H - %N\)

Scheme93. Nickel (0)-catalyzed alkylative cyclization of an enate/chiral all ene
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In summary, the transitionmetatcatalyzed enantioselective 1;dddition of allyl
nuclephiles remans considerablyunderexploited theaefore, developing new
methodsfor the catalytic enantioselective Xgllylation would give a varety of
desimableproducts. Inaddition,thereis only limited precealentutilizing abunént and
inexpensive firstow transtion metalswhich would bemore beneficinand ircrease

thesustanabllity in the syntheic process

Moreover, tiere ae limited exanples of 1,4-addition of allyl nuckophiles being
incorporated into additienyclization cascade pcess ancho highly enatioselectve
method have beerdescribé. As a resultthe developma@ of anenantioselective
intramolecular 1,4allylation processforming threecontiguouschiral carbons with
high levds of regio and stereocontrads wellas having broadunctionality group

tolerancewould significantly efmance the utility of this chesiry.
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2. Enantioselective nickel-catalyzed arylative

intramolecular 1,4-allylations

2.1. Introduction

Asymmetric transitionmetatcatalyzed nucleophilic allylatios are important
reactiors in organic synthesis. Whilenantioselective,2-allylations have beenthe
focusof many investigaibns (Sections 1.1 and 1.3), enantioseletive 1,4-allylations
have been rather undmvesigated (Secions 1.2 and 1.4). Therefore,developing

new nethodlogiesfor catalytic enantioselective4tallylationsis highly desired

In addition, domino reactiors offer an efficient method for theconstructon of
moleculesin high regio-, diagerec and @atio- selectivityin asingle step(Sectiors
1.3and1.4). There are seeral examplesreportedby Tian and Lin demonstrating
agymmetric silylative cyclizatiors or redictive cydizations usinga coppercatalytic
systemto give 1,4-allylation products(Section1.4.]). In thar studiescyclohexa2,5
dierones were used tdavour 1,4-addtion ratherthan 1,2-addition onto a carlonyl

group

As describd in the previouschaptey thereare only two studies of nickel-catalyzed
1,4-allylations ty Sieberand Morken(Sedion 1.2.3 Scheme59) and Montgometry
(Section1.4.2. Sieber and Morkemeported the fst enantioselectivé,4-allylation
using nickel(0) catalysis vith a TADDOL-derived morophosphoramidite ligah®*
However, the redmns were limited in term ofsubstragés to unsymmetical
dialkylidene ketonesMontgomeryreported thediagereoselective nieK-catalyzed
alkylative cyclzations of allengto furnish aformal 1,4allylation produd but no

enantioselectie process was repged!!!
2.2.  Aims and objectives

The Lam groupprevioudy reported theenantioselectivenickelcatalyzed anti-
carbametalldaive cyclizations of akynyl cyclohexa2,5dienons with arylboronic
acids (Scheme94).112 |n this process,carbometallatioroccus by insertion ofan
arylboronic a to the alkyne, followed by 1,4additionto a tethereanoneto obtain

a bicyclic product Inspired by tis work, we designed a allenyl cyclohexa2,5
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dienme to explore 14-allylations. Our aimwas toinvestigatethe firstexampé of
nickelcatalyzedenarnioselectve intramolecularl,4-allylation, using a nucleophiic

allylnickel specesl to ¢yclize ontoanemneas a electrophik trap (Schemed4).

Previous work in Lam group, 2016

PPh, N
Ar!
(cat.) Ph
// Ni(OAG),-4H,0 (cat.)
. >
£ % Ar?B(OH),
This work
o o)
ligand (cat.)
Ni(OAc),4H,0 (cat.) H Ar
—.— ArB(OH),
K x—/_ R7Y
X =NPG, O
L,Ni(OR"),
H,O
o ONi(OR")L,,
Ar 1,4-allylation 4 Ar
R X—;’/\\ R'=HorAc R X
L,(OR"Ni

Schemed4. Proposednickel-cataly zed arylative cyclization of an allenyl cyclchexa2,5-dienones

We quesbnedwhetlter the useof a nickd(ll) salt anda chiral ligand could promote
an aymmetric cascade reactioof cyclohexa2,5dienonetetheed alleneswith
arylboronic acidso give products of 1,4allylations with three consecutivehical
centersin onestep. The nickel(ll)-catalyzed adition of arylboronic addsto allenes
would give nucleophilic allylnickel species which could undergo subsequet

enantioselective intramotelar 1,4alylationto anenme

The sucessful realization of this work would beof sgnificanceas it would be an
exampleof an enantioseleiste 1,4-allylation. Furthermore, the framewor&f the
products obtained from this process cisfused hexahylroindol5-ones or
hexahydrobenaofuran5-ones, areimportantstrudures that apge in several natural
productssuch as rmanine!*® acutumine!* millingtonine*® and cryptocayone 116

(Scheme95). In addition, the enme in these tsuctures could undergo further
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transfomatiors to give octahydioindole andoctahydrobenzofuraderivatives which

are also the core strutures inmany other atural products.

(0] OMe (0] O fo)
OMe OMe
MeO MeO
LT .. 0.
oy cl
A}
MeO J MeO J OH
H
Me/N HN Me/N

runanine acutumine

H

H o
=N .- H .
H HY
HO (o)
- . OH
millingtonine aglycone cryptocaryone

(racemic)

Schemes. Cis-fused hexahydroindol-5-one and hexahydrobenzofuran-5-one natural prod ucts

2.3. Reaction developnent

To executethis project various catalytic systerm were studiedto determinethe
optimal condtions which showthe best lalance betveen yield andselectivty. At the
same time a rangeof substratesvas synthesized to explorethe reaction scope
Furthermoreyariousboronic acids were also investigatel.

2.3.1. Synthesis of substates

This dudy began with thesynthesis of a#inyl cyclohexa-2,5-dienona with O-, N-
sulfonyl, N-Boc andC- tethes (Schemed6r Scleme98).

The oxygentethered substraeswere preparedas shownn Scheme96. The alkynyl
oxygentethered subgrates 140a and 142 were synthesized through iodne(lll)-
mediated oxiddave dearomatiation of the appropriatepherols using propargyl
alcotol as a sdvent. Allenes 141a and 143 were preparedthrough Crabbé
homologationof terminal alkyns using formalcehyde, (i-Pr)oNH and CuB in
dioxane The sulstituent athe quarternary center with BtPr, Fh of O-tetheredand
a carbontethered sulisgate were syntheszed usingsimilar chemistryby Dr. Cdia A.

Incerti-Pradillos.
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(iPr),NH (2 equiv)
(CHO), (5 equiv.), CuBr (50 mol%)

PIDA Zequw // . R X—/_
1,4-dioxane (0.3 M), _(_/:: 141b X =0, R—Et
Me Me O 90°C,1.5h Me O )n 141c X=0 R=1/-
140a n=1,5o% 141a n=1,30% | 109X S_SRA
142 n=2,20% 143 n=2,17% T e

Substrates prepared by
Pr. Celia A. Incerti-PradiIIosj

SchemeQ6. Preparation of allenyl cyclohexa?2,5-dienoneswith O- tethers

The N-sulfonyktethered substites were prepared as shownn Schemed7. Tosylation
of p-anisidine furnished145, which wassubjeced to a PIDA oxidation reation,
affording benzenesulfonamidé46 (Scheme97). Imine 146 was transformedto
tertiary suffoamides 147a-b through alkylations, followed by a propargylaton,
forming alkynes 148-b. Installaton of the requisite allees 149%-b were
accomplshedthrough aCrabbé homologation reaction of terminal aleymsing
formaldehyde, (i-Pr)o2NH and C®r in dioxane

OMe OMe ) MeO OMe
TsCl (1.35 equiv) PIDA (1.1 equiv) RLi (1.5 equiv), THF (0.2 M),
pyridine (0.2 M) MeOH (0.3 M) 78°C,3-4h
NS —_— > -
reflux, 16 h 0°C, 30 min then HCI 10% (a.q.), overnight
NH, NHTs NTs R NHTs
145 96% 146 91% 147a R = Me, 70%
147b R = Et, 30%
(0] (0]
(PrioNH (2 equiv) NaH (1.5 equiv)
(CHO), (5 equiv.), CuBr (50 mol%) / propargyl bromide (1.5 equiv)
—= 1,4-dioxane (0.3 M), / B DMF (0.5 M)
R ,N_/_ 90°C, 1.5h RN 0°C,1h
Ts Ts
149a R = Me, 45% 148a R = Me, 87%
149b R = Et, 33% 148b R=Et, 77%

Schemed7. Preparation of allenyl cyclohexa2,5-dienones with N-sulfonyl tethers

The samestrategywas used toysithesze theN-Boc tethered gbdrates (Scleme98).
N-tert-Butyloxycarbonylation of p-anisdine afforded 150, which underwent PIDA

oxidation to give carbamatel51 (Scleme 98). The allenes weregoreparedby Dr.
Celia A. IncertiPradllos.
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(0]

OMe OMe
PIDA (1.2 equiv) MeQ PMe _
. ) as in
Boc,0 (1.5 equiv) Et3N (3 equw) Scheme 96
- >
EtOH, rt, 2 h ——.—
MeOH (0.3 M), 0 °C, 30 min RN
NH, NHBoc NBoc B /
°C 152a R=Me
150 >99% 151 84% 152b R = Et
Reactions conducted by
Dr. Celia A. Incerti-PradiIIosj

Scheme98. Preparation of allenyl cyclohexa2,5-dienoneswith N-Boc tethers

2.3.2. Investigéaion of solvent

In a previous epat, the Lam group showed that chiral phogphinooxazoline ligands
could effectively promote erantioselective nickel-catdyzed carbometllative
cyclizations of alkylnyl electrophiles with aryboronic aci@fection2.2, Scheme
94).112 Therdore, we kegan our investigdions with similar conditiors to test the
reactivity. Reactionswith allenyl cyclohexa2,5dienonel4la and PhB(OH) (2.0
equiv) in thepresee of Ni(OAC)2-4H20 (10 mo%) andP,N-ligandL 39 (10 mol%),
showed excelert readivity in previous nickel-catalyzed carbomedllative
cyclizations (section 2.2, Scheme 94).!1*? Therefoe, variols sohents wee

investigaed using these conditiof§ablel).

Table 1. Solent investigation
o X
| P o) [¢]
[ ] N PPh,

o L39 (10 mol %)
‘== Ni(OAc),"4H,0 (10 mol %) H Ph +
Mé o—/_ >
Solvent 27 N \
141a 80°C, 18 h Me” | Me o

+

PhB(OH), (2.0 equiv) 153a 154a
Entry & Solvent Yield of 1533 (%) Yield of 154a [ (%)
1 MeCN/2-MeTHF (3:2) 61 15
2 MeCN 34 9
3 2-MeTHF 23 8
4 MeCN/1,4-Dioxane(3:2) 71 9
5 1,4-Dioxane 28 9

[ Reactionswere condueid with 0.1 mmol of 141a at 0.1 M concentration® Determined by*H

NMR analysisof the crude reactionssing 13,5trimetloxybenzenes arninternal standad.
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Pleasindy, thes reactions gave the desired cyclization productl54a, which could
possibly be formed by our proposed outlingsection 2.2). Overall, the yials
increasd when mixtures of MeCN and an etkreal ®lvent were used Table 1,
enties1 and 4).Initially, a mixture ofMeCN and2-MeTHF was ugd asde<ribed
previously''? and 6,5-bicycle 153a was obtined in 61% *H NMR vyield asa single
diasteeaner(Tablel, entry 1. The yieldof 153a was impovedto 71%whenusing
amixture of MeCN and 14ioxare (Tablel, entry 4) In MeCN 2-MeTHF or 1,4
dioxane irdividually, the yields are mweh lower (23% b 34%) (Tablel, enties2, 3,
5).

In addition alongwith the 65-bicycles we also obtainedby-product154a resulting
froma [2+2] cycloaddion of 141a (Schene 99).

o
)(” MeCN/dioxane (3:2)
| 80 °C, 18 h

Me O

141a 154a 25%

Scheme 99. Intramolecular [2+2] cycloaddition of allenyl 2,5-hexadienae O-tethered substr ate

Two possble regiasomerscan ke formedfrom intramolecuar [2+2] cycloaddition
of allenes 156 (Scheme100).1'” The proaimal cyclic prodwct 155 is furnished by
readion with the internd 2° component of the allene naty and the digal cyclic
product157 is obtained byreaction wih the external” component of the allene

moiety.

7
Proximal adduct /\// Distal adduct X
X - X _— X
AN

n n n

155 156 157
SchemelO0. Intramol ecular [2+2] cycloaddtion of allenenes

Padwa and ceworkershave repded the 2+2]-cydoaddtion reaction 6 U-tethered
allenyl sulfone158 whichformeddistal cycloadduct60via diradical1591* Thena
variety of substtuentson the dlene moietysuchasvariousgroups on U- or “tethered

allenyl sulfons were investigated in the thermal intramoledar [2+2]
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cycloaddition’'® The coresponling distal cycl@dducs 160 were afforded in
excellent yidds (Scheme 101).

SO,Ph SO,Ph SO,Ph

- Benzene HQC' slow rotation
1 SOZPh EEE—— 1 SO,Ph
A SO.Ph 80°C,45min-22h  [R! SOPN | “fastclosure RS :
2 S SO,Ph R2 SO,Ph
R2 z H H
R2
158 R'=H, Me; RZ=H, Me 159 160 80 - 100%

Scheme 101 Intramolecular [2+2] cycloaddition of Utethered allenyl sufones

The [2+2]-cydoaddtion reaction is known to occur under thenal conditions or
photochemical conditionst!’ Therefore, control expeiments were performedto

establish the origin of reactivi{yfable 2).

Table 2. Intramolecular [2+2] cycloaddition of 141a

' Ar N\
; 90
Additive O\ //O
/:/” MeCN/dioxane (3:2) O/P\OH
| 80 °C, 18 h B OO
Me O Ar
(R)-TRIP
141a 154a 25% Ar = 2,4 6-triisopropylphenyl
Entry Additive Yield of 154al9 (%)  Yield of 141al9 (%)
1 n.a. 25 65
2 n.a. 27 72
3@ AcOH (10 nmol%) 25 68
4 AcOH (10 mol%) 29 75
R)-TRIP (10
5(b] R ( 24 62
mol%)

@ The reaction was carried out iabsence of lighby covering reaction with alumiim foil. !
Product 154a was obtainedas racemic mixtureld Determined by*H NMR analysisof the crude

reactbnsusing 13,5trimethoxybenzene as ameérral standard.

Heatng 141ain MeCNA,4dioxane (3:2 at 80 °C for 18 h, in the abgnce of
PhBOH). and Ni(OAc)2-4H.0 gave 154a in 25% yield which demonstrates this
[2+2] cycloaddiion is a thermally pronted poces rather than anickd-catalyzed

reaction.Then absenceof light or addition ofacid was gplied; howeve, product
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154a wasobtainedin nearlythe same yields (25-29%) (Table 2), demonstrang that
formaion of 154a is notaffectedby light or addic conditions. A chiral phosphoru
add (R)TRIP was used n the system howewer, a racemic ofthe product was
obtainedin 24% yeld (Table 2, entry 5. Therefore, in this studyintramolecular
[2+2] cycloaddiion of 141a is performed thraugh a thermally-promoted backgrnd

reaction

The N-sulfonyl-tetheredallene 149a also wnderwent thermal [2+2] cycloaddition
under the same aaditions to givel6la (Schemel02).

Schemel02 Intramolecular [2+2] cycloaddition of N-sulfonyl tethered allenyl 2,5-hexadienone

Slow diffusion of petleun ether into asolution of 161a in EtOAc gavecrystals that
were suitable foX-ray crystalbgraphy The gructureof 161a was verified in Figure
5.

Figure 5. X-ray cry stal structure of 161a. X-ray crystallography carried out by Dr. W. Lewis.

2.3.3. Initial investigation of substraies

Different typesof alleryl cyclohexa2,5dienoneswere then subjectedto the
conditions with PhB(OH) (2.0 equiy, Ni(OAc)2-4H0 (10 mol%)and adiral ligand
L 39 (10 mol%)in MeCN/1,4-dioxane (32) at 80°C for 18h to testtheir actiuty
(Table 3).
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