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Abstract

Herein is described the first enantioselective intramolecular allylation of alkenylnickel
nucleophiles. These reactions are initiated by the addition of an arylboronic acid across an
alkyne, followed by cyclization of the resulting alkenylnickel speciesamgdlylic phosphate.

The reversiblde/Zisomerization of the alkenylnickel species is essential for the success of the

reactions.
ArB(OH) reversible E/Z isomerization
Ar R
NiL, cat)
[ ] h|gh ee
|t C-C bond
OPO(OEt), OPO(OEt), OPO(OE), oW onas

This process delivers chiral id#enecontaining hetere and carbocycles, previously
inaccessile viaestablished rhodium catalysis, with excellent levels of regial stereocontrol.
This reaction further demonstrates the power of reversible alkenylniek&isomerization in
providing products that would otherwise be inaccessible usmyselectve alkyne

carbometallation processes.

Attempts to extend this reactivity to other classes of electrophilic traps are also described.
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in the experimental section. Compounds used as ligands on metal centres are prefaced with the

letter L
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1 Transition MetalCatalyzed Allylic Substitution Reactions

Transition metakatalyzed allylic substitution reactions have emerged as highly versatile
processes in organic synthesis, allowing f@CCGN and GO bond formation, whilst
simultaneouslygenerating a valuable alkene unit which is readily amenable to further
transformations. The vast majority of these processes rely on the use of electropfailligl

metal intermediates. These aobtained by the oxidative addition of a lowalent metal species

into an allylic electrophile; the resulting intermediate can be intercepted with a wide range of
nucleophiles’s In the context of @ bond formation, nucleophiles can be divided into two
YIF22N) Of FaasSaod a{2FGé 2NJ &G oAt AlafyRompldz@t S2 LIK A |
give the desired product. Conversety,K  NRE 2NJ dzyaidl 6Af A1 SR ydzOf §2
metal centre directly, typicallyiaa transmetalation mechanism, which may occur either before

or after oxidative addition. Subsequent reductive elimination leads 46 Bond formation
(Schemet).

N
R? /\/\ LG
oxidative ML,
addition
Nuc
R? Nuc Nuc
)\/ ____ stabilized nucleophile I\IIILn unstabilized nucleophile \ML
Zan (malonates, enolates etc) s i i b
Nuc i 1N (organomagnesium, -zinc, i
R -bromide, -lithium etc) RN

allylmetal electrophile
Schemé.: Principles of allylic sutitution.

Controlling both the regioand stereoselectivity of allylic substitutions can be extremely
challenging particularly with the use of unstabilized nucleophi{@sheme). In the case of3,
enantioselectivity can be induced by controlling the facial selectivity of oxidative addition.
However, if the rate of -allyl isomerization becomes competitive with reductive elimination,
then the undesired linear produd6 can be formedJudiciouschoice of both metal and ligand

are essential for controlling product distributidth.



R R2/\/\X

y—oxidative
M'—R? addition
transmetalation

4
X N /R X\ _ R?
M [ M
Jv — L —
P sz
. 14 15
R reductive
elimination .
J\/ reductive
R2 F elimination
13 X
branched product RNt
16
linear product

Scheme: Regioselectivityith hard electrophilein allylic substitutia reactions

Other nmodes of enantiocontrol can also be invoké#l.In cases where there are two potential
leaving groups on aneso system, enantiotopicoxidative additionof one of these is
enantiodetermining (Scheme 3, a). When olefin cordination is facile and reversible,
diastereomeric metal -allyl complexesia -~ -* isomerization can form. Thus, the enantiofacial
discrimination of the -allyl complex will be enantiodetermining if isomerization is much faster
than the rate of nucleophilic capture (Schem3eb). Ifoxidative additionof a racemic chiral
compound result$n the formation of aneso™ -allyl metal complex, then differentiation of the
enantiotopic allyl termini will control enantioselectivifGcheme3, c). Finally, enantiofacial

discrimination by a prochiral nucleophile may also be enantiodetermif8ogeme 3d).

a) b) ML,
e ?\
LG—/I\—LG R |

enantiotopic enantiotopic faces
leaving groups of the allyl
c) Nuc d) ML,
N
ML, ( 3 R/\/)\R
1
A
R/\/\R or K
) yMe
Nuc  enantiotopic termini O‘(- enantiotopic faces of

of the allyl Me the nucleophile
Schemes: Modes of enantiocontrol.

Due to the valuable chiral buildingiocks that are generated by these reactions, transition
metal-catalyzed allylic substitution processes have been intensely studied over the past half
century®%8 As such, aast number of soft carbebased nucleophiles have been employed in

these reactions, giving aess to a diverse array of enantioenriched proddfetsNon-carbon



basednucleophiles have also been studied; the use of nucleophiles-@@d &N formation
are of particular importance, as the resulting chiglylic alcohols and amines are highly
valuablel’>*Y The importance of these processes l&en highlighted by thetrategicuse of
enantioselective allylic substitution reactions in the synthesis ohultiple complex
moleculed®'*'4 Representative examples of these processes under the influence wfnirid
catalysis are showin Scheme 4however it is important to note that analogous palladium

catalyzed reactions have albeen well developeds3>°!

o e

SP—N

e
0 )—Ar
[Ir(cod)CI], Nu Me
- PN-igand )\/
RINA"Ncome + NuT S o (A
P,N-ligand
A\
C-0 bond formation
OH OBn
Ph)\/ Ph)\/
78%, 98% ee 82%, 92% ee
C-N bond formation
n- Pr\ Boc Q
)\/ )\/ );/ )\ Ph
Ph)\/
93%, 92% ee 73%, 97% ee 85%, 89% ee 87%, 98% ee
C-C bond formation
Ph
o 'Ejh o) Ph OMe ™ \ E’h
Meo)‘I\/ Me\HJ\/-\/ A /@/\/
MeO” Y0 Me N cl
92%, >99% ee 86%, 95% ee 85%, 89% ee (1:1 b/l), 89% ee

85%
Schemet: Nucleophiles in allylic substitution processes.

The development of enantioselective@bondfF 2 NY Ay 3 LINRPOSaasSa SYLX 2&A
centered nucleophiles has been met with limited success. An early palladitatyzedexample
was reported by Buono, in which vinyl Grignard reag8mas coupled witH7 (Schemes).*®)

Unfortunately, only modest yields were obtained, and enantioselectivity was poor.



MgBr *

. /& PdCly/ligand (5 mol%)
T™S THF, =10 °C, 45 min

I 18
7 19 53%, 33% ee

(absolute stereochemistry
not determined)

Schemé: Alkenylation of allylic acetatd.

Further developments in thiarea have relied on the use of highly reactive organometallic
species, such as organoaluminium, organozirconium, organotin and organozinc reglgeres.
use of these promiscuous reaction partners can limit functional gtolgrance andrequires

preclusion of air and moisture.

The Lam groupras developed a wide portfolio of transition metatalyzed processes which
utilize bench stable organoborareagents as praucleophilic species®?? The use of these
milder reagents in allylic substitution reactions would be of benefit, as they would potentially
allow for such reactios to occur under operationally simple conditions, displaying wider

functional group tolerance and increased selectivity.

As outlined in the abstract of this thesis, we wish#nl develop a nicketatalyzed
carbometalationcyclization cascade process,ongorating an allylic alkenylation reaction as a
key stepDue to the multifaceted nature of this reaction, the followilitgrature reviewwill be
divided into twosections. First, an overview of asymmetric transition metghlyzed allylic
substitution reactions which involve organoboron reagents as nucleophilic coupling partners
will be discussedin the second section, the current literature describing carbometalation
cyclization cascade reactions will be explorgkdis approach allows for a thorougewview of the

two key fundamental components of our proposed methodology.



1.1 Enantioselective Allg Substitution Reactions Involving Organoboron
Nucleophiles

1.1.1 Using Copper Catalysis

Gopper has shown the ability to effectively couple a wide arrapabn-derived nucleophiles
with allylic electrophiles. These are characterissdtheir high level of regiochemical fidelity
ISYSNI ffe& F-pra@@cdMdile/ rAductivi Slimination also reduces scrambling of

stereochemistry, resulting in highly enantiogived products being obtaingéf!

Hayashi reported an early exampdé such a processn which a chiral coppedHC catalytic
system was able to promote the reaction of allylic phosphét@svith aryt and alkenylboronic
acid neopentylglycol estetd 1 (Schemes).?? The products of -substitution such a$12, were

selectivity obtained with high levels of enantmntrol.

e N

LR
\“%N

HO' PFe-
L1 Cl Cl

N\ J

N L1 (5.5 mol%)
Ph”” " 0PO(OE), CuCl (5 mol%)
110 - +
NaOMe (2.0 equiv)
+ THF, 30 °C, 16 h on” NF X
| B/O Me 12 13
¢ % Me (112/113 98:2) 93% ee 112

88%

111
(2.0 equiv)

Schemeés: Enantioselective arylatioof 110.

The proposed catalytic cycle is outlinedScheméy.



cuct +  ArNENY,

HO PF4”
NaOMe

Ar/N/_\N
YOy

cu—©O

14 R'-B(neop)
reductive transmetalation
elimination
Ar/N\(N /\
Cu Ar/N N *
R'"™ \\0 Y
RZ&/ 118 Cu O\
| B(neop)
R!
115
NaOPO(OEt), oxidative
+ addition
MeO-B(neo
(nep) NaOMe

AN Cu O
R X-"Sopo(oEY, | “8-(neop)
1 /
17 R MeG
Na*
16

Scheméd': Catalytic cycle for the formation 3.

P
Ar = 9-anthryl N

N

0]

neop =

)

e
o Me

N

Chiral copper(INHC complexl4 is generatedn situ which undergoes transmetalation with

the organoboronate to give organocopper(l) spedies Interaction of sodium methoxide gives

organoboronatd16; the sodium moiety then guides the orientation ofidative addition to give

organocopper(lll) intermediatel18. Reductive elimination gives the product of allylic

substitutionl3 and closes the catalytic cycle.

The construction of quaternary stereocenters with high levels of stereoselectivity was later

achieved by the same grous¢heme8).”®! Allylic phosphates, used in conjunction with

neopentylglycol esters on boron, were found to be optimal in terms of reactivity and

stereoselectivity. Hydroxy substitution d2 was also found to be essential inducing regio

and enantiocontrol.



Me
Me / \
N\\yN
Me R OMe

Me Me HO PFg~ OMe
)\/\ Me L2 (5.5 mol%)
Ph OPO(OEt) CuCl (5 mol"/(:;)
119 + Me
+ NaOMe (2.0 equiv) e

THF, 30 °C, 40 h

/O Me

MeO B 121 122
\ Me
[e] (121/122 >98:2), 91% ee 121

97%
120
(2.0 equiv)

Scheme8: Formation of quaternargtereaenters.

P3-hybridized organoboron reagents can also be used as nucleophiles in ecqtpézed
asymmetric allylic substitution reactionas illustrated bySawamuraet al. in 2012 (Scheme
9).261 AlkyF9-BBN nucleophilef24, generated by ydroboration of the corresponding alkese
123, were employed in the reaction with allylic chlorid@&. The reactions of terminal alkenes
123 bearing functional groups such as acetal, hattimide and esters at the termis of the
aliphatic chain were wetolerated. Silyl ethers and halides on the allylic electrophile were also
compatible, with slightly higher levels of enantioselectivity being observed-filyl Z-allylic
substrates, leading to enantioenriched allyl silafi26¢). The use of smallersubstituents, such

I &-methylsubstituted allyl chlorides led to decreases in yield and enantioselecti2iiy).

The group demonstrated that alkene geometry was inconsequential to activity, withBbatid
Z-isomers reacting effectivelya6e), although the product derived froi125 was obtained in

slightly higher yield and enantioselectivity.



<O OMe
0 [ P

t-Bu
R

123 0 O P. t-Bu
(9-BBN-H), 0 OMe

t-Bu
2

L3 (10 mol%) R2
Cu(OTf),e(tol 10 mol%
B Kr'”\u [Cu(OT),(toluene)o ] (10 mol%) R1W
125

MeOK (1.1 equiv)

1,4-dioxane/CH,Cl, (1:3) 15 °C, 48-72 h 126
(2.0 equiv) (ylo. >98:2)
Me OTBS
(\ o o] SiMe,Ph
(o) Z ¥ CI\M/\)\/
2 N = 4
3
126a 93%, 88% ee ] 126b 73%, 88% ee 126¢ 88%, 91% ee
(From Z-125) (From Z-125) (From Z-125)
Me MeO MeO
TIPSOW P P
3 MeO Z MeO Z
126d 62%, 72% ee 126e 77%, 64% ee 126e 83%, 77% ee
(From Z-125) (From E-125) (From Z-125)

Schemé: Coppercatalyzed alkylatiosof 125.

The proposed mechanism is detailedSaleme 10.



9-BBN-OMe

R? _
J\/ MeO—B
R? 1
w P R
X—Cu\PD
127 KX
elimination transmetalation
R'" CuL*
b N
Ri?__%ij\bk b
1
B R'—Cug o )

MeO”
128
131

addition K/\m

(insertion) coordination

P
.
R1—Cu} )
(—cul
A

(Y

2% N W

R=~ci cul

H H NP
B R2 7\

MeO” NY="cI
H H E;
MeO”

- 130 - \/

129
Schemél 0: Catalytic cycle for the formation eft-13.

Transmetaltion of copper(l) compleb27 gives organocopper(l) intermedial28. Coordination
of the allylic chloridefollowed by migratory insertion witlanti-stereochemistry give$31l. 9
BBNOMe, which is formed during the transmetalation event, may assist in activating the allylic
chloride leaving group due to its Lewis acidic character. Fimatti -elimination (wth respect

to the leaving group) df3lreleases the product and closes the catalytic cycle.

The same group later extended this methodology to the synthesis of quaternary sterecxent
(Schemell). Modification of the catalytic system, usirhg instead of L3, allowed for the
reaction of! disubstituted allylic chlorides with relatively high levels of stereoselectf/itj

range of terminal alkenes bearing functional groups such as benzyl ether, acetal and ester
moieties underwent the reactiosmoothly Various' 2disubstituted allyl chlorides were also

well tolerated, with enantioselective coupling of allylic chlorides bearing sistidaic demand

I 0 doisBionbeing achieved33d). In contrast to their previous work, the use®fand Z-

alkene isomersglad tothe generation of antipodal produc{éR)-I133eand §-133€].



OMe
MeO [ P tBu/,
R1/I} MeO P. t-Bu
(9-BBN-H), OMe

R? L4 (10 mol%) R? R3
B + J\Hf Cu(OTf),*(toluene 10 mol% -
N R3 AN i [Cu(OTH)ze( Jo.sl ( ) R1W

EtOK (1.5 equiv)

N

124 132 133
f THF/CH,CI, (1:3) 156 °C, 20 h
(1.7 equiv) 2Clp (1:3) (y/0. >98:2)
Ph Ph
(\O Me, Me
o g = BnO % 7
3 2
133a 79%, 90% ee 133b 68%, 81% ee 133¢c 54%, 73% ee
(From E-132) (From E-132) (From E-132)
Me Ph Ph
MeO MeO
(\O \_2 m -
“, / N
o s MeO =
133d 67%, 71% ee R)-133e 65%, 81% ee (S)-133e 85%, 61% ee
(From E-132) (From E-132) (From Z-132)

Schemel1l: Coppercatalyzedormation of133.

Hoveyda and cavorkers have also reported enantioselective alldlkylations using gem
diborylmethane reagent35 to install an alkyl boron functional hand{€chemel2).28! Allylic
substitution followed by oxidation of theesulting alkytB(pin) gives access to homoallylic
alcoholsl36in high levels of regicand stereoselectivityNotably,|36b, which is derivedrom a
potentially deactivating pyridysubstituted allylic phosphatevas obtained without significant

lossin efficiency or selectivity.

10



O Ph Ph
RN 0po(0EY, W 3
134 1) CuCl (5 mol%) HO 05 \ Ar
L5 (2.75 mol%), NaOMe (1.5 equiv) ~ Ny N N
+ THF, 22 °C, 18 h _ L o T
(Pin)B_B(pin) 2) NaBO3+4H,0 RN J\ A A
THF/H,0 (1:1), 22°°C, 3 h 136 9 Ad VAT
135 \’ /@
(1.5 equiv)
................................................................................ Oy=N
~ ~ ~ S N\ Ph
A
Br N N NP N O Ph
| L5
NG [Ar = 2,4,6-(i-Pr);CgH,)
A\ J

(v/o. 98:2), 94% ee
136a, 87%

(y/o 95:5), 94% ee
136b, 75%

(y/o >98:2), 92% ee
136¢, 63%

Schemd 2: Coppercatalyzedallylicalkylatiors of 134.

Other classes of organoboronic acid esters have also been successfully employed for copper
catalyzed enantioselective allylic substitutioddlenylboronic acid pinacol esté&8was found

to be an effective nucleophile, reacting smootyth allylic phosphated37 to form both
tertiary and quaternary stereocente(Schemel 3).>®! Sulfonatebearing ligand_6was essential

in promoting this reaction with high levels of selectivity.

R2 Ph  Ph

0 \; R
J\/\ O_é/ R
RN OPO(OEt), L6 (11 mol%) N
0

137+

CuCl (10 mol%)

NaOMe (1.5 equiv) R1>\/

[ THF, -33-20 °C, 24-48 h 139 L6 R

(pin)B )
138 [R = 2,4,6,-(i-Pr)3CgH,]
(1.5 equiv) L y,
H E — Me ;-: Me \\= ==
F3C\©)\/ /@)\/ Z
O,N Br
(v 91:9), 96% ee (v/a 85:15), 94% ee (v/e 91:9), 96% ee

139a 65% 139b 69% 139¢ 79%

Schemel3: Coppercatalyzed allenylatiosof 137.

Alkynylation of allylic phosphates s@lso been describedS€hemel4). Thus, the use of
trimethylsilytprotected propargylboronic acid pinacol esti¥1, in conjunction with silver/NHC
complex_7as a ligand for copper, enabled this transformation to occur with high levels ofregio
and stereochemical fidelit§® Both +-mono- and ! ! -disubstituted allylic phosphates were
competent electrophiles, allowing for the construction of both tertiarand quaternary

stereocentersAllenylation of the allylic phosphates was observed as a competitive process.

11



o)
A Ph Ph
0=
SiMes \ Ne LN
a) P XS ~Mes
X OPO(OE), / é/ 0
L7 (5.5 mol%) : |
140 CuCl, (5 mol%) ‘o Ag\Ag
+ NaOMe (1.2 equiv) O/\/ ’ Mes
CH,Cl,, 22 °C, 6 h o)
g0 e AN
Me,Si 5 Me (y/e 98:2), 90% ee >S Y Ph
Ve 142 77%, 93% propargyl selectivity 3 pi
Me
141 L7
(1.5 equiv)
Me
“ SiMeg
Ph OPO(OEt), /
b) L7 (5.5 mol%) Me, ¢
19 CuCl, (5 mol%) >\/
, Ph
+ NaOMe (1.2 equiv)
o CH,Cly, 22 °C, 30 h
= B~ Me (y/o. 94:6), 82% ee
MenSi 6\Z< Me 143 81%, 89% propargy! selectivity
3
M
Me €
141
(1.5 equiv)

Schemd 4: Coppetcatalyzedalknylations of allylic phosphates.

1.1.2 Using Palladium Catalysis

Despite the vast advances made in the field of enantioselective palladaialyzed allylic
substitution reactionsallykallyl crosscoupling reactions have remained underdevelopd.
Such reactionscould give accesgo two contiguous stereocenters, whilst simultaneously
forming a challenging $gp° bond. Howeverchallengesuch &i -hydride elimination of the™ -

allyl intermediate and the inability to control regioselectivity have hindered their development.

Morken and ceworkersreported the first realiation of this concept, in the context of the
reaction between allyliBoc substates|44aand 144b with ally-B(pin)145 (Scheme 155 146
was obtained in excellent levels of steremd regiocontrol, representing a significant milestone

in the development of this chemistry.
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MeO
MeO K)
B(pin)

AN
Ph”""oBoc (10 mol%) SN
l44a sz(dba (5 mol%)
or =
145 THF, 60 °C, 12 h Ph
OBoc (1.2 equiv) 146
= From l144a (>20:1 rr), 91% ee, 72%

Ph

From 144b (>20:1 rr), 91% ee, 75%

Schemd5: Palladiumcatalyzedormation ofl46.

In order gain more information about the mechanism, enantiomerically enricBet{ was

subjected to the standard reaction conditionSchemel6). Diene(S-150 was obtained as the

sole product in 91%e. If oxidative addition occurs by anti-displacement of the leaving group,

which is well known, then-C bond formation must occuaynto palladium after isomerization

to 149. This is consistent with an inngphere reductive elimination pathway, rather than an

outer-sphere attack of the allylboronate

MeO
MeO \|:\E7

OBoc D (10 mol%) AN
_ /\/B pin) sz(dba)3 (5 mol%) /(;\
Ph THF, 60 °C, 12 h Ph D
145
(S)-147 (1.2 equiv) (E/Z >20:1), 91% ee

(S)-150

g b £ ) T
Ny A P B(pin)
RO PdD ot | o5 Pd i
/\)

P~ L 145
Ph Ph/\/\D
148 149

Schemel 6: Reactivity with(S}47.

A diastereoselective variant was described soon after, in whichersomplex: -substituted
allylboronatesI52 were employed(Schemel7).5? CsF was used as an additive in order to
increase the rate of transmetalatioof the more substituted and less reactive crotyl reagent.
Functional groups on the allyl boronate reagent, sasksters and silyl ethers remaid intact
throughout the course of the reactigiwith moderate to good levels of diastereoselectivity
displayel throughout. Non-aromatic electrophiles were not tolerated whedigand L9 was
utilized; fortunately changing the ligand tb10afforded the desired products in high levels of

enantioselectivity.
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tBu
MeO \t Bu
MeO WtBu
P
|
t-Bu
L10
Pd,(dba)s (2.5 mol%) e
R1/\/\C| . RZ.“/\/ B(pin) L9 or L10 (5 mol%)
151 152 CsF (10.0 equiv) RITNF
(1_2 equiv) THF, RT or 60 C, 14 h 153
TBSOV',,,
PR, A Et0,c7 "
/
P N P N7
Cl

(10:1 dr), >99% ee
153¢c, 77% (L9)
(From Z-152)

Me,,,
TBDPSO\/(;

(6:1 dr), 94% ee
153e, 51% (L10)
(From Z-152)

(14:1 dr), 94% ee (5:1dr), >99% ee
153a, 80% (L9) 153b, 96% (L9)
(From E-152) (From Z-152)

Me., ,
/\;(i -
=
Ph n-hept

(7:1.dr), 92% ee (7:1.dr), 90% ee
153d, 80% (L10) 153e, 67% (L10)
(From Z-152) (From Z-152)

Schemél 7: Palladiumcatalyzed formation of contiguous stereocenters.

One factor that hadimited the development of allyllyl cross couplings lies in developing
methods that allow for selective deatization of the product alkenes. dtken attempted to
address this through the use dforylated allylboronatesl55, furnishing products with
differentiated alkenes(Scheme18).%3 The resulting vinylboronate was then used for

subsequent transformations, such as a SuMiigiuara coupling.

MeO
MeO \b

B(pin)
L8 (5 mol%) =
o) [(allyl)PdClI], (2.5 mol%)
o *
B(pin) CsF (10.0 equiv) 0
THF, 23°C,20 h \—_ (y/o >20:1), 92% ee

B(pin) 156, 72%

155
(1.2 equiv)

Schemd 8: Palladiumcatalyzed formation of56.

All-carbon quaternary stereocenters can also be constdaising this methodologfScheme

19).B4 The readbn of allylic carbonatd57 with allykB(pin)I45 afforded 158 with high levels of
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selectivity. In some cases, 1d8ne sideproducts were also observed, resulting frortnydride

elimination of the™ -allyl intermediate.

MeO
MeO
BocO Me
X " X
(10 mol%) €/, =
N Pd,( dba)3 (5 mol%) X Z | N
+ CsF (3.0 equiv) | _N 2N
Bloi THF/H,0 (10:1), 60 °C, 12 h
P (pin) 158 159
145 (1581159 >20:1), 90% ee
(1.2 equiv) 81% 158

Schemd 9: Palladiumcatalyzed formation of quaternary stereocenters.

More recently, Ding and eaorkers have reported the use of Baytidlman adducts in
enantioselective allyllyl cross couplig reactiongScheme20).% By utilzing chiral ligand.11,
densely functionalized products were obtainedth excellentlevels of enantioselectivity.
Substrate scope was limited to agtibstituted allylic acetates, with the use of a more complex

I -substituted allyiB(pin) reagent requiring higher catalyst and ligand loadings and slightly

higher temperatures in order to promote the reactitmafford 162c.

R?

PPh, Ph,P

OAc R? L11 (1.25 mol%) Xy CO2E
. CO,Et /I,\/B(pin) [PA(C3Hs)CIl; (0.5 mol%) R
* CsF (5.0 equiv) 4 COzEt  + R2

CH,Cl,, RT, 17 h

160 161
1.5 i
( equiv) 162 163
Me
/©/§002Et \©/§002Et CO,Et
MeO
(162a/163a 92:8), 97% ee (162b/163b 91:9), 96% ee (162c¢/163c 77:23), 95% ee
162a 92% 162b 88% 162¢ 83%®

Scheme20: Palladiumcatalyzed allylatiosof 160. 2Pd (5 mol%),11(12.5 mol%), CsF (10.0 equiv), @0
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1.1.3 Using Rhodium Catalysis
Rhodium has also been utilized in enantioselective allylic substitutions involving organoboron

nucleophilesln 2005, Gong achieved the asymmetric nitroallylation of arylboronic acids with
nitroallyl acetated®®! A commercially available rhodium poatalyst was used in conjunction

with L12 to give arylated products in high enantiomeric exc€sheme2l). The methodology

was applied to the total synthesis of {+Lycorand67.

soW
PPh,
99
OAc

L12 (6 mol%) 0 NO,
[Rh(cod)(OH)], (5 mol%) <
164 + 1,4-dioxane/H,0 (10:1) © ‘
50°C,20 h
o B(OH),
( :©/ 166 65%, 98% ee 167
(e] (+)-y-Lycorane

165
(5.0 equiv)

Scheme1: Rhodiumcatalyzed nitroallylation of64.

The reaction proceedsia an initial 1,4addition of the arylrhodium species to give rhodium

nitronate intermediatel70 (Scheme22). i -elimination of the esteliberates the catalyst and

provides the product.

NO, 0

Ph "
OR NG g NO2
Rh cat. %— ) Ph

— o /!

A\ Lo

168
+ R
PhB(OH), 169 170 7

Elimination of ester
Scheme?2: Mechanism for the formation di7 1.

Oi et al. described the asymmetric allylic substitution ‘osubstituted aryl etherd72 with
arylboronic acid$73 (Scheme23).271 The reaction was proposed to preexd via carborhodation
of the alkene, followed by-aryloxy elimination toNB f S I & SlisubdtitGted ‘praductd74

with retention of alkene stereochemistry. Alkene geometry was importantiétermining

stereochemistry, with antipodal produc(§-l74aand (R-174abeing obtained when using-

andZ-alkene isomers.
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t-Bu
<O OMe
o R o I P tBu/,
\/\/ . 0 P tBu
72 R LXX (7.5 mol%) R2 <
FsC [RhCI(nbd)], (5.0 mol%) /\|/ . on
* KOH (8.0 equiv) > Ar ©
ArB(OH), 1,4-dioxane/H,0 (5:1), RT, 16 h 174 t-Bu
173 (4.0 equiv) L3 2

(E/Z100:0), 92% ee  (E/Z 100:0), 92% ee  (E/Z 100:0), 96% ee  (E/Z 2:98), 86% ee
(S)-174a 75% 174b 71% 174¢ 64% (R)-174a 86%

Scheme3: Rhodiurrcatalyzed arylations df72.

Lautens and cavorkers havestudied the desymmetrization ehesccyclic allylic diol derivatives
175, using a Rhdiarylphosphind.13 system in conjunction with arylboronic acid3.*® Under
these reaction conditions, 1;Ransproductsl76were obtained as major isomers in high levels
of enantioselectivity, with the 1;rans product |77 being observed as a minor product. The
diastereomeric 1,2and 1,4cisisomers, which could also potentially be generated, were not
detected.At this point in their study, mechanistic investigations were not forthcoming. In terms
of substrate scope, rglboronic acids containing electraenithdrawing groupsgave the best
conversions, with the highest levels of enantamd regioselectivityHalide substitution led to
decreased yields and regioselectivities being observed; the reaction \ittho-
tolylphenlyloronic acid gavé76ein only 25%yield. Finallyboronic acids containing strongly

Lewis basic functionalitiedid not participate in the reactior {6f was not observed).
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[Rh(cod)(OH)], (5 mol%

Et0,CO OCO,Et | P
L13 (12 mol%) @,ocozEt Ari,, Q/OCOZEt MeO PR,

MeO PR,
175 Cs,CO3 (1.0 equiv) = |
+ THF, 50°C, 1 h N
ArB(OH),
173 (2.0 equiv) OMe

Q O
(@]
(]
N
m
o
<
®

Ac
(I76a/177a >20:1), 88% ee (176b/I77b >20:1), 92% ee (176c/177a >20:1), 90% ee
176a + 176a 94% 176b + 177b 63% 176¢c + 177¢ 78%

@,OCOZEt @,OCOZEt ©/OCOZEt
Me /

“, “,

(176dN177d 10:1), 86% ee (176e/I77e 6:1), 92% ee 176f177f
176d + 177d 35% 176e + 177e 25% no reaction

Scheme24: Rhodiumcatalyzed desymmetrizations 6#5.

The same group subsequently intensively studied the reaction conditions, devebpgand
controlled regiodivergent strategy to access both-l1lahd 1,4trans products 178 and 180
selectively(Scheme25).2 1, 2-trans product 178 could be obtained by using the same reaction
conditions as those reported in their initial investigations (s&eheme24). However,by
changing the reaction solvent from THF to toluene and modifyinghtisgohosphineligand

backbone, 1,4ransisomerl80was afforded selectively, albeit lower levels of regiocontrol.

18



OMe

L13 (12 mol%)
[Rh(cod)(OH)], (5 mol%)

J

NN
S
MeO PR,
MeO PR
e Vi | H
NS
OMe
L13
L (R =Xyl)
EtOZCO\@,OCOZEt
175
+
ArB(OH),
173 (2.0 equiv)
Cl
MeO PPh,
MeO I PPh,
Cl

L14

Cs,CO3 (1.0 equiv)
THF, 50 °C, 16 h

L14 (12 mol%)
[Rh(cod)(OH)], (4 mol%)

Cs,CO3 (1.0 equiv)
Toluene, 60 °C, 16 h

OH Aru,, OH
+

,,
7,

78 A" 179

(1781179 18:1), 92% ee
178 + 179 87% (Ar = Ph)

Aru, OH OH
.

.

180 181 Ar

(180/181 1:2.8), 99% ee
180 + 181 81% (Ar = [4-CF3-CgHyl)

Scheme5: Regiodivergent desymmetrizatioof 175.

Mechanistic considerations are outlined$theme?6.

19



Arin, OR
[Rh(cod)(OH)], —ti9and C Rh(l) r g

189
Solv OR

P
R =H, Et A4
Rh(l) reductive
P/ \, limination

(o

Solv

i S

C |

/Rh(l)\\
( ‘ Solv P (|)R OR

carborhodation

o-Enyl oxidative addition
pathway

B-oxygen pathway

elimination

b Ar
i NI
RO P Rh(l)Z
P— 185 2 / |
k4 P YR
OR
P 186
RO OR reductive
elimination

184

Q,OR @,m

r 187 Ar
187

Scheme6: Potential mechanisms for the formation|I@f7 and 189.

Two possible catalytic cycles can lbbasidered in which generation of presumed active catalyst
I83is common to bothAfter transmetalation with the arylboronic acid and coordination to the
substrateto producel85, the two pathways divergéA carborhodation pathway proceed$a a
diasterec and enantioselective migratory insertion of the alkene, generating alkylrhodium
intermediate 191. An antiperiplanar -alkoxide elimination then releases the 1ati product

I87. The relative stereochemistis set by carborhodatiocanti to the carbonate leaving groups.

However, this proposed pathway cannot account for the formation ofttads product|89.

An alternative pathway, which may be concurrently active with the carborhodatiorie
involves an enantioselective oxidative addition generate Rh(lll). The resulting 1,2enyl
complexi86 can then undergo reductive elimination to yield 4ransproductl87 or equilibrate

to the 1,4 -enyl form188. Reductive elimination fronB88 would afford the 1,4trans product
189. The regioselectivity would therefore be dependenttherates of reductive elimination vs
the rate of equilibration (¥k.3). If this was the sole operative pathway, the enantioselectivity of

both regioisomers should be identical as irreversible desymmetrization occurs during k
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However, in several cases, the authors observed that ébeof the regioisomers did not
correlate. Fom these results, they concluded that it was likely that bathctionpathways were

operative.

Lautens and cavorkers have also extended this methodology to the desymmetrization of
acyclic mesoallylic carbonates 192, using a related Rh{bisphosphne system’
Regioselectity was highly dependent on the nature of the catalyst, Wit providing optimal
results. Unfortunately, only moderate levels of both enant@End regioselectivity were

obtained, with significant amounts of the undesired linear achiral prot#being observed.

OMe
_/:\_ L15 (12 mol%) N
EtO,CO OCO,Et [Rh(cod)(OH)], (5 mol%) \ OCO,Et Ar OCO,Et |
192 . — P
+ 1,4-dioxane, 55 °C, 20 h MeO PR,
193 Ar 194
ArB(OH), MeO PR,
173 (2.0 equiv) = |
"""""""""""""""""""""""""""""""""""""""""""""" N
OCO,Et OCO,Et OCO,Et
OMe
L15
(R =Ph)
OMe
(193a/194a 4:1), 67% ee (193b/194b 7:1), 92% ee (193c/194c 4:1), 70% ee
193a + I93b 66% 193b + I94b 68% 193c + 193¢ 66%

Scheme7: Rhodiuracatalyzed desymmetrizatisrof acyclic diester92.

Murakami has reported the use of unactivated allylic diolanranalogousallylic substitution
reaction(Scheme28).“ The reaction of 14utene dioll95with phenyl boroxind96 proceeds

smoothly, affording' -substituted homoallylic alcohd®7in good yield and stereoselectivity.

MeO Me
Bn
/.

i-Pr
vo—r”  \on L16 (5.5 mol%)
o5 [Rh(cod)(OH)], (5 mol%) HO_>*_//
. 1,4-dioxane, RT, 12 h PH

(PhBO)3
196 (3.0 equiv)

197 68%, 83% ee
(absolute stereochemistry not determined)

Scheme8: Rhodiumcatalyzed formation of97.

The reaction is proposed to proceeihinitial formation of cyclic arylboronic esté®8 (Scheme
29). Transmetalation followed by carborhodation of the alkene gives alkylrhodilG®;

subsequent -oxygen elimination occurs to afford the produd@tis is mechanistically distinct
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to the related reactions of allylic carbonates achieved by Lautens, in which an oxidative addition

pathway is invoked. However, detailed mechanistic investgatiof this reaction were not

pursued.

HO—[Rh(1)]

[Rh(D]  Ph
— Ph—[Rh(l)] B-oxygen HO
m 199 elimination _>_//
O~g-© O~5-0 PHh
Bh B 197
198 1100

Scheme&9: Mechanism for the formation df7.

Recently, Fletcher has reported the arylatiamd alkylative allylic substitution of racemic allylic

halides(Scheme30).1*?l Allylic chlorides and bromides could be employed in this process. A

range of aryl boronic acids participated in the reaction, witie best results obtained with

electronrich boronic acidddeteroatomcontaining subgates also reacted smoothly, giving rise

to a range of enantioenriched tetrahydropyran derivatives.

Y
1101 (X = CI, Br)

1102a 56%, 96% ee
(X = Cl)

Cl

=

(0]

1102d 89%, 99% ee
(X=Cl)

ArB(OH),

pZ X
+
)" 173 (2.5 equiv)

OMe

L13 (6 mol%)

[Rh(cod)(OH)], (2.5 mol%) =z P

Cs,CO3 (1.0 equiv) ), MeO PR,
THF, 60 °C, 1 h Y

1102 MeO._~ . -PR:

T

=
e o4
n
o 2
= o

1102¢ 90%, 98% ee
(X =Br)

OMe
(j/<)/
(0]

1102f 89%, 99% ee
(X =Cl)

102b 62%, 97% ee

(X =Cl)

1102e 45%, >99% ee
(X=cl

=
(0]

Scheme30: Rhodiumcatalyzed arylatiosof 1101

1.1.4 Using Iridium Catalysis

Iridium-catalyzed eantioselective allylic substitutions provide branched products in a wide

range of reactions with heteraand stabilized nucleophiles. Howevére reactions with hard

nucleophiles tend to rely on the use of reactive organomagnesiurargan@inc reagents,
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limiting functional group toleranc& There are relatively fewexamples of milder

organometallic reagents being utilized in these processes.

In 2013, Carrnea reported the enantioselective alkynylation of allylic alcohd0s3 using alkynyl
trifluoroboratesi104as nucleophilegScheme 31%% Under phase transfer conditits and using
chiral phosphoramiditeL16 as a ligand for iridium, 1;dnynes|105 were obtained with
outstanding levels of regiand stereoselectivity. Whilst an advantage of this method is that

pre-activation of the alcohol is not required, (hetero)arubstitution of the allylic electrophile

is required.
: : ’ @
L16 (16 mol%)
OH / [Ir(cod)Cl], (4 mol%), n-BuyNBr (10 mol%)
R1J\/ + KF3B KHF, (1.5 equiv), TFA (2.5 equiv)
1,4-dioxane, 25 °C, 6 h HONG
1103 1104 R
(1.5 equiv) 1105
Ph Ph
Il l Ph
_ Z I I
(1 _ _
S OHC Ph Ph
(vlo. >50:1), >99% ee (vlo. >50:1), >99% ee (ylo. >50:1), >99% ee  (y/a. >50:1), >99% ee
1105a, 96% 1105b, 52% 1105¢, 77% 1105d, 83%

Scheme1: Iridium-catalyzed alkynylatiasiof 1103,

Nui and ceworkers later used similar catalytic systems to enable the udelabisborylalkane
I35asanucleophilic coupling partndt¥ Two catalytic systems were developed in order to allow
both linear and branched allyli@oc electrophiles106aandl106bto be utilized in this reaction,
enabling convergence tasubstituted homoallyliB(pin)productsl107. As was observed in the
related alkynylation reaction reported by Carreira, (hetero)aromatic stuigin on the allylic

electrophile was necessary.
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L, -
1iPh
o )
>P—N SP—N
O
>—Ph
Me OBoc

1/\/\ .
R OBoc L17 (6 mol%) _B(pin) L16 (6 mol%
1106a [Ir(cod)Cl], (3 mol%) : [Ir(cod) C|]2 (3 mol%) I106b
+ 2 (2.1 equiv)
Ag3PO, (1.7 mol%), LiOt-Bu (2.0 equiv) R1/\/ AgOTf (5 mol%), LiOt-Bu (2.0 equiv) "
(pin)B/\B(pin) 1,4-dioxane, 50 °C, 24 h 1107 1,4-dioxane, 25 °C, 24 h
Method B .
135 Method A ethod (pin)B B(pin)
(1.5 equiv) 135
B(pin) B(pln) B(pln) -/B(pln) -/B(pln)
©/\/ /@/\/ C)/\/ OQNW Cl :@/\/
Cl
(ylo >50:1), 93% ee (ylo >50:1), 93% ee (ylo >50:1), 98% ee (y/a >50:1), 91% ee (ylo >50:1), 90% ee

I107a 94% (Method A) 1107b, 75% (Method A) I107c 99% (Method A)  1107d, 82% (Method B)  1107e, 81% (Method B)

Scheme32: Iridium-catalyzedformation ofl107.

1.1.5 Using Nickel Catalysis

Enantioselective nickalatalyzed asymmetric allylic substitution reactions have been developed
since the early 1980s. The majority of these reactions require the use of Grignard reagents in
conjunction with a chiraP-P ligand!*>*>°l However, the useof orgaroboron compounds in

combination with nickel catalysis remains underdeveloped.

Uemura and cavorkers reported an early example of such a reaction. Usinigexpensive and
commercially available nickel salt, with chiral oxazolinylferrocenylphosphi®eas ligand
arylboronic acidsl73 were able to react with racemic allylic acetatés (Scheme33).5!
Unfortunately, poor levels of enantiocontrol were generally observed, and the reaction was

limited to a small number of leaving grosip
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W i-Pr

o/w
=N

‘ PPh,

Fe
<=
OAc
L18 (10 mol%)
17 Ni(acac), (5 mol%) *ar
+ DIBAL (16 mol%), KOH (3.0 equiv)

ArB(OH), THF, 60 °C, 17 h

1108
(absolute stereochemistry
not determined)

173 (3.0 equiv)

1108a 81%, 50% ee 1108b 41%, 43% ee 1108c 13%, 25% ee
Scheme3: Nickelcatalyzed arylatioaof 17.

The correspondingreaction with acyclic allylic acetates also met with limited success, with
extremely limited substrate scopeoderate yields and poor levels of enantioselectivity being

obtained Schemes4) 51!

W i-Pr

by

o

PPh,
Fe

@_

Me =~ Me
L18 (10 mol%)

\n/og\orAc Ni(acac), (5 mol%) ‘Me\/\*r""e
—

+ DIBAL (16 mol%), KOH (3.0 equiv Ar
ArB(OH), THF, 80°C, 17 h 1110
173 (3.0 equiv) (absolute stereochemistry
not determined)
Me .~ Me Me A~ Me
Me\/\(Me
Ph ‘
OMe O
1110a 51%, 21% ee 1110b 55%, 18% ee 1110c 43%, 28% ee

Schemes4: Nickelcatalyzed arylation of acyclic estéd9.

Doyle and ceworkers have utized aryl boroxines for the construction of-a2yl-1,2-
dihydroquinolinesyia a nickelcatalyzed asymmetric allylic arylation reacti(Bcheme35).5?
Boronateassisted ionization of the substrate is followed by subsequent oxidative addition of
nickel into the resulting quinolonium intermediatA.range of arylboronic acids were tolerated
under the reaction conditions, with electremch nucleophiles devering the products with the

greatest efficienciesHowever, higher catalyst loadings were required in these casids 3g.
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Substitution on the electrophile led to decreased yields and enantioselectivities being observed,

with electronwithdrawing groupsdiminishing reactivity. Other carbamate groupgere

employed but ethyl carbamate remained optimal.

m O
R1
X
N OEt L19 (15 mol%) R“@fj
N 0, e
Eto/go [(methylally)NICI], (5 mol%) N7 A
R NaOPh-3H,0 (15 mol%)

" 1,4-dioxane/t-AmOH (96:4), RT, 24 h Eto/go

(ArBO)s 113 Me °
1112 (0.75 equiv) ><

N ©)J\0Et N [e) N SMe O

EtO (6]

EtO/gO Me Eto/go Me Bno” X0 Me

1113d 38%, 58% ee 1113e 33%, 78% ee 1113f 65%, 68% ee
Schemes5: Nickelcatalyzed formation of113 2 Ni (10 mol%)-19(30 mol%), 30% NaOBR,O, 48 h

Ringopening of strainedheterocycless an effective strategy for theonstruction of &C bonds

In 2014 Zhou reported a nickehtalyzed arylative ring opening of oxabenzonorbornadienes
with boronic acid$>® Usingchiral bis-phosphineL20as a ligand for a Ni(0) precatalyst, the
product of ring openingexoll116, containing two contiguoudertiary stereocenters, was

obtained in excellent yield and good enantioselectivity.

Me Q Me
o 0 §
Me Me Me™ OH
B L20 (1 mol%) Br
H 0,
KOH (0.5 equiv)
Br e DCE, 25 °C, 6 h Br
1114 1115 . 1116 99%, 86% ee
(3.0 equiv)

Scheme36: Nickelcatalyzed arylation offL14.

The proposed mechanism is outlinedSnheme37.
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Ni(cod), + L20

OB(OH), l

B

1117 1118
1121

protonolysis

reductive oxidative

elimination addition
OH
Br Ar )
I 0
o OB(OH),
1122
NiL20
/Ar
Ni 1119
1120 L20

transmetalation

ArB(OH), _KOH o AB(OH),

Scheme7: Mechanism for the formation dil22

First, the postulated active chiral nickel complgk7is formedin situ Oxidativeadditionof the
substrate withl118 gives™ -allyl nickel complex119. Chelation of nickefo both the oxygen
atom and the alkene may account for the higkoselectivity observed. Transmetalation with
the boronic acid yields arylnickel spedi&20; reductive elimination and further workp affords

the desired product.

1.2 Allylation of Alkenylmet®ucleophiles

Allylic substitution reactions have proven to be reliable and powerful methods for the
generation of synthetically useful and highly enantioenriched products. Tailoring of -the
electrophile by judicious selection of metal allows for the wdeboth stabilised and non
stabilised nucleophiles. Despite these advances, the use of nucleophilic alkenylmetal
intermediates in these reactions has not been well described. The conjugated products from
these reactions are more synthetically useful théwose derived from alkgtion or arylation,

andexploration of this reactivity opens up new opportunities in asymmetric synthesis.

Hoveyda and cavorkers have pioneered the development of asymmetric allylic alkenylation
reactions. In 2008 they described ethallylic alkenylation of allylic phosphaté$25 with

alkenylaluminium nucleophilesS¢heme38).54 Thesenucleophilesare readily prepared by
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hydroalumination of the corresponding terminal alkynes. Alkenylated prodii2é were

obtained in excellent yields, with high levels of regind enantiocontrol.

DIBAL-H (1.0 equiv)

rhex h 55°C,5h
123 exanes, , l

O pPh R

n-hex = - \ N

\/\Al(i—Bu)2 n-hex 0=8
OPO(OEt), 1124 = \ N N~
(1.5 equiv) o Mes
RTS CuCl,-2H,0 (1-2 %) 1 l
uCly-2H,0 (1-2 mol% R A
R? L7 or L21 (0.5-1 mol%) ) g\Ag
1125 THF, -15°C, 2-6 h |12§ /Mes
0)=N
-------------------------------------------------------------------------------------- oN
\\

n-hex n-hex n-hex n-hex //S I

Me = = = = o Ph

L7 =Ph

L21=H

Me Me Me H
O,N
(yla. >98:2), 98% ee (yla. >98:2), 89% ee (ylo >98:2), 92% ee  (ylo >98:2), 86% ee
1126a 87% 1126b 93% 1126¢ 84% 1126d 92%

Scheme38: Coppeicatalyzed alkenylatioof 1125.

The same group later extended this methodology to the synthesis of quaternary stereocenters
(Scheme39).5% A range of alkyne substituenigere well tolerated, including a bulkigrt-butyl
moiety and a potentially sensitive halogen. Ardlkyt, carboxyl and silyisubstituted allylic

phosphates also undeogthe reaction smoothly, with high levels of steremd regioselectivity

observed throughout.

R? DIBAL-H (1.0 equiv)

hexanes, 22 °C, 6 h
127 l (\)\ Ph \\Ph
_S N
R2 P (o=
S AU, R2 N N<
M \ Mes
e 1128 \ " o
1J\/\ (1.5 equiv) . //ke/ A|\
R OPO(OEY), L7 (0.5-2.5 mol%) R1TNF g\Ag
129 CuCly-2H,0 (1-5 mol%) 1130 Mes
(1.0 equiv) THF, -15-50 °C, 3-24 h >f_: ’
_____________________________________________________________________________________ 0
RN
S N Ph
n-hex t-Bu _/_\_ / H
\—,, Me \—,, Me Cl —_ Me O Ph
7 PhMeZSiA/ PhMeZSiA/ L7

(<2% alkynyl addition), 90% ee  (<2% alkynyl addition), 82% ee (<2% alkynyl addition), 92% ee
1130a 91% (>98% E) 1130b >98% (>98% E) 1130c 91% (>98% E)

Scheme39: Coppercatalyzed formation of quaternary stereocenters.

The previous reactions are limited by the need to usesvinylmetal intermediates, as the
correspondingcisisomers cannot be accessed by hydroalumination of the terminal alkyne.
Reactions invoimg arylsubstituted vinylaluminiums were also not reported, as the
hydroalumination reactions were found to be extremely inefficient. Hoveyda overcame these

limitations by investigating the use of internal s#ylbstituted alkyned131 Stereodivergent
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hydroaluminations gave access to bails andtrans-alkenylaluminium reagent§&)-1132and

(B-1132, which were then utilized for allylic substitution reactio®seme40).55¢

DIBAL-H (1.0 equiv) _ Al(i-Bu),
hexanes/THF (5:1) —
55°C.2h Ph SiMe
Ph SiMe;  —| (2)-132
0 [
1131 >98% conv., >98%
SiMe;
DIBAL-H (1.0 equiv) :
Al(i-Bu),

hexanes, 55 °C, 2 h PH

(E)-1132
>98% conv., >98% E

P
Olefin isomerization pathway (inhibited by THF)
Ph, e Ph, SiMe H, SiMe
’._~ 3 '.+(a\¢\ ~ 3 "_,‘ 3
HY Al—iBu H Al—i-Bu Ph /AI—i—Bu
i-Bu i-Bu/ i-Bu
1133 1134 1135
S

SchemelQ: Stereodivergent hydroaluminatisiof 1131

Reactions with botle andZ-alkenylaluminium reagents proceedschoothly, with retention of
alkene stereochemistry§chemetl). However, in the case of vinylaluminiuft89, the addition

of an isobutyl rather than a vinylcopper complex was observed as a competitive process

o
L22 or L23 (2 mol%) RS \\ Ph \\R
S CuCly2H,0 (1 mol%) ji\/ oﬁs\
R1/\/\0PO(OEt)2 vinylaluminium reagent (2.0 equw dON s N\Ar
134 THF, -15 °C, 3-12 h 1136 137 | T
---------------------- oo Ag Ag
vinylaluminium reagent | \, A
! MegSi Me;Si ad
. ' O}-‘
Me;Si ! o N
1 Q\ N\)\
— : ~S Y R
(i-Bu),Al R3 : g o
138 5 (y/a. >98:2), 86% ee (Yo >98:2), 94% ee L22 Ar=2,6-iPr,CgHs, R=H
1137b 70% (>98% E L23 Ar=2,6-iPr,CsH;, R=Ph

1137a 94% (>98% E)

vinylaluminium reagent '
5 Me,HSi
Me,HSi R3 :
>=/ : Me,HSi
i-Bu),Al :
(FBUAT 1139 :

(y/a >98:2), 91% ee

,//OL >98:2), 94% ee
1136a 81% (>98% E 93:7 vinyl:i-Bu 1136b 86% (>98% E 91:9 vinyl:i-Bu
addition) addition)

Schemell: Coppercatalyzed alkenylatioswith internal vinylaluminium reagents

Whilst alkenylaluminium reagents have been shown to be valuablenpoteophiles in allylic
substitution processes, their highly reactive nature casuit in limited functional group

tolerance, in addition to the generation of unwanted side products. As a result, the use of milder

29



organometallic reagents which exhibit high functional group tolerance would be of greater

benefit.

Hayashi and cavorkers have demonstrated that alkenylboron reagents, which are aird
moisture stable, can also be utilised in copatalyzed allylic substitution reactionS¢heme
42) 57

PhMOPO(OEt)Z
10

/O Me
B
\O Me

1140
(2.0 equiv)

CuCl (5 mol%)

L1 (5.5 mol %) NN

NaOMe (2.0 equiv)
THF, 30 °C, 16 h

Ph Z

(y/o 99:1), 73% ee L1

1141 84%

Schemel2: Coppercatalyzed alkenylation with organoboron reagents.

The proposed mechanism is outlinedSnhemet3.

Anth/N )
=0
1142
reductive

elimination

R1

<

1146
R'B(OR?),

\\:ransmetalaion

Anth— NN N N
\( ) Anth~ \\( ’\
e Do
= 1 B(OR?),
Ph 1145 R 1143
.= oxidative
Na OPO(OEt), addition
NaOMe

I\
Anth/NYN’—\*

O\ _
_B(OR?),
MeO N+

/_/—OPO(OEt)2 »
— R
1144

Ph 110
Schemel3: Catalytic cycle for the formation &f46.

Copper alkoxide complex142 undergoes transmetalation with a boronic acid to give
organocoppeintermediatel143. Interaction with the NaOMe base gives intermedikité4. The
sodium counterion then guides the orientation of the allylic phosphate in the subsequent
oxidative addition process; reductive elimination of organocopper(lll) intermediats

provides the product and closes the catalytic cycle.
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Allylic alkenylations with organoboron nucleophiles have also been achieved with other
transition metals. Caeaira reported the iridiuracatalyzed allylic substitution of allylic alcohols
1103 with alkenylpotassium trifluoroboratekl 47.58 A notable feature of this approach is that
the free alcohol can be used, obviating the need for prefunctionalization/activation. High levels
of h-selectivity are observed, in contrast to theselectivity obtained with copper catalysis in
related processe. Whilst a range of andnd alkydsubstituted alkenyltrifluoroborates were well

tolerated, (hetero)aryl substitution on the allylic alcohol was required for the reaction to

P

L16 (16 mol%)

proceed effectively.

2 Ir(cod)Cl,] (4 mol%)
R / R4 [Ir( 2l ( o) = R4
RTINS+ n-Bu,NHSO, (10 mol%), HF (2.0 equiv)
103 B::i.l; 1,4-dioxane, 25 °C, 4 h R /
(2.0 equiv) 1148
Ph Ph
/
P Me
= = f/ =
4 | P N
OMe s P \F
(afy 31:1), 98% ee (afy >50:1 r.r.), 97% ee (afy >50:1 rr.), 94% ee  (afy >50:1r.r.), >99% ee
1148a 86% 1148b 84% 1148¢ 63% 1148d 60%

Schemet4: Iridium-catalyzed alkenylatiosof 1148,

As discussed irBection 1.1.3 Fletcher and covorkers reported a rare example of an
enantioselective rhodiuamediated allylic substitution procesé&Scheme30).*2 As well as
promoting arylatie reactions,a Rh(l) precatalyst in conjunction with chiral ligab#i3 could
effect the reaction with alkenyl boronic acids, affordalgenylated product$l51in high levels

of enanticselectivity(Scheme 45)However, there were no examples of substrates containing

further substitution which would indicate the regioselectivity of the reaction.
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OMe
cl L13 (6 mol%) ;
R o R NT N
@ . (HO)ZB/\/ [Rh(cod)(OH)], (2.5 mol%) | P
1150 Cs,C0; (1.0 equiv) MeO PR,
1149 (2.5 oquiv) THF, 60 °C, 1 h 1151 Moo bR
.5 equiv e
........................................................................................... 4 | 2
N
(i g (i Y
X Me O/\/ X F OMe
L13
1151a 52%, 94% ee 1151b 67%, 96% ee 1151c 44%, 92% ee L (R = Xyl) )

Schemet5; Rhodiumcatalyzed alkenylatiosiof 1149.

Hoveyda has also described the use of alkenylboron nucleophiles in caapeyzed
enantioselective allylic alkenylation processescl{eme46). Both E and Z-alkenylboron
reagents react with high levels of regiand stereochemical fidelity to give disubstitd

alkenes® Notably, the reactions with carboxylic estemntainingl154 proceed with high levels

of stereoretention.

R2
Ph Ph
L6 (5.5 mol%) / P ge o
1/\/\ CuCl (5 mol%), NaOMe (2.0 equiv) z or : O=S/ R
R OPO(OEY), alkenylboron reagent (2.0 equiv) v Rw/\/ \\N\\*/N
134 THF, 22 °C, 8-24 h R' o
1152 1153
"""""""""""" L6 R
alkenylboron reagent . EtO o) [R =2,4,6,-(i-Pr)3;CgH,]
EtO (0]
Me Z
(0] X _ B(pin) = ;
: Z
OEt ' ~
1154 : Ph ANF
(yla 97:3), 85% ee (v 96:4), 84% ee
1152a 95% 1152b 95%
alkenylboron reagent
; OMe # Me A Me
Me B(pin) ! : F.C :
\ _/ E / 3 /
1155 :
' (y/a. >98:2), 94% ee (y/a. >98:2), 96% ee
1153a 82% (>98% 2) 1153b 76% (>98% Z)

Schemel6: Coppeicatalyzed alkenylatioof 134.

Heterocyclic alkenyB(pin) compounds also react smoothly under similar reaction conditions,

affording unsaturated NBoc or O-containing rings in good yields and high selectivgheme

47). An alkyl substituted allylic phosphate is also well tolerated, affordifgcin 73% yield.
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o) o
X R
R1/\(\OPO Ot _I
) (OFD), CuCl (5 mol%) _ o=s J _\ t-Bu
R L24 (5.5 mol%) ﬁ/\ ¥ g

M25 + ;
B(pin) NaOMe (2.0 equiv) . PH
A THF, 22 °C, 8-24 h R v
L24
R2
X 1157
1156 (2.0 equiv)

Ph/\(
CO,Me Me

Me Br
(y/o. >98:2), 84% ee (Yo 93:7), 90% ee (y/o. >98:2), 82% ee
1157a 98% 1157b 52% 1157¢c 73%

Schemel7: Coppercatalyzed alkenylatiogwith heteroatomcontaining alkenylboron reagents.

Finally, the robust and commercially available viBfpin) also readily undergoes the desired
transformation, producing 1dienel160with excellent levels of regiocontrol. This publication
was notewortty, as it showcased several classes of alkB(in) compounds that could

participate in asymmetric allylic substitution processes, significantly expanding the scope of this

chemistry.

o)
CO,Me I
X 2 _ o:s/\ N \ t-Bu
\o_\\’%
1158 OPO(OEY), L24 (10 mol%)
CuCl (10 mol%)

NaOMe (1.5 equiv)
THF, 60 °C, 20 h
ZBpin) (y/a >98:2), 8% ee

1160 66%

* CO,Me L24

1159
(2.0 equiv)

Schemel8: Coppercatalyzed alkenylation usif@59.

VinytB(pin) compounds can also be used to generate sterically congested quaternary centres
(Scheme49).1% Aryt and alkydsubstituted alkenyB(pin) reagents react smoothly under the
reaction conditions, whilst carboxylic esteontainingl162dis obtained in excellent yield. The
corresponding substrate would be incompatible with the use of alkenylaluminium reagents,

demonstrating the advantages of using milder ynacleophilic species.
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foPO(OEt)z éXN_\\%N \Q
0] )
1129 i-Pr

R "M
e L25 (5.5 mol%) \
+ CuCl(5mol%) Me( &
(pin)B "~ NaOMe (2.0 equiv) R1>\/\R2
R2 THF, 60 °C, 24 h 1162
1161
(2.0 equiv)
Me \> Me \3
N Cl N
Z A ph
Br Br
(yla. >98:2), 98% ee (yla >98:2), 98% ee
1162a 91% 1162b 98%
Me \S Me \§
ol O N
> pn t+Bu” \[%\/\Ph
o]
(y/a. >98:2), 60% ee (y/o. >98:2), 74% ee
1162c 75% 1162d 93%

Schemel9: Coppercatalyzed formation of quaternary stereocenters.

Currently, the key alkenylmetal nucleophiles are generated by transmetalation with an alkenyl
pro-nucleophile. As a result, this chemistry is currently limited to si@&bond formation.
Generation of the alkenylmetal nucleophilea a GC bond formation event prior to allylic
alkenylation would lead to increased molecular complexity and potentially more valuable

products, whilst also displaying interesting new reactivity which could be further explored.
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2 CarbometalatiorCyclizatia Cascade Reactions

2.1 Reactions Proceedimip syrCarbometalation
Domino or cascade reactions combine several fundamental transformations into a single
process, allowing for the formation of multiple bonds and the rapid generation of molecular

complexity!6162

By designing substrates that allow for multipk®ond forming reactions to occur sequentially,
transition metals can mediate a huge array of cascade processes which generate carbon skeletal

frameworks in an atomand step economical mann&:53!

One powerful method for triggering such cascade processes is by initial carbometalation of an
alkyne 6cheméb0). Addition of an organometallic species across an alkyne will generally result
in both components ending up on the same side of the newly formed alkenesyre.
carbometalation. This is the predominant pathway due to the strict stevestronic
requirementsof migratory insertion. The resulting alkenylmetal intermediatanthen readily

NBI Ol a g Al Keleitio@hileltdSoynitheyéecond-C bond®4

Rz—l\llan R! R
]
— R R2—ML, : R' syn-addition 7 R? cyclization P R?
—_— —_— e
< ; ( ; ML,

Schemd&0: Additioncyclization via sycarbometalation.

Interest in these reactions has increased dramatically as their importanc€tbdhd formation
has become increasingly clear, and ashsthere are a large number of examples of these
processe$?d The following section will review seminal examples to demonstrate the breadth of

this chemistry and is not designed to be exhaustive.

2.1.1 Using Rhodm Catalysis

{AYyOS aAreédzZ NI Qa AyAUGALFf RAAO0O2OSNE (GKWHAE 02NRY
unsaturated ketones under the influence of rhodium catalyis,addition of organorhodium

species to a wide variety of unsaturated electrophiles has bédely studied®>5¢Additionally,
organorhodium species also readily undergo carbometalation reactions with alkynes, making

them ideal candidates for the delpment of cascade reactiorfs:5el
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Hayashi and cavorkers reported an early example of a rhoditgatalyzed cascade process in
2005, describing the arylative cyclization of alkynes tethered to aldehydes and keRuofesie
51).59 By utilizing chiral diene ligand2§ the desired products were obtained in good yields
and good to high levels enantioselectivity, although enantiocontrol was diminished when

tethered ketones were usedg4g.

Bn
BnO ——R' 3
>< R? Bn R!
BnO L26 (7.5 mol%)
o [RhCI(C5Hy)5l5 (3.5 mol%) BnO = SAr
1163 . R?
+ KOH (30 mol%) BnO
OH

1,4-dioxane/H,0 (10:1)

1164
ArB(OH)zl 60°C. 4h
173 (3.5 equiv)
Et Me Me
Cl
BnO T BnO = BnO T
.Me
BnO BnO BnO
OH OH OH
1164a 89%, 94% ee 1164b 71%, 96% ee 1164c 89%, 75% ee

Schemé1: Rhodiumcatalyzed arylative cyclizatisiof 1163

Organorhodium complexes are well known for their ability to react readily with electron
deficient alkene€>¢!Hayashi integrated this process into a cascade reaction, tetherifg an
unsaturated carbonyl to the alkyrd®&! Thus, the resulting alkenylrhodium intermediate
generated bysyncarborhodaton is able to cyclize onto the alkene in aXotrig fashion
(Schemés2). Again, chiral liganid26was utilized to induce high levels of stereocontrol. An array
of structurally diverse arylboronic acids were used, affording prodiul® with uniformly

outstanding levels of stereoselectivity and high chemoselectivity.
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MeO,C ——R'
MeO,C
\ CO,R?
1165
+
ArB(OH),

173 (3.5 equiv)

Bn
L26 (6.5 mol%)
[RhCI(C5H,),l5 (3 mol%)

e

KOH (30 mol%)
1,4-dioxane/H,0 (10:1)

R1
MeO,C Zay
MeO,C CO.R?
1166

(absolute stereochemistry
not determined)

Et
MeO,C % Me
MeO,C
MeO,C Me

1166a 83%, 99% ee

60°C,4h
Et
MeO,C Zpn
MeO,C CO,Et

1166b 89%, 99% ee

Et
MeO,C 7
MeO,C E
MeO,C

1166¢c 88%, 97% ee

Schemé2: Rhodiumcatalyzed additiorconjugate additios of 1165.

Interestingly, when bigphosphineent-L12was used, a range of side products resulting from

undesired reaction pathways were observed, including direct conjugate addition of the

arylrhodium Schemeb3). This result highlights the challenges in developagrade processes

that involve multiple reactive sites and intermediates.

L

Et

MeO,C

PPh, MeO,C
Et
,Me

MeO,C —Et
MeO,C cO
€0z \ ent-L12 (6.5 mol%) MeO,C ar 1169 22%
CO,Me  [RhCI(CyH,)l, (6 mol%) +
1167 > CO,Me +
. KOH (30 mol%) MeO,C 2
1,4-dioxane/H,0 (10:1) MeO,C ——Et
PhB(OH), 60 °C, 4 h 1168 23%, 95% ee Ph
169 (3.5 equiv) (absolute steroechemistry
not determined) MeO,C
CO,Me

1170 45%

Schemé3: Selectivity with the use @nt-L12

More recently, Darses has reported the arylative cyclization driteunsaurated carbonyls to
form chiral 3benzazepine derivatives, enabled by electronic bias of the alkyne to reverse the

regioselectivity of the initial carbometalation stefghemes4).[’4]
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Z o
CO,Me "
| | J/ Br B(OH), L27 (10 mol%) Me — N
+ \©/ [Rh(C3H,)Cll, (5 mol%) Ph CO,Me
NT 171 1,4-dioxane/MeOH (1:1) N
' 172 (2.0 equiv) 60,16 h Ts

Ts
1173 44%, 96% ee

Schemé4: Rhodiumcatalyzed formation ofL73.

The mechanism of this process is outline&ahemess.

= \\\\‘\

PH ; ; CO,Me
N
|

PhB(OH), 169
M73 4

[Rh(L27)OR]
174

proto-demetalation transmetalation

Ph

[Rh(L27)Ph] CO;Me
[Rh] 175 | | f
=T
Ph COzMe migratory N 171
N |
T

178 insertion Ts
nucleophilic addition H CO,Me
[Rh] J/
Ph N

(Rh] CO,Me | 1176
H = Ts

__ 1,4-migration

Ph l\ll
177 Ts

Schemé5: Mechanism of the formation diL73.

First, transmetalation with phenylboronic aci®9 gives arylrhodium complexl75 Syn
carbometalation of alkynél71places rhodium distal to the tethered enoate. Alkertgl aryt
rhodium 14-migration gives arylrhodium177, followed by 1,4addition to the enoate.
Hydrolysis of alkylrhodiuni78generated173and closes the catalytic cycle.

Noncarbonytbased electrophiles have also been utilized in these reactions. Murakami and co
workers described the first example of an organorhodium species reacting with a réchehe

56).'2 By tethering these to alkynes, ketopeoductsl180were obtained in moderate to good
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yields. Interestingly, these products were obtained B& alkene mixtures, with an ethyl

substituent on the alkyne greatly favouring tBésomer.

MeO2C><%R1 R!
MeO,C
MeO,C “—CN z Z A

[Rh(cod)(OH], (2.5 mol%)

1179 :
+ 1,4-dioxane, 60 °C, 20 h MeO,C
1180
ArB(OH),
173 (3.0 equiv)
Me Et Me
MeO,C y ©\ MeO,C Preon MeO,C 2
MeO,C o NO, MeO,C o MeO,C o
1180a 77% (E/Z 45:55) 1180b 44% (E/Z 1:99) 1180c 53% (E/Z 55:45)

Schemé6: Rhodiumcatalyzed tandem cyclizatisiof alkynyitethered nitriles.

The addition of organometallic reagents to imines is an important challenge in organic
chemistry, as the resulting amines are particularly valuable moieties. However, theicegd
electrophilicity in comparison to aldehydes and ketones can make such transformations difficult
to achieve. Lee has recently described the arylatared alkenylative cyclizations of alkynyl
tethered activated imines §cheme57).l”¥! Both terminal and methysubstituted alkynes
participated in the reaction; the reactions with alkenylboroaitids proceeded with retention

of alkene stereochemistry.

Me \_/—— R! R’
2
Me' —N / R
Me

1181 \SOZt-Bu [Rh(cod)(OH], (2.5 mol%)
N—SO0at-Bu
+ MeOH, RT, 12 h Me H
1182(2.0 equiv)
Me
7 //CHis
7
Me OoMe Me 7\
Me S
S0,1-Bu w N—SO0at-Bu Socn
N— _SO,t
Me H H M& ” ot-Bu
1183a 67% 1183b 53% 1183¢c 44%

Schemé7: Rhodiumcatalyzed formation of1L83.

Attempts to render the reaction asymmetric using chiral diene ligh@8 were met with

moderate success, with low yields being obtained in the reaction with arylzinc spigtes
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Ph

Me — i-Pr
d Me g Ph
Me =N Me

L28 (10 mol%)

\ *
1184 SO,t-Bu [Rh(C,H,4)Cl, (5 mol%) Me ”/302“3“
+ THF, RT, 1h
PhZnl 1186 33%, 96% ee
1185 (2.0 equiv) (absolute stereochemistry

not determined)
Schemés8: Enantoselective arylative cyclization df34.

As discussed previously Bection 1.2there are relatively few examples of alkenylmetal
nucleophiles being utilized in allylic substitution reactions. In 2005 Murakami reported a rare
example of a carbometalaticallylic alkenylation cascade, providing a range of cadral
heterocyclic products containing an exocyclic alkeBehemes9).’4 Arylsubstituted alkynes
reacted poorly, withi188b obtained inonly 25%yield. In these cases, poor levels of regiocontrol
are observed, leading to greatly diminished yiel@hanging the nature of the linker from a

malonate to a sulfonamide also resulted in poor reactivity being obseh&8q).

/TR
X
R'l
1187 Z SAr
[Rh(cod)(OH)], (2.5 mol%) X
OMe >
" 1,4-dioxane, RT, 2-24 h
1188
ArB(OH),
173 (2.0 equiv)
Me Ph Me Me
MeO,C =z MeO,C ~>ph  MeO,C =z Zph
Ts—N
MeO,C MeO,C MeO,C NO
2
Cl
1188a 77% 1188b 25% 1188c 82% 1188d 27%

Schemé9: Rhodiumcatalyzed allylic alkenylaticrof 1187.

Extension to an enantioselective variant was also attempted using chiral rhodium con28lex
(Schemes0).[5! However, only two enantioselective examples were reported, and several side
products arising from unwanted ®dreactions were obtained. This further highlights the

challenges in achieving high levels of stereegic and chemoselectivity in cascade processes.
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Me

OMe

1189
MeO,C CO,Me

+
PhB(OH),
169 (4.0 equiv)

Me OMe
OMe
= MeO,C CO,Me
Z Ph 1191
i-Bu” Me Me \ —
* +

{RhCI(C4H,)o},1/L29 (5 mol %)

> + MeO,C (¢}
1,4-dioxane, 90 °C, 5 h

MeO,C"  'CO,Me MeO
1190 54%, 61% ee = _
(absolute stereochemistry | (11911192 85:15)
not assigned) Me (isolated yields

not given)
1192

Scheme0: Enantioselective allylic alkeagion of 1189.

Isocyanates have also been utilized as electrophilic coupling partners. Thus, using a simple

catalytic system, a range of arghd alkenyl substituted-alkenylindeneoxazoles were obtained

(Scheme61).l78 Structurally and electronically diverse arghd alkenylboronic acids were well

tolerated, however the usef sterically demanding and less nucleophilic boronic acids required
more forcing conditions, affordingl94aand 1194ein 78% and 56% vyield respectively. The

reaction was also sensitive to steric bulk on the alkyne, Vlifl4fbeing obtained in only 18%

yield.
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R!

= R! -
/
NCO

[Rh(cod)(OH)1, (2.5 mol%) o
1193 -
THF, RT, 12h N
+ H
R2B(OH), 1194
1182(1.5 equiv)

o
N
H
1194b 64% 1194c 76%
t-Bu
) Ph
o)
N
H
1194d 78%2 1194e 56%P 1194f 18%

Schemé1: Rhodiumcatalyzed arylative cyclizatisof 1193 2 BA(2.0 equiv), 40C;P BA (3.0 equiv), 10T

The above examples are all redogutral processes, involving the use of Rh(l) precatalysts in
conjunction with a ligand. After transmetalation with an organoboron specwsy
carborhodation generates an alkenylrhodium intermediate which can react withnge of

electrophiles to complete the cascade reaction.

2.1.2 Using Palladium Catalysis

Cascade processes proceeding under the influence of palladium catalysis have also been widely
studied!”” In contrast to rhodium catalyzed reactions, in which the metal is believed to stay as
Rh(l) throughout the cascade, palladittatalyzed reactions can procceda an oxidative
Pd(0)/Pd(Il) cycle. However,aetions catalyzed by cationic Pd(ll) complexes are believed to be
redoxneutral’""® Thus, the use of palladium instead of rhodium for analogous reactions may

sometimes result in different reactivity being observed.

In 2007, Lu reported the arylative cyclization of alkynyl tethered ketoSgseme62)."°! The
authors propose a redox neutrdPd(ll) cycle, in which carbopalladation is followed by

nucleophilic addition of the alkenylpalladium intermediate, similar to the previously described
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rhodium chemistry. Bisphosphin80was used in order to induce enantioselectivitpwever,

the resultswere generally poorer than those reported with rhodium.

Me Me
R! H Ar
PPh, PPh, R { OH
| | O+ _R? L30 (3.6 mol%) R?2
j/ . AB(OH), PATFA), GO mol%)
173 (2.5 equiv) DCE/H,0 (10:1), 70 °C o
o 0 1196
1195 (absolute stereochemistry
not determined)
OMe
Ph Ph NO,
Me OH n-Pr OH
\ * \ * Me OH
OH Ph N\
Me \
5 o Br o Ph
Ph o O
07 ™o
O
O
1196a 87%, 74% ee  1196b 85%, 76% ee 1196¢ 83%, 83% ee 1196d 83%, 92% ee

Schemés2: Arylative cyclization dfl95.

The same group later extended this work to enantioselective arylative cyclizatia@isotfon

deficient alkenes, conjugated to both aldehydes and ketoSelsgme63).5%

¢
0 PPh,
PPh
MeO,C — R <O O ’
o) R

MeO,C \ , L31 (6 mol%) MeO,C N
COR?  [Pd(CH3CN)4(BF4),] (5 mol%) r
1165 > * )
. 1,4-dioxane/H,0 (10:1), RT MeO,C COR
ArB(OH), 1166 .
173 (1.5 equiv) (absolute stereochemistry
> equ not determined)
Me Me Me
MeO,C = MeO,C P MeO,C s
MeO,C Me MeO,C Ph MeO,C
fe) H o) H o Ph
1166d 61%, 93% ee 1166e 64%, 94% ee 1166e 65%, 92% ee

Schemés3: Palladiumcatalyzed cyclization ¢165.

Backvall and cavorkers have descrédn the oxidative diarylative cyclization of ig6ynes
(Schemes4) B A Pd(0)/Pd(Il) cycle is proposadhich is enabled by the use of benzoquinone
as a stoichiometric oxidant. This additive is thought to coordinate to the metal centre, enabling

facile reductive elimination to Pd(0), and subsequently acting as an oxidant to generate Pd(ll).
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— R
/ Pd(CF30CO), (1 mol%) Z

benzoquinone (1.0 equiv) o

+  ArB(OH),
\_\\;Rz 173 (3.0 equiv) THF, RT, 16 h

Et o

Ph

1198a 81% 1198b 66% 198¢ 81%
Schemes4: Oxidative diarylation of197.

Luet al. have extended the scope of palladitratalyzed cascade reactions to the synthesis of
coumarin derivatives. Under cationic palladium conditions, the reaction of arylboronicl@8ids
and alkynyttethered aldehydes 1199 proceeded smootly to give the desird 3

alkylidenedihydrocoumarin00in excellent yields and enantioselectivites (Sch&Be”!

o PPh, PPh,

L30 OH Ar
H *
. Ar(BOH), [PA(L30)(H,0),1**(BF 1), (2 m0|%)‘ Z “Me
o 173 (1.2 equiv _di o
( quiv) 1,4-dioxane, RT o o
(0]
S 1200

(absolute stereochemistry
not determined)

1200a 88%, 94% ee 1200b 94%, 99% ee 1200c 99%, 93% ee 1200d 93%, 94% ee
Schemés5: Palladiumcatalyzed formation of200.

Interestingly, 3substituted coumarins could be obtained by utilising a slightly modified catalytic
system (Schem&6). Unfortunately, attempts to render this process enantioselective were

unsuccessful.
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OH
H Ar
. ABOH), [Pd(dppp)(H;0),I**(OTF); (2 mol%) | X7 “Me
0 173 (1.2 equiv) 1,4-dioxane/H,0 (150:1), RT
)‘\

1201a 64% 1201b 70% 1201c 86%
Schemes6: Palladiumcatalyzed formation of201

It is thought that these products are obtained by initial formation290, followed by triflic
acid catalyzed isomerization t801 Independent experiments with triflic acid confirmelbat

isomerization from200to 1201was possible.

2.2 Reactions Proceedimpanti-Carbometalation
As discussed previouslgyncarbometalation of alkynes with organometallic reagents gives
sterically welldefined and predictable products. The resulting aldenetal intermediates have

shown to be competent nucleophiles with a wide rangé @lectrophiles $chemes7).[63:6466.67]

R2—|V|Ln R1 R1
i
— R R2—ML, : R!" syn-addition % R cyclization = R?
ML,

Schemés7: Addition-cyclization via sycarbometalation.

However, a major limitation of this chemistry lies in the inhersytrselectivity of the initial
addition across the alkyne. Whilst proximal addition (relative to the electrophile) of the metal
yields an alkenylmetal intermediate which can readily cyclizéhe opposite regioselectivity
occurs i.e. distal addition, the resulting alkenylmetal intermediate is unable to cyclize due to
steric constraints. As a result, the product derived from distal addition is inacces&dgn

carbometalation pathwaysSchemes8).

45



Rz—n!an

R1
— R R2—ML,‘ : R syn-addition P ML unable
( —_— < > n > to cyclize
R2

Schemés8: Limitations of syrcarbometalation.

Conceptually, the formahnti-carbometalation of an alkyne, in which the two components of
the organometallic species end up on opposides of the resulting alkene, seems to be the
most logical solution to the problem of distal addition. Even if distal addition were to occur, the
alkenylmetal intermediate can still readily react with the electrophile to give the desired cascade
product Scheme69). This would potentially be an extremely powerful method for accessing

isomers which are unavailable by establislsgd-carbometalation pathways.

Rz—n!an R2 R2
1
— R R2—ML, : R! anti-addition xR'  cyclization SUR2
< ; ML,

Schemd9: Addition-cyclization via antcarbometalation.

Due to the inherent synselectivity of migratory insertions, reactions involviranti-

carbometalation remain underdeveloped, with relatively few examples being reported.

2.2.1 Single Electron/Radical Pathways
Singé electron processes have been utilized to obtain the products of forawdl-
carbometalation. Firstow transition metals are particularly suited for these processes, due to

their propensity to reacviaboth one and two-electron pathway4t?

Hu and ceworkers described the synthesis @alkenesvia the iron-catalyzed reductive
coupling of terminal alkynes and alkyl halid&lfeme70).8% Initial radical addition to the
alkyne is followed by recombination with theetal, which is placetransto the initial site of

addition. Thus, the products of a formeti-hydroalkylationli204are obtained with good levels

of stereoselectivity.
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FeBr (10 mol%)

Zn (5.0 equiv), I, (10 mol%) R R
RI—= + R2Br . ' 2 —_
1203 (5.0 equiv DMA, 80 °C, 16 h
1202 ( quiv) then Hy0 H 1204
t-Bu Me,
Et Et N Me Me
N/
tBu Ph Et o

H H

1204a 49% (Z/E 19:1)  1204b 59% (Z/E 8.4:1) 1204c 42% (Z/E >20:1) 1204d 35% (Z/E > 50:1)
Schemé&0: Iron-catalyzed reductive alkylations 02

The same group later extended this work to sequenti@l Bond formation, by combining the
initial radical addition with a nickelatalyzed Negishi coupling¢heme71).84 This process

allows for more complex trisubstituted alkenes to beaihed.

FeBr (10 mol%) Ph. _znl 0 [Ni(cod),] (10 mol%) i

Zn (1.5 equiv), TMSI (10 mol%) 2,2"bipyridine (10 mol%) Ph

Ph——= + cyl > | N - Ph
1206 (1.5 equiv) DMA, RT, 16 h Cl Ph THF, 70 °C, 16 h |

1205 Cy cy

1207 1208 1209 52%
Schemé& 1: Formation of antcarbometalation product209.

Similar reactivity has been reported by Nevado anewookers, who achieved the nickel
catalyzed dicarbofunctionalization of teimal alkynes $chemer2).8% Thus, terminal alkynes,
arylboronic acids and both activated and unactivated secondary and tertiary alkyl halides could

be coupled, giving access to trisubstituted alkenes in astend regiocontrolled manner.

p-tolyl

R'—
Me CO,Et L32 (10 mol%) R2 CO.Et
1202 \r INICly(Py),] (10 mol%) =z 2
(1.5 equiv) Br ]
¥ 1210 K3POy4 (3.0 equiv) R Me
Benzene, 80 °C, 12 h 1211
R2B(OH), (1.0 equiv)
1182 (1.5 equiv)
t-Bu Cl
/ \ CO,Et
S _ CO,Et _ CO,Et > 2
Ph Me Ph Me Ph Me
1211a 40% 1211b 66% 1211¢c 61%

Schemé& 2: Nickelcatalyzed anticarbometalations of202

The proposed catalytic cycle is showrSithemer3.
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R2 l
;_ \ R2B(OH), 1182

1 Ak 1
e " \
R2—Nill X R2—N;j!
__ — 1212
R' 1218 Alk R 297 Al
Path B T
R1 —_—
=\ XX .
R Ak < Ak Alk—X
Path A 1216 1214

Schemé' 3: Catalytic cycle for the formation t#19.

Ni(l), thought to be the active species, is formedity, possibly by comproportionation of Ni(0)
and Ni(ll). Transmetalation with a bororcid, followed by reaction with the alkyl halid13
generates alkyl radicé14and Ni(ll) complei15. If path A is operative, recombination|@f16

and 1215 produces Ni(lll) complei218 which readily undergoes reductive elimination to
release the poduct and regenerate Ni(l). Potentially, the corresponding vinyl haéfitiécould

also form (path B), followed by oxidative addition with Ni(l) to generate the analogous Ni(lll)
complex. However, control experiments appeared to rule out such a pathwey.atlithors
attribute the high levels of stereoselectivity with the formation of vinyl radi2zab, which can

undergo rapide/Zinterconversion, incorporating an external radical opposite to the alkyl group.

The same group later reported the related caslbifonylation of terminal alkynes, using sulfonyl
chlorides as radical precurso(Scheme74) .8 The mechanism is similar to that shown in
Schemer3.
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=
L33 (10 mol%)

(2.0 equiv) F
< > - [NiCl,(Py)4] (10 mol%)
+ + F —
K3POy (2.7 equiv)

\J

=S
B(OH)2 1222 Toluene, 80 0C, 12 h ° O//
(1.0 equiv)
1223 74%
t-Bu
1221
(2.0 equiv)

Schemé 4: Nickelcatalyzed carbosulfonylation ¢222

Palladium is also able to mediate singlectron processes to accessti-carbometalation
products, an example of which was reported by Liang in 2015 involving the aryldifluordalkylat

of alkynes $chemers) .87

ArB(OH),

Ar
173 (2.0 equiv)
I PA(PPhs), (5 mol%) _
+ +
Cs,C05 (1.0 equiv R CF,CO,Et
1224 ICF,COHE 1,4-d2ioxa3n£;, 80 °C. g h 1226

1225 (1.5 equiv)

FsC
Ph
MeO — Ph
CF,CO,Et Tso\_)z\
CF,CO,Et
PH

CF,CO,Et
1226a 78% 1226b 61% 1226c 48%

Schemé&5: Palladium catalyzed aryldifluoroalkylations|a4.

The proposed catalytic cycle is showrbithemer6.
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Ph——=
1205

"CF,CO,Et
1229
L,PdO

(7~ "CF,CO,Et
1227 ICF,CO,Et 2v2
Ar LoPd'—I
1231
Ph7 X
1234 CF,CO,Et
L,Pd"
\Ar 1l
L,Pd
PR TN
CF,CO,Et PR

1233 1232 CF,CO,Et

ArB(OH), I73 + Base
Schemé& 6: Catalytic cycle for the formation t#34.

First, reduction of ethyl difluoroiodoacetat®28 by Pd(0) generates the difluoroalkyldiaal

1229 and Pd(l). Radical addition to the alkyne gives vinyl rad&a0, which undergoes
recombination with Pd(l) to afford alkenylpalladium intermedié282 Transmetalation with
an arylboronic acid gives Pd{yl compleX233 subsequent reducte elimination closes the

cycle and producgthe aryldifluoroalkylated produd34.

2.2.2 ChelatiorAssisted Alkenylmetal Isomerization

One method to obtairanti-carbometalation products is to tether a heteroatom to the alkyne.

In 1997 Negishobserved such reactivity in ttErconocenemediatedhydro- and iodoalkylation

of alkynols $chemer7).28 They proposd that initially syncarbometalation of the alkyneobk
place, with isomerization driven by chelation of the heteroatom to the metal centre imutiie

form. Both terminal and internal alkynes react with high levels of regioselectivity, an advantage

over radical addition type processes, which are limited tditoins to terminal alkynes.
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— Me R

=——R
1235 Cp,ZrCly (1.0 equiv) —
OH

+ CH,Cl,, 25-50 °C, 72 h
hen | OH
AlMes then 1 1237
1236 (3.0 equiv)
Me
Me Me GeMegy
— | —
| |
o o

OH OH

Me

1237a 60% (Z/E >98:2) 1237b 61% (Z/E >98:2)  1237c 73% (Z/E >95:5)
Schemé&7: anti-Carbometalation products fron235.

Similar reactivity was observed by Ma in the coppatalyzed hydroalkylation of alkynols
(Schemer8) 69

OH Cul (50 mol%) H n-CsHyy n-CsHqy  H
_ : . n-CoiMgBr THF, -78 °C-RT, 5 h — —
— H gl +
Ve 1239 (3.5 equiv) then sat. aq. NH,CI H Me H Me
1238 HO HO
1240 70% 1241 5%

Schemé& 8: Coppercatalyzed antcarbometalation 01238

Cheng and cwvorkers have reported the cobatiatalyzed hydroarylation of internal alkynes
(Schemer9).°% When a hetereoatom is téered to the alkyneanti-carbometalation products

are obtained. Conversely, when these are not preseaytrcarbometalation products are
predominantly observed, suggesting that the heteroatom plays a crucial role in

stereoselectivity.

PPh
Php” N2
R'——R?
L34 (5 mol%) R! H
1242 Co(acac), (5 mol%) >:<
. =
MeCN/THF (4:1), 80 °C, 12 h Ar R?
ArB(OH), @ 1243

173 (2.0 equiv)

g on, 8

CO,Et
1243a 82% 1243b 78% 1243¢ 79% (E/Z 1:1)

Schemé&9: Cobaltcatalyzed hydroarylations ¢242

The authors propose that after initiyncarbometalation, alkenylcobalt specié245 can
undergo E/Z isomerizationvia cobalt carbene intermediaté246 to give 1247. The tethered
alcohol is able to stabilise cobalt through the five membered oxanaetatle, which undergoes

irreversible protonation to give thanti-isomerl248.
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thp/\/Pth

— Ft
o L34 (5 mol%) HO— M
O 244 Co(acac), (5 mol%)
+ > Ar Et
MeCN/THF (4:1), 80 °C, 12 h 1248
ArB(OH),
173 (2.0 equiv)
H
5
HO Et N
Ho — =t — = o [Co]
~ - A _
A c A’ [Co
' [Col [Co] Ar Et
1245 1246 1247

Scheme0: Proposed mechanism for the formationl288.

The nature of the alkyne substituents also plays a key role in isomerizéit8cderived from
3-hexyne was obtained as a 1:1 mixturdsdZisomers; when electron withdrawing groupere

present, onlysyncarbometalation products were observed.

More recently, Reddy observed tlamti-hydroarylation of alkynes under the influence of nickel
catalysis $chemed1).®' When the alkyne was substituted with an aryl groapti-isomersl250
were obtained as the major products. The authors attribute the regioselectivityetacstffects,
however it is likely that electronic effects are the determining factor, as polarization of the

alkyne results in nickel being placedo the aryl substituent.

R
HO < . Ni(acac), (10 mol%) HO
M—=——Ph PPhs L35 (10 mol%) . H
1249 K _
. Cs,CO5 (20 mol%)
1,4-dioxane/EtOH (4:1), 90 °C Ar Ph
ArB(OH), 1250
173 (2.0 equiv)
OH
Ph H OH
Ph H HO
- — H
Ph o
Ph PH
O,N PH Ph
Et
1250a 67% (£/Z 8:1) 1250b 66% (E/Z 4:1) 1250c 71% (E/Z 8.5:1.5)

SchemeB1: Nickelcatalyzed anthydroarylations 0f249,

When an external electrophilic trap was included, products derived fsgrrcarbometalation
were exclusively obtained€hemes2). This suggests that the rate of alkene migratosgeition

is much faster than the rate of alkenylnickel isomerization.

52



MeO

HO, 1252 Ni(acac), (10 mol%)
N — pp o+ (2.0 equiv) PPhj L35 (10 mol%)
1251 + Cs,CO3 (20 mol%)
1,4-dioxane/EtOH (4:1), 90 °C
ZeN
1253
(3.0 equiv)

Schemd32: Formation of tetrasubstituted alker@54.

MeO

Ph

CN

1254 64%

Werz has successfully applied alkenylpalladium isomerization to subsequasfuctive GC

bond formation, in theanti-carbopalladative cyclization of diyneScheme83).°?l A range of

bicyclic productd257 were obtained using this methodology, although only aryl halides were

amenable to this transformation.

R1
HO Me R? Me .
[Pd(PhCN),Cl,] (2 mol%) R R
PPh; L35 (4 mol%), H,0 (55 mol%)
I R
1256 Et3N (5.0 equiv) RS
« (1.4 equiv) DMA, 100 °C, 5 h
1255 1257
M M
*\_O~__Ph e\O~__Ph
Me / Me /
B oh—/
S
Ts
1257a 59% 1257b 65% 1257¢ 79%

SchemeB3: Palladiumcatalyzed arylative cyclizations I@55.

¢KS NRfS 27T oipKoSonFaNidth sterdednd regibdelectivity was highlighted by

the reaction of methoxy derivativie58 (SchemeB4). When subjected to the standard reaction

conditions, desired produd260was formed, along with significant quantities of side product

1261 This product arises from the opposite regioisomesystcarbopalladation, suggesting that

the free hydroxyl group is essential in controlling initial regioselectivity.

Me
MeO._| _Me Me  OMe MeO Ph
Ph [Pd(PhCN),Cly] (2 mol%) Me Ph Me Ph
PPh; L35 (4 mol%), H,O (55 mol%) 4 \ 74
| | =~ + Ph—lI > / Me
Et3N (5.0 equiv) Ph
1259 DMA, 100 °C, 5 h d o
o) (1.4 equiv)

1260 45% 1261 16%

1258

Scheme34: Reactionwith 1258
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2.2.3 Other Examples @inti-Carbometalation

Fujiwara and cevorkers have reported that palladium and platinum are also able to promote
anti-carbometalation reactions, observed in the hydroarylation of internal alkySethdme
85).°% Interestingly, mechanistic studies suggested that an inaiai-addition took place,

rather than an isomerization of the alkenylmetal species.

Pd(OAG), (2.5 mol%)

R'———R? or R H
1242 PtCl,/AgOAcC (2.5 mol%) N -
* TFA/CH,CI, (4:1), RT, 24-48h  Ar R2
Ar-H 1243
1262 (2.0 equiv)
Ph H Ph H Ph H
— Me — Me —
Ph CHO CO,Et
Me Me Me Me
Me Me Me Me
1243d 56% 1243e 60% 1243f 98%

Scheme5: anti-Hydroarylations of242

Tsukamoto and cavorkers have investigated intramolecular cyclization reactions of alkynyl
tethered electrophiles. Interestingly, under palladium catalysis, the reaction of boronic acids
1182 with alkynat and alkynone$263 gave the products of formalanti-carbometalation
(SchemeB6).°4 By using a simple catalytic system, a range of (hetere)angl alkenylboronic

acids reacted smoothly.
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--X R! / \
(\
Pd(PPhy), (2 mol%) ARV \
1263\
+ MeOH, 65 °C, 3-24 h R
2 OH
REB(OH), 1264

1182 (1.5 equiv)

Ph

Me
Ts—N \ Ts—N \
Ph OH
OH
1264a 97% 1264b 96% 1264c 83%

Ph Ph
Et0,C O
Et0,C ‘
OH OH

1264d 68% 1264¢ 46%

SchemeB6: Palladiumcatalyzed arylative cyclizations I&63.

z A

¢ KS | dzii K2 NEntRINDQIBSNE gL | RRAGAZ2Y (2 (GKS
Schemed7.

Ar — R
/T
\ X
X R 1265
\
o}
1269 OH PdOL,,
PdOL,
/TR
Ar X )
\Pd”Ln \_\\
1266
Y =
1268 "

Pd'L,
N g

B(OH),0Me
1267 ©

MeOH + ArB(OH), 173
Scheme7: Catalytic cycle for the forntian of 1269,

Nucleophilic addition of electrerich Pd(0) to the alkyne triggeesnucleophiliaddition to the
carbonyl group at the adjacent carbon, giving intermedi&e’. Solvolysis with methanol and
transmetalation with a boronic acid gives Pdéityl specied268 which undergoes reductive
elimination to generate the product and reform Pd(0).
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The same group later extended this work to a themponent coupling to give highly

substituted amino indenel72, formed by cyclization onto &an-situ generated imine$cheme

83).1 The extension of palladiw® I (i | fadtie FRO1 G NE (i & LIBnantibsBladtiel a S a

variants have not yet been reported.

ArB(OH), R
(173 1.5 equiv) FZ (n®-C3H5)PdCp (5 mol%)
P(c-Hex); L36 (15 mol%) O‘
+ + R
RZ,NH H DMF, 80 °C, 1-24 h
1270 (2.0 equiv) 12711 © |272
Me

N
( I
Ph
N=Et P

t
1272a 94% 1272b 56% 1272¢ 32%

Schemes8: Palladiumcatalyzed threecomponent cyclizations ¢&271

2.2.4 NonChelation Assisted Alkenylmetal Isomerization
Chelationassisted alkeylmetal isomerizations were discussed iBection 2.2.2 The
development of processes that do not require the tethering of a stabilising group into the

substrate would greatly increase the scopeaofi-carbometalation reactions.

2.2.4.1 PalladiurCatalyzed

Limited examples of alkenylpalladium isomerization have been reported, however in many
examples these intermediates have not been exploited for further productiv@ kbnd
formation. Zhu has reported thanti-hydroarylation of ynamides, in which free rotationthe

alkenylpalladium species is enabled by donation of the nitrogen lone Petirene39).[°°!
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R1

/
— Ph Ar
Ph N\ ) Pd(OAc), (5 mol%) > (
1273 R P(m-tolyl); L37 (10 mol%) -
N > H N—R!
EtOH, 70 °C, 5 h /
ArB(OH), 1274 R2
173 (1.5 equiv)
OMe CF3 OMe
) >—§;§ Ph>—§;§
H /N—Ts H /N—Ms H /N—COan
Bn n-Bu n-Bu
1274a 80% 1274b 84% 1274c¢ 84% (E/Z 83:17)

Scheme9: Palladiumcatalyzed anticarbometalations of ynamides.

In 2015, Lautens and agorkers reported an intramoleculamnti-carbohalogenation of alkynes
(Scheme90). Use of a sterically bulky phosphine ligand promoted a raréo€@ning reductive
elimination ezent. The authors observed that productsarfti-carbometalationl276 could be

obtained exclusively when elevated temperatures were Uggd.

@/F’([-Bu)z
Ph Fe Ph
1
Ph : Ph
1 Ph
R L38 R!
Br
Br | | Pd(L38), (5 mol%) /
R2 R2
Toluene, 100 °C, 18 h
X X
1275 1276
Me Me Me
O Me O Me O Me
| | |
Me / cl Me / Me /
O (0] O (o] O N
\
Ts
1276a (Z/E 90:10), 79% 1276b (Z/E 80:2), 77% 1276¢ (Z/E 68:32), 87%

Schemé0; Palladiumcatalyzedcarbo-halogenations of275.

This work was extended to aintramolecular carboiodination cascade process, which uses
commercially available halide surrogates as milder reageBthdme91).°8! Under these
reaction conditions, halogenatedihydropyridinonesl279 were obtained in good vyields.
(Hetero)aryl substitution on the alkyne was essential for controlling the regioselectivity of the

initial hydropalladation.
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R!

R
Me |
| | e - 9 H
+ Et;N-HI Pd(Pt-Bus), (10 mol%) _
1278 (1.2 equiv)  Toluene or 1,4-dioxane
° '?‘ 120°C,2h o) I}l
Ot-Bu .
1277 .

Me |
Me | Me | Me | H
H H H
= = = =
07N 07N 07N o~ N
Ot-Bu Ot-Bu Ot-Bu Ot-Bu
1279a 61% 1279b 78% 1279¢ 72% 1279d 76%

Schem®1: Palladiumcatalyzed anthydrohalogenations of277.

2.2.4.2 NickelCatalyzed

Early examples of nickehtalyzedanti-carbometalation were reported by Bergman and- co
workers in the late 1970s and early 198®clieme92).°%1%° They observed that in the
stoichiometric reaction between nickel compl80and internal alkynes at room temperature,
facile syncarbometalation occured to give alkenylnickel quex (E}I282 However, after
leaving the reaction to stand at room temperature for several days, increasing amouans-of

isomer(Z)1282were observed.

Me
(0]
C \Ni/PphB Me Ph
P o >=<
07 1280 Me 4>40 ¢ CO\Ni —_— < \ Ni
Me + Benzene O/ \PPh3 / \PPh3
Ph—=——~"h Me (E)-1282 2)-1282

1281
Schem®?2: Stoichiometric antcarbometalation 01281

The authors suggest that reversible addition of triphenylphosphine to com(#§¥282
generates nickel carbenoil@83, which can freely rotate. After isomerization, dissociation of

triphenylphosphine giveanti-isomer(Z)1282
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Me Ph
— PPh
< O\N'>_< \ >/-ae 3 _
I |
'~
o \PPh PF’h / PPh3
Me (E)-1282 1283 2)-1282

Scheme3: Proposed mechanism for the formation(@f1282

Free isomerization of alkenylnickel intermediates have also been reported in the context of
intramolecular cyclization cascades. Suginome described the ftatadl/zed alkynylboration of

alkynes to givanti-carbometalation products exclusivel$ghemed4) 1101

l}ll-Pl’z SnBu, . NI Pr,
B Ni(cod), (2 mol%) B R2
o~ cl | | PPh; L35 (8 mol%) O™\ __
J\/R2 +
R! — 5 Toluene, 80 °C, 3-24 h R! \
1284 R 286 \
1285 R3
(2.0 equiv)
Ni-Pr, Ni-Pr, Ni-Pr;
O’B . Et O’B . Ph O’B . Et
\ P \ \
1286a 93% Ph 1286b 89% Ph 1286¢c 78% TMS

Scheme4: Nickelcatalyzed formation of284.

The stereoselectivity of this reaction is rationalized by the steric clasickél with the bulky
iso-propyl groups onnitrogen in the synform, thereby driving isomerization to the more

favouredanti-isomer Gchemed5).

i-Pr\ . i-Pr
N—i-Pr N”Pr
/ _/—
2 ~ClI
R1 l}“ R1 R2
(E)-1287 (Z)-1287

Schemd5: Mechanistic rationale for the formation ¢E)1287.

Substratedependent isomerization has also been observed by Martin angariers. In 2015
they reported a carboxylative cyclization reaction, in whggim and anti-isomers could be
obtained dependent o the steric bulk of the substrat&’? When nonsterically hindered

substrates were utilizegyncarbomelation products were obtained exclusivebgliemed6).

59



——R Me | 39 (20 mol%) M®
NiCl,-glyme (10 mol%)
Mn (2.2 equiv), CO, (1 atm) \ R
Br DMF, RT, 16 h HOLC
1288 1289
\ . \ \ /=
8 \ \_s
HO,C HO,C Ph HO,C
1289a 74% 1289b 79% 1289¢ 80%

Schemé6: synCarbometalation products from nickefitalyzed carboxylative cyclizations|288.

When additional steric bullgeminalto the alkyl bromide was introduced, mixtures BfZ
isomers were obtained, withanti-carbometalation productgE)-1291 now being favoured
(Scheme&d7?). It was suggested thatyncarbometalation initially takes place, whilst subsequent

isomerization is driven by the additional steric bulk around the electrophile.

Ph Ph

JE— 2
=R Me | 39 (20 mol%) M® R
R? NiCl,-glyme (10 mol%) \
Mn (2.2 equiv), CO, (1 atm) R
Br DMF, RT, 16 h HO,C
1290 (E)-1291
Et Et Me Me
\ \ \ Me
Ph Ph \
HO,C HO,C HO,C Ph
Me HO,C

(E)1291a 70% (E/Z 3.3:1) (E)-1291b 53% (E/Z >95:5) (E)-1291¢ 79% (E/Z 2.5:1) (E)-1291d 80% (E/Z 6:1)
Schemd?7: anti-Carbometalation products from nickehtalyzed carboxylative cyclizations|290.

Liu and coeworkers have successfully incorporated alkenylnickel isomerization into subsequent
cyclization onto -electrophiles $chemed8).[*%% Thus, inaphthyl-amines|293were accessed

by a nickekatalyzed cascade reaction of arylboronic adiddwith alkynyktethered nitriles

1292 A range of (hetero)aryl boronic acids participated in the reaction, although 2
thienylboronic acid derived pragtt 1292cwas obtained in only 35% vyield. Both (hetero)aryl

and alkydsubstituted alkynes were well tolerated, without loss of regiocontrol.
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OTBS

R OTBS
CN R Ni(acac),-2H,0 (10 mol%) Ar
1292 P(p-CF3CgHy)3 L40 (10 mol%) OO
+ Cs,CO; (20 mol%) R
1,4-dioxane, 90 °C, 2-12 h
ArB(OH), , , ' NH
173 (2.0 equiv) 1293 T2
Cl
OMe s
OTBS OTBS I
Y%

NH, NH, NH,
1293a 65% 1293b 68% 1293c 35%
OTBS OTBS OTBS
NH, S NH, ‘ NH, 4
1293d 74% 1293e 35% 1293f 23%

Schemd8: Nickelcatalyzedarylative cyclization of &ynyttethered nitriles.

hyS tAYAGHGAZ2Y 2F (GKAA OKSYAAUGNRB A& GKFG by

for an efficient reaction. The reaction of a substrate without this substituent resulted in poor

yields being obtainedSchemeg9).

E:(\
Ph
C

Ni(acac), (10 mol%)
N 1204

P(p-CF3CgH,)3 L40 (10 mol%)
+ Cs,CO03 (20 mol%)
PhB(OH), 1,4-dioxane, 90 °C, 2-12 h

169 (2.0 equiv)

Ph
: E Ph
NH,
1295 10%

Scheméé9: Reaction with294.

Reddy has recently used a similar catalytic system to enable cyclization onto tethered azides
(Schemel00).'% This is a rare example of cyclization onto a{earbon centered electrophile,
giving access to 2@aryl quinolhesli297. In this case, protection of the propargylic alcohol is
not required, however, lack of propargylic substitution again results in poor reactivity. As with
the chemistry previously reported by Liu, only (hetero)aryl boronic acids are tolerated. The
expansion to different classes of boron pmacleophiles would greatly expand the scope of

these processes.
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OH

A A
Ni(acac), (10 mol%) Ar
N3 1296 PPh, L35 (10 mol%) m
+ Cs,CO5 (20 mol%) N
ArB(OH), 1,4-dioxane, 90 °C, 4 h

173 (1.2 equiv)

1297a 72% 1297b 73% 1297¢ 71%
Schemd 00 Nickelcatalyzed formation of 2;8iaryl quinolines.

The proposed catalytitycle for this transformation is shown&themel0Z1; Liuand coworkers

propose a similar cycle for their related reaction.

OH
Ar
AN H.0 Ar .
2 Ni(acac), + L35
D |
N R N R
1297 1302 ||4 ArB(OH), I73

L.Ni(OR), ROB(OH),
1208
ROH

OR = acac, OH L,Ni(OR),~Ar OH

1299
Ar
A
| R
N N

R 3
| 1296
1301 Ni(OR)L,,
HO
Ar
N A Ni(OR)L,,
HO N; R
Ar / (2)-1300
N\—r
N, Ni(OR)L,
(E)-1300

Schemd 01 Catalytic cycle for the formation 6303

Active catalyst298is first formedin sity, followed by transmetalation with the boronic acid to
give arylnickel specied299. Synarylnickelation of the alkyne places nickel distal to the
electrophile; the resulting alkenylnickel species then undergee®rsible alkenylnickdE/Z
isomerization. Isomerization is likely promoted by coordination of the azido group tarttie
alkenylnickel intermediate. Denitrogenative cyclization (B}I300 gives intermediatel301,

which undegoesprotodenickelation anddehydrative aromatization to yield produdf97.
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Montgomery and ceworkers have recently observed alkenylnickel isomerization in the three
component reductive coupling of alkynaBchemel02).12%! Reductive coupling of the alkyne
and tethered aldehyde, followed by cres&ectrophile coupling afforded tetrasubstituted

alkened 306, predominantly as thé&isomer.

R2
R3,SiCl
R' o] i
\/ \)j\ 1304 (1.5 equiv) (bipy)Nil, (5 mol%) R \ OSiR%,
X bt + Mn (2.0 equiv), Nal (50 mol%)
1303 r2 g, DMF, RT, 16 h .
1305
(2.0 equiv) 1306
o / N\
N O
_/
OSiEt;
OSiEt, OSiEt, OSiEt,
/
1306a 70% (£/Z 87:13) 1306b 66% (E/Z 88:12) 1306¢ 79% (£/Z 86:14) 1306d 68% (E/Z 89:11)

Schemel02 Nickelcatalyzed reductive cyclizations|8D3.

The Lam group has previously reported enantioselective naalyzedanti-carbometalative
cyclizations, utilizing a range of different alkytsthered electrophiles!®®! A simple catalytic
system, using inexpensive Ni(OAHLO and chiraligandL41in conjunction with arylboronic

acids as an aryl source, was effective in promoting these processes.

Cyclizations onto tethered 1.@iketones 1307 proceeded smoothly, giving access to the
products of a formaénti-carbometalationl309in good yields ad high levels of enantiocontrol
(Schemel03). The reaction was compatible with arylboronic acids containing both electron
donating and withdrawing groups, however (hetero)aromatic boronic acids gave poorer levels
of enantioselectivityI3096). Arylsubstitution on the alkyne was also required, with no reaction

being observed with methyl or trimethylsilyl groups.
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PPh,

a 28

Ph
L41 (10 mol%)

N
>
>
ﬁ_n

[ O 1307 Ni(OAC), 4H,0 (10 mol%)
+ MeCN/2-MeTHF (3:2)
AB(OH), 80 °C, 16 h

1308 (2.0 equiv)

1309a 82%, 87% ee

O Me

H Pn

1309d 70%, 86% ee 1309e 75%, 66% ee 1309f 57%, 88% ee
Schemd03: Enantioselective nickebtalyzed desymmetrizations (F07.

Large cyclohexanel,3-diones could also be employed, however significant dehydration of the
initial cyclization products to yield Ldenes was observed. Therefore, treatment of the crude

reaction mixture with 20% 4$Q in AcOH to drive dehydration to compieh was performed

(Schemel04).
O
: ¢ w

PPh,

Ph
A L41 (10 mol%)
o Ph Ni(OAC),-4H,0 (10 mol%)
1310 MeCN/2-MeTHF (3:2), 80 °C, 16 h
+ then 20% H,SO,, AcOH,
5 U0 a RT, 5 min 1311 79%, 94%
169 (2.0 equiv) 0, o ee

Schemel04: Enantioselective desymmetrizationl81L0.

The scope of the reaction was expanded beyond the use afike@ones as electrophilic traps;
cyclohexal,3-dieneoned312were explored and found to be highly active Michael acceptors.
These products were isolated with small quantitie$3if4, which result from arylnickelation of

the alkyne with the opposite regioselectivity observed in the formatio3df3. A range of
arylboronic acids were well tolerated, as well as varying substitution at the quaternary centre

and on the alkyne.
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0

Ar! 0 minor product
// PPh, N
Ph
R O L41 (10 mol%)
1312 Ni(OAC),4H,0 (10 mol%)
* MeCN/2-MeTHF (3:2)
Ar?B(OH), 80 °C, 16 h

1308 (2.0 equiv)

(1313a/1314a 9:1), 93% ee (1313b/1314b 6:1), 97% ee  (1313c/I1314¢c 7:1), 93% ee (1313d/1314d 6:1), 95% ee
88% 64% 75% 83%

Schemd 05: Enantioselective desymmetrizations of aldytethered enones.

Preliminary investigations were conducted in ord@r gain insight into the mechanism.
Stoichiometric hydroarylation of-fathenytl-butyne 1315 with 4-methoxyphenylboronic acid
1252 gave alkynd316 as a 1.7:1 mixture oE and Zisomers suggesting that a reversible

alkenylnickel isomerization pathway was operative.

| X
—
o N PPh, Et
Et—=——Ph L42 (1.0 equiv) S, Ph
1315 Ni(OAG),*4H,0 (1.0 equiv)

-

* MeCN/2-MeTHF (3:2)

80 °C, 18 h MeO
MeO B(OH), 1316 (E/Z 1.7:1), 43%

1252 (2.0 equiv)
Scheméd 06: Stoichiometric hydroarylation ¢815.

The reaction of315with 2-formylphenylboronic aciiB17gave hdenel318 the product ofsyn
carbometalation, in 81% yield and 8 &% The ability to obtain products derived from batin
andanti-carbometalation further suggests that a reversible alkenylniEKéisomerization is an

active pathway in theseeactions.
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w t-Bu
o/w

&PPM

z

Fe
Et—=—=—Ph <=
1315 L43 (10 mol%) OH
* Ni(OAc),-4H,0 (10 mol%)
o Ph
MeCN/2-MeTHF (3:2)
80°C,20 h
H
(:f‘\ via: Et
B(OH
(OH)2 /O 1318 81%, 87% ee
1317 (2.0 equiv)
[Ni]
Et Ph

Schemd 07: Formation of systarbometalation product318

In summary, although the generation of alkenylmetal nucleophiles derived faym
carbometalation has been well described,eth is relatively little precedent to form the
equivalent nucleophiles generatedl anticarbometalation Additionally, the majority of these
processes rely on the use of expensive and rare noble metals, which limitdahgiterm
sustainability. It wold be more beneficial teemploy abundant and inexpensive firsbw
transition metals, and to potentially unlock new reactivity that cannot be accessed by their

second and third row congeners.

Additionally there are limited examples of allylic substitan reactions being incorporated into
additioncyclization cascade processes, and no highly enantioselective methods with broad
substrate scope have been describéd. a result, the development of amti-carbometalation

allylic alkenylation cascade prosesforming two & bondswith high levels of regioand
stereocontrol, would greatly enhance the utility of this chemisiiie development of such a

process is the focus of this thesis.
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3 Results and Discussion

3.1 Aims and Objectives

The Lam group has prieusly reported enantioselective nickeatalyzedanti-carbometalative
cyclizations, utilizing a range of different alkyigthered electrophiled® Having
demonstrated that alkenylnickel nulceophiles can cyclize onto treithéetones and enones, we
were interested in developing other methods forGQChbond formation. Our aim was to
demonstrate the first enantioselective allylation of an alkenylnickel nucleophile, using a

tethered allylic electrophile as a terminal trap (Scleeh®8).

ArB(OH), reversible E/Z isomerization

T-FR

Scheme 08 Proposed Reaction.

Regioselectivesynarylnickelation of the alkyne would place nickel distal to the tethered
electrophile, with subsequent cyclization being enabled by rdk&rsalkenylnickelE/Z
isomerization. The successful realization of this work would be of significance, as it would be a
rare example of an enantioselective allylic alkenylation involving a -Sulhgtituted
alkenylmetal nucleophile. Furthermore, the isormeobtained from this process would be
inaccessible from the same substrates undsynselective rhodiuncatalyzed alkyne
carbometalation, and so the ability to obtain these in high levels of stereoselectivity would be

of great benefit’475

3.2 Reaction Development

3.2.1 Initial Investigations witl)-Linked Substrates

The successful development of this project would require optimization on two fronts. We
envisaged that a range etibstrates would need to be evaluated to find an allylic leaving group
amenable to the reaction with our alkenylmetal nucleophile. Concurrently, optimization of the

catalytic system would be required to identify the most selective and efficient system.
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Ou initial investigations began with the synthesiscagbutene-1,4-diol derived 1,6enynes3a

d, containing a variety of oxygdrased electrophilic traps (Scherh@9).

Ph

a) Cul (4 mol%)

/
_/=\_ / NaH (0 3 equiv) | (PPh3),PdCl, (2 mol%) | | =
HO oH * Br TTHF, 65°C, 161 PhI (1.1 equiv), Et;N (2.0 equiv) OH
(0]

THF, RT, 16 h

(0.3 equiv)
188% 236%

b) Ac,0 (3.0 equiv)
DMAP (10 mol%)

CH,Cl,, RT, 2h | | f\
OAc
o)

DMAP (10 mol%)
Boc,0 (3.0 equiv)

—_—

CH,Cl,, RT, 3h | | =

Ph OBoc
o

Ph
2 pyridine (8.3 equiv)
CICO,Me (2.3 equiv)

———
CH,Cl,, RT, 3h | | =
0CO,Me
0

3c 86%

CbzCl (2.0 equiv) Ph

DMAP (3.0 equiv)

CH,Cl,, RT, 3h | | f\
OCbz
o

3d 53%

Schemd 09 Preparation ofilkynyttethered allylic electrophiles.

Mono-propargylation of cisbutene-1,4-diol afforded enynel, which was subjected to
Sonogashira crossoupling conditions, furnishing key intermedi@&€Schemel09,a). The allylic

alcohol was then readily transformeuwto a range of allylic leaving groups (Scheti8,b).

These substrates were then subjected ttee previously reported optimized conditions for
alkynyl cyclization reported by the Lam group, utilizing achiral liga#®l to evaluate their

reactivity (Tablel).[0¢!
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Tablel: Leaving group investigation.

| | =z Ej\/\ minor product
OR N PPh, = Ph
o L42 (10 mol%) Ph
3a-d Ni(OAc),-4H,0 (10 mol%) | Ph—\\ =
* MeCN/2-MeTHF (3:2) o)
Ph

420 aquie) o 5 o
Entry® R NMR Yield ob and 61! 5:6l°!
1 H 0 -
2 Ac 0 -
3 Boc 28 10:1
4 CQOMe 7 10:1
5 Chz 0 -

[a] Reactions employed 0.05 mmol3#-d. [b] Determined byH NMR analysis using igdmethoxybenzene as an

internal standard. [c] Determined B NMR analysis of the crude reactions.

Use of the free allylic alcohol, which was has been reported for related -td(alyzed
processes, was not successful (entr{¥):°IAn allylic acetate, another commonly used leaving
group in allylic substitution reactions, was also unreactive (ent°PRleasingly, substrates
containing allylic carbonates participated in the reaction, with good levels of regioselectivity
between isomers$ and 6 observed (entries 3 and 4). However, the NMR yields obtained were
poor (28% and 7% respectively), and overall mass recovery was far from quantitative. This
suggested that decomposition of the starting materials, reactive intermediates and/or the

products was occurring in significant quantities.

Having established the feasibility of our process, we were interested in determining whether
enantioselectivity could be induced through the use of an appropriate chiral ligand. As such, an
extensive ligad screen was conducted (Tal® Several classes of privileged ligands were
utilized, including chiral bighosphinesL44, bisamineslL45, TADDOIL46 (and honTADDOL
derived L47) phosphoramidites, BOX48 and PyBOX derivativegl9. Unfortunately, in the
majority of cases, no reactivity was observéid some cases, trace amounts (<5%) of product

were observed.
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Table2: Representative examples of chiral ligands investigated.

Ph

minor product
/
| | = ligand (10 mol%) o A
Ni(OAC),-4H,0 (10 mol%
OBoc i(OAC),4H,0 (10 mol%) | Ph \ S
0" ap MeCN/2-MeTHF (3:2) o o)
o
6

+ 80°C,18h 5 <59

PhB(OH),
4 (2.0 equiv)

PC > (
th@/ v2 NN N VA
R
\

L45 L46M!

L44
CC e >
o Me o\%%/o o 7 o

~P—N Ph----</| | Ph | |

o Ve N N N N
Ph Ph i-PF i-Pr

L47! L48 L49

Reactions employed 0.05 mmol3if. [a] Determined byH NMR analysis using igdmethoxybenzene as an internal

standard. [b] Reactions conducted by Dr Gabriel LeiSagiw.

l'a ¢gAGK 2dzNJ ANR dzLIQa LINBE R Ncdatihidg phoBEphitotdIoh& ¢ 2 NJ =
(PHOX) ligands gave the most promising results. The results of this initial ligand screen are

summarized in Tablg
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Table3: Initial chiral ligand screening.

minor product
| | =z ligand (10 mol%) on
OBoe  _Ni(OAC), 4H;0 (10 mol%) Ph—\\ =
0 3 MeCN/2-MeTHF (
+ O

80°C, 18 h
PhB(OH)2
4 (2.0 equiv)
PPh, N PPh, N _ PPh, N _
Ph /'-Pr t Bu
L41 L50 L51
O/w\\\\ t-Bu
e
PPh,
Fe
<=
L43
Entry? Ligand NMR Yield ob and 6! 5.6 eeof 5
1 L41 14 2.2:1 -50d
2 L50 8 1.311 63
3 51 0 - -
4 L43 0 - -
5 L52 14 3.4:1 <5

[a] Reactions employed 0.05 mmol 3. [b] Determined byH NMR analysis using igdmethoxybenzene as an

internal standard. [c] Determined B NMR analysis of the crude reactions. [d}&mtas obtained.

Reaction withL41gave5 in -50%ee, however significant amounts of undesiredrahydrofuran

6 were obsered (entry 1). This product arises from arylnickelation of the alkyne with the
opposite regioselectivity observed in the formationsolUse of a bulkieiso-propyl group led to

a slight increase iaebut resulted in further degradation of regiocontrol agikld (entry 2). No
reactivity was observed when using more sterically encumbered or electron poor ligands
(entries 3 and 4). The use of fpkosphinelL52gave the desired product with slightly enhanced

levels of regiocontrol, but the reaction was esgelty racemic (entry 5).

Whilst we were pleased to witness our desired reactivity with our initial studies, the poor yields

and mass recovery which we observed were a cause for concern. As a result, we began to
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explore the use of other 1;6nynes contaimg different tethers, which we hoped would be

more stable under the reaction conditions.

3.2.2 Investigations witiN-linked Substrates
Sulfonamiddinked 1,6enyne 11 was prepared according to the synthetic route outlined in

Schemel 10.

Schemd 10: Synthesis ddllylic11.

Ring opening of 2;8ihydrofuran with acetyl bromide providdasromide7, which wagequired

for the allylic fragment of the substrate. Tosyl protection of propagylamine, followed by
Sonogashira crossoupling afforded9. A one potN-alkylation/O-deprotection sequence gave

10. Final Boc protection of the allylic alcohol gdde ModifiedBoc protection conditions were
required, as dimerization products were observed with the conditions utilized for the synthesis

of 3b.

Pleasingly, wheril was subjected to the reaction conditions, tetrahydropyridib2a was
observed in moderate yield witheasonable levels of regiocontrafheme 111). Although
regioselectivity was lower than that obtained with ether substrate we were confident that

with appropriate tuning of the catalytic system, this could be improved.
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