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Abstract

The gold(l}catalyzed cheos el ect i ve d e a-naphthals isreported tbrough a f
straightforward approach via [3,3}sigmatropic rearrangementallenecyclyzation cascade
processesEasily accessedaphthytpropargyl etherand derivatives in this workreemployedas
starting materialsDelightfully, an array of deoramatizediyhydrofuryl -naphthalef2(1H)-ones
featureddensely functionagiroups are obtained in high yields (up to 98%)10 min reactin time
under extremely mild reaction conditionike reagent grade solvemtnd exposureto air. The
potential of accessing to high enantioselectivety on the dearomatiggydrofuryt
naphthaler2(1H)-ones is also approved by the good €&5%) relying on (R)-xylyl-
BINAP(AuCI),. In addition complete theoretical elucidation of the reactjpethwayis also

proposedvhich addresses rationale foessentiamotivationsuch as regicand chemoselectivity.

Moreover,an efficient gold catalyzedntermoleculard e ar omat i zat i enaphtoofs s ubst it

with allenamides is presenté@re PPRAUTFA (5 mol %)approveshe efficient dearomativly
allylation protocol undermild conditionsand exhibits high tolerance on substrates sq@ge
examplesjn good to exchent yield accompaniedvith high regioselectivity and stereoselectivity.
Moreover, he synergistic catalytisystem also highlight the synergistic function betwésn
[PPhAU]" ( -acid) and TFA (Lewis base)At last, a new chiral BINOL phosphoric acidver
salt is successfully synthesized and used as the chiral counter anionstuingty promotes the

enantioselectivity (up to 92%).

At last but not leastgrucially, Smk, inducedenantioselective formadynthesis of strychnine, a
complex alkaloid ané classical target used to benchmark new synthetic meihafis/eloped
Building on Reissigbs for mal synt hesis of
undergo arenantioselective radical cascade in the presence of an optimised chiralttiggixe
enantiomerically enriched;omplex intermediate. The radical cascade will proceed via ketyl
radical in which the righhand ester moiety binds t8m(lll). Enantioselectivedearomatising
radical cyclisation on to the indole unéand further ET willthen giveorganosamarium that is
guenched diastereoselectivdly the ester to deliver Strychnine insieps.Since it has not been

finished, this work is not presented in this thesis.

raceimn
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Introduction

1.1. Gold catalysis

Gold hasalreadybeenused as a member ofometary systemall over the world thousand years
ago relying on its various advantage suclitastability, plasticity and rarity. On the other hand,
gold also was used as decoration and meditisiace its beauty andontoxicity In this trend,
goldis notconsideredo bea transition mtal catalyst in chemistry world asertness oélemental
gold. However, the chemical character would be greaiffgerént whenelementalgold exiss in
the form of ion rather than atom. Actuallyold catalys? has beerused as areatly important
catalystfollowed with othernoble metal cataly$t sincelast centuryand showed their promising
ability in syntheticchemistry In 1943, H. Gilmargroug” firstly synthesized the trimethgold(1l)
compounds irdiethyl ether withtribromogold1 and methylithium(Scheme 1 This work clearly
proved that organogold complex could be synthesized in the lab. Howteagrnot exist for long
time even at-40 to-35 °C as the ethedonor ligandwas not sufficient tostabilizecomplex. To
isolate the stablerganogoldcompound, phosphifiéand nitro dond ligands were used and

tested.

LiCH;(6 equiv)
[AuBr;], » 2(CH;);AusO(C,Hs); + 6LiBr
Diethyl Ether
1 2

Scheme 1synthesis of organocatalysis

Fortunately the stable organgold was isolated and could be preserved easily even at room
temperatureUnder this encouragement, various gold compofinasre synthesized successfully
which made the strong foundation for the further developmesyithetic chemistryHowever,

even various kinds of gold compounds were prepared successfully in the lab, gold catalysis was
mainly focused on heterogeneous catalgsish asthe oxidation ofcarbonmonoxidé” and the
reduction of nitrogen monoxidevith carbon monoxide and hydrogen to give nitrogen,
carbondioxide, and wateln 1976,De Meijeregroup reported the heterogene@ad catalyzed
aromatizatiol!! of the dispirocycle3 to afford tetrahydronapialene4 at 100°C in few seconds
(Scheme2). Until the end of 20th century, only about 2% papers were about homogeneous gold

catalysis among 230,000 papers on gold catdffsBlectron distributiorof gold is[Xe]4f**5d™

1
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6s and gold(l) and gold(lll) are formed via removingne and three electrons respectively
(oxidation process). For homogenous gold catalysis, the investigation of gold catalysis was
certainly focused on Au(l) and Au(lll) catalgswith studying the property respectiveln 1976,

C. Barry Thomaggroup™® firstly reportedthe gold(lll) catalyzed hydrochlorination of alkyne

derivatives $cheme 3. Even though he got four major products

CA Au surface @O
X V He flow

3 100 °C,10S 4

Scheme 2aromatization transformation

which due to the low regioselectivity andrious competence between four nucleogtiitethis
condition. This work clearly approved tipeopertyof gold catalyst being an electrophi®oon
after, in 1987K Utimoto andH Nozaki*? extena:d the research tintramdecular activation of

alkynes with other kind of nucleophileke amino group.

0 0
o H(AUCI,)(7 mol%)
R—=— R, 4 R1)k/R2 + RZ)K/R1
6 7

MeOH/H,0
5
OMe Cl
R1-<\_ + R1\<\-
R, R,
8 9

Scheme3 alkoxylation of alkyne

Besides alkyne substrate, the otheglectron rich compound allene was atsmsideredas the
suitable candidate for galidl) catalyst.In 2000,S. K. Hashnit®! groupsuccessfullyobtained the
furan productl12 through cyclization andMichael addition betweerallenyl ketonesl0 and

U ,-umsaturated ketonekl (Scheme4). Actually, this reaction has beeeportedcatalyzed by
Ag* and Pd(11/*. However, the resulshowed that goldjave betteractivatingability andthe
condition with gold(lll) wasmore moderate at room temperature with lower loading amount of
gold due to its Pd(IH)ike d8 orbital and same electron attribution in thet sphere like Adj. In

addition,gold(l1l) could also be used to olitethe functionalization of arene compounds via
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o Ry  AuCl3/1mol%

. R
RM *RTNA MeCN "o 1

Scheme4 synthesis of furan

activatng C-H bond andMichael addition reaction. In 2003, A.S.K. Hashimi gr8papplied
gold(lll) catalyst to functionalize the electron rich arene like futeBiand azulend.4 with vinyl
ketone to affordcompoundsl6 and 17, respectively(Scheme %. In this work, acetonitrile
guaranteedhe reaction to choose th&unctionalization pathway selectively rather than other

typical decomposition and polymerization reactions, especially for furan compounds.

/\
> o
0 6
o X
13 15
—_—
or
AuCI3(1mol %) o
MeCN, RT O
14 >

Schemeb. C-H activation

On the other handheé first landmark in gold) catalysis waseportedby Ito andHayashi*” group
in 1986. Aldehydes18 and isocyanoacetattd were activated via organogold catalyshich
underwentthe intermediate conformatio(Scheme 6). Ferrocenylphosphanegold(l) complex
showed promising catalyticeactivity in this transformationeven without any assiste@from

additives.In the meantime, the ligalfl also approved its function on adjustithg property of

B MeMe _ 7
CO,M
j\ 4+ Me0C LAu(1mol %) L
_— CEN
R™H NG DCMIRT oN T‘Q XOMe
h Y
18 19 20 Pl4 H

Intermediate

Scheme6 Au(l) catalyzedactivationon ketyl group
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gold cation. In 1991, K. Utimoto published their reseaft on the preparation of
2,3,4,5tetrahydropyridine22 from 5-alkynylamine21 via gold(lll) salt Scheme7) under reflux
conditiors. However, thestudy™® by T. E. Muller group showed tha&u(l) was more efficient
thanthat Au(lll) for the title protocol The conversion withhe cationic [AuCl(triphos)](NG).

catalystwas up to initial TOF of 212 hin refluxing acetonitrile.

R, R %
H2N Na(AuCl4)/5mol% HN

R— MeCN/Reflux R A R,
21 22 23
Scheme7 amination of alkyne

In 1998,J. Henrique Telegroud"” showed thagold could transfethe alkyne compounds into an
nucledrophilic substrateasa " -ligand(Scheme8). Then nucleophiic attackof the alcohol to the
sphybridizedcarbon of alkyn@4 from the back facéeliveredthe poduct25. On the other hand,
when another nucleophile wagroducedon the substrate?6, thereactionwould be motived to
sequentaddition step to affordoroduct 27. In compaison to mercury(I1}*¥ and Au(ll)*
mediatedwaterymethanoladditionto unactivated alkynes, Au(Bhowed its various advantages

such as théower loading TON up to 105, TOF up to 5400"handhigherthermalstability.

J. Henrique Teles group:
OMe

Ph—=——Ph Ph;PAuMe ph)\/"h

24 T~ MeSOH __—7 26

/ + \ Me, O OMe
MeOH "'Me
L, . oL
mMe e
27

=
25

Scheme8 alkoxylation of alkyne

In the meantime, this wortliscoveredhe considerable influence from phosphorous ligaAd a
matter of fact, waenelectron deficientigands were used, the activity of gold catalyst increased
correspodingly. In addition stabilizing anions also proved to be a vital factor regeagl the
catalyticactivity of goldcomplex Based orthe above resulisthe authorgroposed the catalytic

modelproposed irScheme 9°%
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Ph
Ph
oy | 2
26 - Ph;PAuX
o OCH, 3 B
N
QO
2
S
x>
O
Q Ph
. _
| X
Ph LAun||i|
LAU%
Ph
OCH
Ph 3 I
1
CH,0H
ph.  +FHs
0\
| H
Au
Ph L Ml

Schemed mechanism of alkoxylation

Firstly, theyproposedhat goldcationwill coordinateto 24 in solution delivering théntermediate
I. Then nucleophit methanolattackedhis intermediate via interacting with gold center at finst
synconformation This interaction then went througblectron transfer and gave the gold
compoundlll which would be quen&d by protonation process. At last, produ2® was

synthesize@ndgold complexestored in solution

Since then, the study on gold(l) catalyb&s attra@d chemist§attention all over the worldn
particular, across yea29Q, the number of published papegarding gold catalysis faga sharp

increasgFigure 1).?

00
800
700
600
500

400
300 -
200
I

0 S .....|||||||||||||||
]

~ A B N0 e o A
M h Al £
3 {ﬁg R L L. i Jﬁ R AR

Figure 1. Total number of publications on gold catalysis per year
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Under this background, to figure out the way gold(l) worked also becamfirghenission for
chemists so that the application area of gold(l) could be extended in more fields. On this work,
assisted byheoretical chemistryF. Dean Tostegroug?® and Alois Furstné? group shed the

light into the essential character of gold(l) walniprovided strong guidance on theew
transformation insynthetic chemistryia gold catalysisvhich enriched the accessto valued

compound$®.

As showedabove, phosphinigandplayes a very important rolen the activity of gold catioft®!.

In 2003, PSchwerdtfeger grol®’ did the study on stability of the gold(hhosphine comples
using quantum theoretical methods. This staggrovedhat the most stable coordination number
of gold(l) is two andurther coordination Wl become weaker. The comparison of crystalcture

of two relative goldcomplexegFigure 2-3) provides detailedinformation.[PhPAUCI] 28 existes

in linear(U=179.6) conformatiorwhile the bond length of A® and AuCl are2.235 Aand2.279

A respedvely.

/Y
PhaP—Au—Cl L —f

28

Figure 2. U=179.6° raw p=2.235 A, pue=2.279 A

If [PhPAUCI] coordinaes anothermolecule of PhsP, the bend of-Au-Cl will hapgen from
repulsionof second PP ligand. Theangle of P1-Au-Cl bemmes from 179.6°to 115.1°and
anotherangleof P2Au-Cl is 108.1°

However, thedifference ofstrength between two-Ru bondis very large whichis presented
clearly via the length of Au bond whicharerau p1=2.230 Aandrax p=2.313 respectivelyThe

longer length bonés weaker which means the third ligand only coordinated to Au(l) lob3kely
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On the other hand, the bond length of-Blalso increasefrom 2.279 A to 2.526 A which
decreases the bond strength on the other hand. Moreover, when andtinatingligand (i.e.

PCy) which is added chloro anion would be replacenly forming the linear CysP-Au-PCy

(Figure 4)?°

Cl—Au
NZ “PPhg
29
%"\ .|°
'_)1"~0

Q’.::

PO

Figure3.U=115. 1 A, Abp=dXB®A, ri,As2.313A rawc=2.526A) and comparison with
the computed structure of [AuCI(R}] 30

>
+
Cy4P——Au—PCy;
e/

31

Figure 4. Structure of [AUCI(PCy,] (3) i n the solid state together

wi t h
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The relation between structure and function of gold(l) catalyst usually canndedmeibed
separatelylnversely, considering both aspects and their relation has become the research model in
chemistry areaNumerousworks havevetirified that gold(l) showedthe promising property on
activation of alkenes, alkynes and allerasd other "-system Besides the study on the
coordination form which decides the conformation of interactinligand, what decideshe
reaclvity of these specieslso aroused chemisiuriosity Assisted by theoretical studies on
gold®?4 the essence of catalytic propetylisclosedCatalytic attitude and unique behavior can
be explained based on its electronic configuratiGenerally, the bonding model for
transitiormetal complex interacting-electron follows the Dewaii Chati Duncarson (DCD)
model?? whichis applicableto gold(l) as well. The bond formed between gold(l) adiandis
considered as donaccepter interactionn this model,” -ligand will form a newd bond with
gold(l) by overlappingthe * electron with empty metal orbitbf suitable symmetry. In the
meantime, the bae#tonating process of electron density prosdiedm a filled d orbital into an

antibonding” * orbital of thecorresponding -ligand*”!

In addition theelectrostatic interactions in the total bondaigoslowly was figured out by

metal alkyne

dyy _, ‘) al M : ~L

[ ) Q0
- D 1

4, W 1 a M L
. D L
\/ ; I

dyy OQ ’f I M—=L

%2 O : 8 Mo L

Figure 5. Qualitative orbital diagram showing the interaction between a transition metal and an alkyne
ligand?®!

chemists and computational study with high level of thegyrovedhat almost half contribution

on the interaction was donated by electrostatic in n&tlilois Furstne® described the detail

of electronic structure dhe bondof transition metal with alkyre The bond forration benefited

from four prirciple componentsHigure 5). The inplane ", orbitals areresponsiblefor a

8
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g-symmetric MeL donation and the ambiond orbitals of ", are ready for M, L electron
backdonation. On the other hand, the orthogonal;pbaihe”, orbitals then engage inddL -
donation and an occupied d orbital of the metal and the empty,amtibital of alkyne interacts

to form an additional ¥ L back donation which is only weak overlap so that lead to a short time

contribution to the bonding.

In addition, the analed result is suppored by higher level computational methodshich
strengthen this electron structure model stronflgr example, with Alracetylene complex
([Au*(C,H,)]), the i interaction contributed largest electrdansity to the orbital term which is 65%
while other three components contributed 27%, 7%, 1% respectively. This data may conclude that

“-ligands are strong tweelectron( donor but weak accepters for Afl).

Whenthe electron density shift between gdjd{nd " -ligand, the -ligand goesthrough distortion

to beready forthe nucleophile. Hence, more detdiinformation about this transition stagech

as metallkyne need to be dig more Now it getsagreement in chemistry community on gold
that metafragmentis flexible and walking along the axis ofelectron functional group back and
forth (Scheme 1pand the nucleophile attacké@m the opposite sitef gold During this process,
gold(l) cation dived into thé-electron sink, af ‘acidd, andcauses the change of the bond length
which becoms longer and lower energy barrier of rotation of the ligand aroundligelad
centroid axis. In the meantime, theligand is transformed from nucleophile to electrophile

resulting in a new platform to form new chemical bonds by reacting with another nucleophile.

Scheme 1G5chematicepresentation of theedistribution of electrons upon nucleophilic attack onto an
alkene bound to pacidic metatemplate

In the meantime his fisoftd character of large and polarizable gold(l) makes itself raffiaity to

substrate and provides the milder reaction condition compar®datsted acid The reason why
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gold(l) cationexhibits so brilliant Lewis acidpropery should belong to a relatively lelying

lowest unoccupied molecular orbit#¥hat is more compared with other group 11 metals, gold(l)

+ H Calculated bond length:
Au=( Non-relativistic: 2.153 A
H Relativistic: 1.867 A

d

Scheme 11Au-alkylidene

exhibits more electron affinity as the relativistic contraction of the valence 6s and 6p orbitals.
Besides these charactense tstudy which has been done Ibkura & Goddarddiscovered that
Au-CH," not only featuredthe & bondcharacterbut wasit reveded the multiple bond property
which the” bond is formed from backbonding from Ato methylene $cheme 1)*% and the
model is showed inFigure 6. The calaulatio®™ on gold(lyethyene and gold(Fethyne
complexes showed contrary results towddwaii Chati Duncanson (DCD)model bonding
because the energy of antibonding orbitals is so high that it issuitétbleto receive the
backdonating electron density. However, the leemergy norbondingp orbitalsbecomea more

competitive candidatéo overlap withthe filled 5d orbitalsof gold(l). In this mode, another

L<3--->®""©8\R L@%.ég“‘ L@S@C%‘R

3 center-4 electron o bond Metal —= alkylidene 17-bond Metal — Ligand 11-bond

Figure 6. Model ofimportant bonding interactions iri Bu(l)i CR2pspecies

Protonation Ry

—— - —.
Nu”~ R, a)
34
ull Ry Aufl
Ry—==—R, —» =  ——
1 2 Nu” R, E Ad
- 32 33 Nu Ry ., R
Nu ! Nu  Re g
I ! b)
Ry “Au(l) E ' Au

35 R %—:( 36
1Nu R2

Scheme 12a) protonation. bThe Au 5d electrons badbond into conjugated empty carbon p orbitals

10
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reaction pathway came into chemistBorizon which provides various transformation

opportunities in advanced organic chemigBgheme 2b).

The gold-alkyne intermediate33 can procede throughwo possible pathwaysthe direct
protonation process to achieve addition reactioalectron bacldonation into conjugated empty
carbon p orbitals which formed A« 3@ matompanied withformation of a new

electrophile.

Antonio M. Echavarren, 2004

w2z [Au(l)L] /
R /

||||'-1.‘IR

3 37a 38

F. Dean Toste, 2005

OPiv o
R 2-5% Ph4PAUOTH
b e 3 ol Ry
) R | CH-CN/RT
1 ob i R4
R, ,
39 40
OR Ry R,

Ry RS 5% PhaPAuClHAgShi
v 3 -I1Ag B
c) _;:AME + » Ra Me
= Me R; R, —

a1 42
Scheme 1Z&xampleof application of carbene gold intermediate

Intermediate 36 was studied that it exisein two conformatios between goletabilized
carbocation and golstabilized carben&? which could be adjusted by modulating the adjacent
vinyl groupand ligand Based on these stig$ cyclizationand isomerizatiomf enyneshave been
published Scheme 13in the Echavarren groyB® the Furstner grodff’ andthe Toste groufy”’

which strengthened golcarbene intermediate theory.

11
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1.1.1 Gold catalyzed activation ofalkene

Alkene compounds have shown its valuable application ksiniginctioml unitein the synthesis
of natural and pharmaceutical compounds via fi8taind organe catalysi§” based on the
electron rich character. Along with the application of R,on activation of alkene functional
groups, gold catalyst showed itsdvantages like mild reaction condit®high efficiency and high

tolerance toward hash reaction condiion

Thealkene function group contaias -bondand itcould easilycoordinate tayold which has been
proved a great soft acid. In thisprocessdbetween gold anthe * ligand, alkene could be induced
into electrophilic property which could accept the attack of nucleophile which is exhibited in
Scheme %4 in linear model. Then the golealkyl intermediate 48 would go through

protodeatation procesby releasng gold catalyst to recycliam the next catalytic cycl&®

N )\R \QLR‘
A

% /3
Ry

Nu

Scheme 2. Model of activation on alkene
In the past decades, various nucleophiles have been develbpedr theworld trigged by gold
catalyst to form new € (C-O, G-S, GC and GN) bond and construct more novel molectfds
The initial study on the activation via gatdtalystto form theC-O bond was accomplished in C.
He group*®. In this work,in situ catalystPhPAUCI/AgOTf expressed its unique ability compared
to triflic acid, ZnOTf, and AgOTf on the activation of alkene and achievedNMarkovnikovlike
addition of phenols andarboxylic acids to C=C under mild reaction conditioBgsides high

yield and high tolerance on functional group, ttasalyticsystem couldlsobeapplicable on

12
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Py Ph4PAUCHAGOTH ~F ¢
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ar + _"/’_ Tolene i of
0 51 Ry O _~_Rs
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A0
Ph3PAu(l) |
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h
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A6
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Scheme b. Alkoxylation of alkene and mechanism
intramolecularreaction. In addition, thigromising result could be supportive on tposed
gold catalyzed activation of alken8gheme ). In 2017, M. Carmen Galan grdtihsuccessfully
reported the gold(l) catalyzed dirBcttereoselective synthesis of deoxyglycosides with glycals
58 (Scheme 1% This work presented the furthpotentialapplication on the functionalization of
more challenge molecule and apprové potential value on the synthesis of functional

compounds.

In this work, [(pCRPh)xP)AUCI] and AgOTfwereusedto be theoptimizedcatalyst which could
gave high yiall and high stereoselectivity on tbearbon. It was worth to notify that the loading
and ratio of gold complex and silver salt could change the result greatly. Furthermore, with this
catalytic method, the cascadgnthesis of di-, tri- and tetrasaccharidesould be obtained

accompanied with good stereoselectivity and moderate yield. On the othethentgchanisc
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study proposed that the oxygen was involved in a conjugation system with the doublehixind

formed ketyl group havingxygenOnium60a Then it can accept the attack of alcab®to form

Ra
R
OH 3
o0 + R 0 (CF3Ph)sPAuCI(3mol%) Ry
> 0
Rz ks . AgOTF(6mol%)
1 DCM,RT R, o
58 Rg
57 LR Ry
4\:\": /T/zﬁl
mnd\‘/ (Au
60 60°

Scheme 8. Synthesis ofdeoxyglycosides

the deoxyglycoside$9. On the other hand, constructi@N bond in efficient and friend method
also were developed via gold catalysis. In 2016, Ciiegroup™ developed the gold catalyzed
hydroamination of alkenes (intra and inter) and diene respecti8elye(me 1Y. In the work of

activationon alkene p-toluenesulfonamidé2 was chose to be the nucleophile to constaggtlic

Chuan He, 2006

r"'- T ? ] B
e U
62

63
61 Ph;PAuOTHSmol%
Toluene ]
R
Rj\\/\_ _ _ B l){\’/
NHR, NR4
64 65
Chuan He, 2006
O
b Js Ph3PAUOTS Me  NHCbz
07 NH, 4 p— - w}—(
W DCE, RT Me
66 67 68

Scheme X. Amination of alkene
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or cyclic nitrogencontaining moleculesvhich have potential applicatisin humanhealth This
methodology firstly approved the ability of gold cation to afforeNCbond since the high
tolerance of substrate bearing variduactional group and wide application in inter and intra
hydroaminationreaction In addition, when the alkene substrates were replaced by dienes
compounds67, benzyl carbamaté6 being the nucleophilethe results vere still promising and
inspiring Scheme 17h Even though the diene substrates are more reactive then alkene
compounds, the selectivityisesas a new challenge in front chemists. However, this catalytic

system afforded high selectivity between two double bonds.

Ross A, Widenhoefer, 2006

Au[P(t-Bu)y(o-biphenyl)]CI Chz
NHCbz IAGOTF(5mol%) Me
Ph . ~ Ph
a) d
Ph = ioxane i
70

Au(NCH)CISmol%
b Pr NS NHP AgOTf/5mol% iPr 0
H \Q“—‘?

MeOH,RT,22h NHPh
| Me
n 72
HCbz  Au[P(tBu)y{o-biphenyl)]CI Cbz
) IAgOTHSmol%) Me
o S dioxane, 22h
OH ioxane, OH
73 74
Ross A. Widenhoefer, 2008
iH,BnBi N i G
;ﬁ:}J\j\4 LAuCHAgOTH(5mol%) mﬁ'},ﬂe ,: pCy,
d) = - i
Toluene : MeQ O Ohle
75 7% | l

Scheme 8 Intramolecular mination ofalkene

In the same year (2006Ross A. Widenhoefegroug* studiedThe thesis is to redundant of

phrase | ike the previous one. Pl ease shorten the

senten cein yellow epl aced by @ st uhydroamdiration af alkerye canpaeindsvo r d
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catalyzed by gold catalysis. He designed firstkgayl carbamate$9 as the examination objetct

form protected pyrrolidinespiperidines, and heterobicyclic compound assisted by in situ
catalysis ofAu[P(t-Bu),(o-biphenyl)]Cland AgOTf (5 mol%) in dioxane at 80 (Scheme 8a).

In the meantime, various kinds of substrates bearing harsh substituents were very friend to this
catalytic system and offerecorrespondingproduct smoothly Based on this work, they kept
working on other studs by adjusting the protection group of nitrogen witheas 71,
carboxamide§ 3 andammonium salt35 (Scheme 8 b, ¢, . By adjusting the ligand, promising
results could be obtained which metigands played very important role tmanage the property

of gold(l) to fit different substrates.

Besides,Ross A. Widenhoefegroup did not stop t@xplore more applicable hrdroamination
reaction of olefins.They turned attention on the intermolecular hydroamination with gold(l)

catalysisFirstly, in 2009, cyclic ureag7 wasselectedas the nucleophile and the catalytic
Ross A. Widenhoefer

2009 CIAuP(t-Bu),0-biphenyl 0
Ry  AgOTF or AgSbFg(5mol%) J\ H
— - xJ‘N R,
j\ 78 Dioxane _/ 80 1
XN Yield:89%
Ee: 78%

Rj

77 :
LAuSHF g{5mol%) : G
2015 J>—\. > >~ o -
Rj Dioxane N—-? : PCy;
X
79 :

R R) Q,
81 O L

Yield:91%

Scheme 9. Intemolecular anination of alkene

condition was based on the previous work using in situ catalya[f(t-Bu).(o-biphenyl)]Cl
and AgOTf (5 mol%) indioxanebut at higher temperaturel00 °C). In the meantime, the
challenge of high enantioselectivityas tackledoy designing and examined different phosphine
ligand, theresult proved that[(9-4](AuCl), [(9-L(S)3,5t-Bu-4-MeO-MeOBIPHEP] ligand

could dford almost 78% ee in this wofScheme 9, 2009) 1“4

Based on the analysis of the above results, the proahece all theMarkovnikovhydroamination
Widenhoeferdeveloped the Ikylidenecyclgropanes which is a kind atttractive substrates for

the synthesis of functionalizedyclopropanes owing to the stradniven reactivityto achieve the
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goal that harvesting the aarkovnikov hydroamination produdScheme 9, 2015)“*! Gold
complex withL ligand and Sb§ anionwas chose to be the besitalystto selectivelycollectthe
anti-Markovnikov hydroamination produstinstead of passing through ring opening process and
Markovnikov hydroaminationpathway This work represerg both the first examples of the
transitionmetatcatalyzed hydroaminain of an ACP without ring openirand the first examples

of the transitiormetalcatalyzed anti-Markovnikov hydroamination of an aliphatic, ron

cumulatedalkenecompared with previous relae works.

The study ofthe mechanism on the gold catalyzed hydroaminatiambeen proposed in above
promising work however the rol®f counteraniorwasalmost neglected in the catalytic cydam.
2007, Agust Lledd$” shed the light and dug more details aboutrthe of counteraion assisted
with computational studiem the additionreactionof benzyl carbamate to dienéScheme20).
Firstly, the "OTf counter anion would beeplaced by the diene ligand and the format of
coordination with goldpreferredt h é&typdwhich only one double bond was coordinated with
gold(l). Benzyl carbamatéhen come to attack thadefin from the back face leaded to geadtkyl
intermediate85. At this step, OTf counter anion joined in the next step which assisted the
tautomerization to forn86 intermediate which could be quenched during the protodeauration

process.

0 PHy
Hn(]"u\HJ\r/A éTf /\E
87 .

OTi

OH
‘/J\ ¢
HNZ~0Bn _
B3
| PH, Tf PH,

_ 0
THO assited IH ~OBn )
tautomerization H;N OBn
| PH, 84
Scheme 20The function of counter anion

In 2010,F. Dean Tost&” successflly obtained thealkyl gold complexesy theintramolecular
17
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aminoauration of unactivatealkenes It was proposed two possible catalytic pathsvenzluding

synaddition andanti-addition Gcheme 2). When aminoauratiorproduct89 was formed, it could

0]

0
N}\L‘NHIHU Ph )LNHtBu

Ph N PhyPAUBF, N
Ph ) ) - Ph
2.0 equiv NEt3
A CDCI3,RT uPPhj

89

NH
R
NH

Ph {\ Ph ><__\
N 0y

H syn-addition H 94 anti addilion“

Au*
protodeauration

Scheme 2. Systhesis of alkyl gold complex
be isolated oundergahe protodeauration process with external proton source. Between these two
possibilities, the experiments provided the convinced experimental evidence for the elementary
step of golddrove nucleophilic addition to olefin. Deuteridabeling studies and -xay crystals
structure also gave the strong support forahgaddition model of the amino nucleophile to the
gold activated alkene. On the other hand, DFT analysis also was consistent with the experiment

truth.

What is more, asymmetric hydroaminatiomcgon of alkene became the other challenge of gold
catalysis since the large diameter of gold and the linear coordination style. Efforts have been
invested greatly on this area by adjusting the ligand. In 2011, F. Deaff*fasteeloped egio
andenanioselectivehydroamination ofdienes95 with in situ (R)-DTBM-SEGPHOS(AuChH and

AgBF, in DCM at room temperature.S¢heme 22 To control theregioselectivity and
enantioselectivityf the reaction, chiral ligand is the very important factor and the otipartant

reason is that the addition of methnol as a cocatalyst which could adBrassted acidwhen

coordinated to the gold catalySioon after, in 2014)idenhoefef* reported the enantioselective
18
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intramoleculahydroamination ofinactivatedalkenes97 based on their previous racermork by

introducing thgS)- DTBM-MeO-BIPHEP]ligandand silver tetrluoro borate(AgBF,) in
methanal Eventually, the ee was almost 85% whiattributedto the chiral ligand and the
additives methanolScheme 22

F. Dean Toste 2011

R (R)-DTBM-SEGPHOS(AUCI),(3mol%) R

R
P AgBF 4 (6mol%) R ) R \
R{V\/ \. ) o
NHR N R
95"

DCM({0.IM),RT R
95 MeOH(2 equiv) 96

Yield up to 99% (84.85=1:1)
Ee upto 97%

Ross A. Widenhoefer 2014

: Ar
NHR LAUCHAgOTH N i
UL T e
1 R Me !
=N MeOH 1 1 PAr, tBu tBu
R4 R4 :
! Me
E to 85 %
97 e up to 83 '
98 H L1
Christophe Michon 2017 Ph I
MeOH ph_\-N " 100R
Yield 61%
4 Ee 54%
NHCbhz 1) (5)-DTBM-SEGPHOS(2.Tmol%) Me
Ph 2} AuCl5Me(5.5mol%)
Ph = 3)AgCIO 4 (5mol%)
4) H,0 (1.5 equi
YHO equiv) Toluene Ph Chz
a9 || ———— ph 100-5
Yield 87%
Ee 68%
Me

Scheme 2

Then in 2017Michon®™ realized that using single chiral binuclear gold(l) choloride comatek

AgCIO, can achieve enantioselectigentrol of hydroamination of alken@9 and afford both
enantiomers of the produc¢heme 2, 100-R and100-S) by just changing the solvent. All the
results obtained above disclosed the clue to design the suitable catalytic system and provided the
guidance forthe creative work for chemists who worked on gold catalysis in organic synthesis,

especially for eantioselective control.
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Besides nitrogen nucleophile, carbon could also act as ausefyl nucleophile which can form
C-C bond combined with activation of alkenes catalyzed by gold catalyst. Actually, compared to
nitrogen nucleophile, carbon is less nucleophilic and usually need harsh reaction condition to drive

the reaction. Under this realitynore active methylene was chose to be the candidate of carbon

2005 2004 e
I -l Ry
Ry Ry X—" 104 i i A 102
X Ry R, -
g AuCly/AgOTH, 101 AuCI/AgOTF,

103 Yield up to 92%
105 Yield up to 68%

Scheme 3. C-C bond constriction

nucleophile firstly.In 2004, Chaojun Li grodp? originally reported the € construction through
activation of alkend.02via goldcatalysis and additioreactionof methylenel01 by forming the
addition productl03while the yield was up to 92%56¢theme 23 After testing various substrates
with this method, AuGIAgOTf showed its high efficiency and high tolerance on the functional
group.

Next year (2005)this grouﬁ’zl extent this catalytic system tlienes, triene, and cyclic enol ethers
(Scheme 3) substratel04 which successfully got high regioselectivity to form tterbocycles

and heterocycle$05through a highly atore c on omi cal ¢ a rfdon@mton car bon bond

Those two works encouraged chemists to explore momanon carbon nucleophile to construct
C-C bond with alkene derivatives catalyzed by gold catalys2007, ChiMiing Che group?
developedntramolecular ddition of b-Ketoamide taunactivated alkeneB06 activated bys mol %
of Au[P(tBu)(o-biphenyl)]CI/AgOTf at 5 (Scheme 2a). Even though all theesults
approved the value of gold catalysistbaactivation of alkengand construction of <€ bond, the

carbon nucleophiles were mainly focused on the activated carbon likik&t8ne compounds.

To break this limitation of substrates, in 2011, Gting Che grouff* achieved the idect
intramolecularhydroalkylation ofunactivatedalkenes with aketonesl08 (Scheme 28). In this
work, stronger catalyst of iPrAuCl/AgClOworked very well which belonged to its strong
electron deficiencyroperty In addition, this catalytic system allowed various substituents to be

introdueed without compromise of decreasing the yield.
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Chi-Ming Che, 2007

0o O
Au[P(t-Bu),(o-biphenyl)]CI/AgOTf
3 By AL AuIP(Buo-biphenyICUAGOTF  Bn.

L, Toluene

106 107
Chi-Ming Che, 2011

0 O R
[IPrﬂ;gEl]fﬂE;ﬁIlﬂd T X=c(cO,Me),
b) R:z R4 mo . R:z C(CH,0Bn);
S In Sy hn NTs
m i X m, n=0,1
108 109

Scheme 2. Intramolecular &C bond construction

Besides gold catalyzed hydroalkylation of alkeremstruction of € on the activation of alkene
by gold catalyst can also be achieved throlgiroarylation ofolefin with arens compoundsin
2008, ChiMing Chegrou655] reported their work ofritermoleculahydroarylation ofalkenes111
with indoles101 at 80°C in toluene(Scheme 28). Compared to previous work, this method
provided moremoderate reaction conditisrand surprisingly expanded largely wide scope of

substrates (more than 45 substrates).

Chi-Ming Che, 2008

Me
Ry
RN R, (PPhIAUCHAGOTS
a) L[N o+ —/ - RIC 3
N CICH,CH,CI Z~N
Me Me
110 11 112 Yield 60-95%

Ross A, Widenhoefer 2016

R
b) Rsm Ry (IPF)AUOTH5mol%) Rzm'i
=R ¥ J>: THF ] =N Ra R4

ﬁ1 Rs é*1
13 114 115 Yield 65-95%

&

Scheme 3.
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On the other hand, high regioselectivity and promising yield can be obtained. In 2016,
Widenhoefef® developed another methg8cheme 25) to get theanti-Markovnikov product
115 with indol derivativesl13 and nethylenecyclopropaneld 4, whichapprovedhe flexibility of

gold catalysidy adjusting the state of gold with different ligand and solvent.

Compared with thewucleophiles like carbon, nitrogen and oxygtme study oforganosulfuris

really rare since it is known to poison transitimetal catalysts. However, it does not mean that
organosulfur is impossible to be a nucleophile in gold catalysi8016,Akiya Ogawagroug®”
successfully reported the gold catalyzed\nti-Markovnikov selective hydrothiolation of
unactivatedalkenesin THF at moderate temperatui@cheme B). This work not only gave high
yield, high selectivity and high tolerance @umctional group, it also provide@nother possible
catalytic model which was different with the common style. In this work, it was proposed that
organosulfurl1?7 will coordinate to gold by replacinbITf counter anion to form the BPAUSR.

Then itreacedwith PPRAUNTT, to form tetranuclear goldomplexA which will activate alkene

pph3AUNTf2
R + R > RN R,
THF
116 117 118
Yield 31-92%
2 R2SH
2 PPhaAuNTf, 2 PPh3AuSR?
2 PPhsAuNTf,
2 HNTf, A
R‘IJ\/SR2 %
s PPh3AUXSR2
R?SH
= [(PPh3);Aus(SR?))
PhaPXAU (NTf )2 _-AU'SR"’
> SR? R
R B
D
X~Au._ )
RI&ISR

Scheme B. C-S bond construction

22



Chapterl

116 by coordination andisb s equent addition of t lbendAthé S

speci e

unactivated al kene af.fTletast step gfordtoddawdtiddog theethict o mp | e x C

providesthe antiMarkovnikovhydrothiolation product selectively, with the regeneratioA of

Me 1M NaOH
o 112H,50, (29 25 equiv)
HoN~ ~NH
" Auy(NTH3)5(dppf) (1.0mol%)
1,4-Dioxane (0.15 ml
Fi/’/"-_'_- + Me [ J . I{_,r\-v ME
120 121 .

Yield up to 100%
Scheme Z. C-S bond construction
Soon after in 2018Troels Skrydstrupgroug®® (Scheme Z)developed anotheprotocol to
construct €S bond with alkene catalyzed by gold(l) catalyst usixgsiéu formation of
methanethiolwhich formed fronminexpensive Snethylisothiourea hemisulfatalt This protocol
enriched the methodolmyabout theconstructionof C-S bondwith simple sulfur source and

avoided the dangerous manipulation of it.

At last, the new creative stdc:ﬁ} on gold catalysis proved that gold(l) can not only worked as
Lewis acid to activate multiple boni,can also pass through Au@(lll) redox catalytic cycle
by adding oxidants and mergingsible light photoredoxIin general, in this redox catalytic cycle

of gold, there are mainly two pathw&y5Scheme 8,).

Ligand Change

Path 1 o An(III) = Au(IIT)
LAy
Dﬁ'ﬁ 124 125 \
Recvycle
-
123 123
fm Oxidition /
Poth 2 ’r;;ﬂﬂ Au(Il) » Au(III)
126 127
Scheme 3
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In path I, gold(l) will be oxidized directly byxidative addition into gold(lll) 124 which
undergoes a ligand exchange process with another substrate to be ready for the next reductive
elimination process by gold(I11)125 to afford the final product and release the goldi3)

Another path I, gold(l) will firsly be oxidized in to gold(IIL26 and it will be oxidized again into

gold(lll) 127 which experiences reductive eliminatitm give the final product and release the

gold(1).

In 2010, F. Dean Tostegroug®™ reported their work abouniramolecularamino arylation of
alkenesmaking use of the Au(l)/Au(lll) catalytic cyclén this reaction, selectfluaacted as an
external oxidants to oxidize gold(l) into gold(lll) which then went through ligand exchange with
starting materiall28 (Scheme 2% When thegold(lll)-alkyl intermediatell formed, based on
previous work?, it was thought that gold(liialkyl will interact with genylboronic acicand

form the intermediat&/ which experienced reductive elimination to afford the final product. But

further controlledexperiments show that intermedi&técannot be formed in this reaction and it

F. Dean Toste 2010

B(OH),  Selectdfl 1307
2 electdfluor
NHSOR, S (1.5 equiv )
+ il -
<::;%} | = Rz dppm({AuBr),
130

128 129

MeCN

Scheme 8. Amination and phenylation of alkene
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was proposed that intermedidté was transferred int® which induces a bimolecular reductive
eliminationto afford the final bifunctionalized produt80. In this mecharsm, the BF interaction
wasgreatly vitalfor the reductive elimination stepecauset increases thaucleophilicity of the
boronic acid and the electrophilicigf the carbongold(lll) moiety. In the same year, Liming
Zhand®? also publishedelative work which exénded the nucleophile to oxygen and also high
yield were obtainedOn the other handristina Nevadaroug®® enriched theapplicationof this
catalyticmodel by achieving the gold catalyzed aminooxygenation of alleem#s novel alkene

aminoamidation bgold activation of nitrilesvas also successful.

In 2011, Liming Zhang grou’ combined gold(l)/gold(lIl) catalysis and-E functionalization
into onework(Scheme30). By coupling with the aminoauration intermediate, the electrophilic
aromatic compounds completed an intramolecular [3+2] annulation protek3l to afford
tricyclic indolines 132 Deuerium labeling and kietic isotopeeffect studies als strongly

approved the subsequent inisphere concerted reductive mechanism.

Liming Zhang 2011

0
@\ j\ R (4-CFiCgH4)sPNTIo(3mol%) )}L\N’H
N N~ Selectfluor(? equiv) N
H .=
" - R"
| R THF, H50(30 equiv)

Scheme30. Alkylation andamination of alkene

131

In addition to adding oxidants to drive the Au(l)/Au(lll) catalytic cycle, merging visible light
photecatalyst can also force this Au(l)/Au(lll) catalytic cycle to happen effectively. In 2013,
Frank Gloriusgroug®® publishedthe visible light-mediatedoxy- and aminoarylation ofalkenes
via the synergistic catalysis between gold and pbatalyst(Scheme31). Aryldiazonium salts
134 areknown as a good radical source of phenylicaleactivated by visible lightThe most
challengetask in this work is tat theauratedintermediateA could catch the phenyl radicBland

gold(ll) complexC could also be oxidized into gold(lll) compl&x

The experiment proved that this challenge has been conqessdlenty. In the meantime, no

matter the nucleophile @xygen or nitrogen, this catalytic system worked smoothly. In the
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PhaAuNTf,(10mol%)
th N‘ZB.F4 [Ru(bpy);l(PFg)(2.5 mol%) r,Y R, Ry
R 23W fluorescent bulb Ryt
| ZjRs  degassed MeOH, RT 7\
1 Rp=
126 127 128

Yield 32-84%

7 7 [Ru'(bpy)s** *

’
[Ru'"(bpy)3]3’ Photoredox
catalvsis hv
i [Ru"(bpy)s2*
Ph:,P—Au"(
s 0 single-electron
130 \) oxidation
IAr
single-electron PhsP- Au"'(
oxidation o

;;f’:,-“:;:‘r%
Ph3P-Au‘<<‘\o i . P -
H* 126

Scheme 3. Au(l)/ Au(lll) catalytic cycle
mechanism they proposed, the alkene firstly did éméi-selective cyclization and affored
alkyl-gold(l) A. Then phenyl radicaB formed from the reduction ofrgdiazonium salts134
reduced by Ru(ll) catalyst was captured Ayto give the gold(ll) intermediat€ via single
electron oxidation processhen gold(ll) intermediate kept being oxidized into gold(llD
complex by the oxlized Ru(lll) catalyst. At last, gold(llIp complexwent through reductive
elimination to offer the final product and released gold(l) catalyst to be recR#sites this
work, more and more works based on this catalytic system have been publishedoiiotting

yearl®®!,

All the works summarizedabove have shown that the activation of alkbgegold(l) provide
colorful synthetic tools for chemists to synthesize more valuable compounds. In addition, the
study on this area also buildtrong foundation for further research on gold catalysis and alkenes

compounds. It will motivate chemists come up with more creative and friend study in the future.
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1.1.2 Gold catalyzed activation of alk/ne

Alkyne compound®? have becomstar compounds fdransition metal catalyst to form various
functionalized molecules in the past yede®ld catalyst also raised up to a talented member of
activating alkyne compounfi&®in the past decades sincedtsaracter of -electron affinity and

theadjustableability on thespatial structure and electron property.

So far, the activation modebf alkyne by goldareclassifiedbased on the wonleportedby Toste,
Zhang andHashmi, respdively(Scheme 32 The first one "-activation mode $cheme 2a)
occurrs by the coordination with gold and the nucleophélitacked the alkyndéo form the

gold-akenyl intermediaté&37.

The second catalytic model is calletu a | -acfivation” modewhich wasproposed byF. D.
Toste®® Hashmi and Zhan! (Scheme 32h This mode proposed that one alkyne was activated

by “-coordinationa n etaordinationor when the substrate contained two alkyne groups, one

ﬁ_:.uL Ry Aul
a) R—===—R; —m— N — well established
- u 2
Mu —-/ 136 137
AulL Ry Aul
b) Ry—=i=—AuL ——> =~ Toste
_,) Nul Aul
Nu 138 139
Aul
FAuL
=
6 Hashmi, Zhang
S‘x{: Aul
LAuw 140 141
c) Aul
__H__quL
q - . Hashmi
G ul
142 143
Scheme 2
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alkyne moiety was activated by gold catalyst tlydu-coordinationwhile the other onewas
activated by gold catals t -cbordinafion In addition to above two modes, in 20Hashmi
group’® developedhei-activation modg¢Scheme 2c). In this mode, the alkyne part of substrate
was activated byd-coordination format with gold catalysteading to the increase of
nucleophilicity ofb-carbonatomof 142 These catalytic modelprovide effective and efficient
theoretic foundation for the gold catalysis accessing to numerous valued compdynds

constructingC-C, G-X bond

Amination of alkyne catalyzed has been a very useful approach accessiAly tmrstruction
since nitrogen played very important role in pharmaceutiGdd catalyzedamination of alkyne

has alreadyprovided numerous of method to construct nitrogealuding molecules. 12009,

Paul W. Daviegroup™ established an approach to access to synthesis of pyrroles from alkynyl

aziridines144 catalyzed bygold catalys{Scheme 3). Relying on the activation of goltll-tosyl

Ph;PAUCTs
DCE -
-hrls Yield up to 98%
145
Ry 2
PhsPAuOTI R
144 DCM 1
N Re
Ts
Yield up to 65%
146

Scheme 3. Synthesis of pyrralierivatives
alkynyl aziridinesunderwent ring opening processd the nitrogen atom as a nucleophile attacked
the alkyne from the opposite direction to form thél@ond. On the other hand, teffect of the
counterionon the reaction site ddandb wasdemonstrated. 4 the counteriowas OTs, the
reaction pathwaywent to afford 2, 5-substitued pyrrols and when the counterivas OTH,

2,4-substitued pyrrols were formed.

28



Chapterl

In 2010, Asensio "?? developedNHC-stabilized Gold(l) catalyzed 6-exadig or 5-endodig

cyclizationof 3-substituted 4(o-ethynylaryl)uread.47 by adjusting ligand andubstituentof 147

(Scheme 3a). In this work, the most difficult challenge was the selectivity of two N nucleophiles

(N1 and N3).With the optimizedreaction conditiong-exodig 148 or 5-endedig 149 cyclized

product almost obtained high yielthich were 96% and 92% respectively. the meantime, the

substituents at terminal carbon of alkyne and N3 position could also affect the reaction pathway

which means that spatisiructureof substrates could also conttbe reaction mode.

Gregorio Asensio 2010

Silvia catalan 2013

b) Ryd-

[AUCIIP)(10mol%)

CONHPh

Ag SbFg(7.5mol%) NH N\_p
) Lo ¥R
DME N0
H

148 149
G-exo 5-endo
AuSPhosNTI; (2.5mol%) By R
EtOH (5 equiv) =N _Boc
- R1_!C/(|\(N_B°C + R T N
DCE = L= ,;;-LR
a \'-". ﬂ 2
pl'thZ o
151 152

Scheme &. Amination of alkyne

This new protocollso made the synthesis dfmethylene-3,4- dihydroquinazolin-2- one core

easier and economic.

In 2013, Silvia Catahn groug’ chose a different strategy to obtain enantiomerically pure

isoindoline151 and dihydroisoquinolind52 scaffoldsby using an enantiomerically pure starting

material150 (Scheme 3b). There are also two possible reactingssaie alkyne groupThe result

showed that Rsubstituents could improve the selectivity betwBamdb carbon. Results showed

that dectrondonating alkyne substitution led preferably @eendedig cyclization, while an

electronwithdrawing effect favored isoindoline formatiomAs well as the R substituent

contributed a lot to the regioselectivity.
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Xueliang Huang 2015

[JohnPhosAu(MeCN)]SbFg R4 Rj
N (3mol%) M
A + R3 —_— NO » R2 N N
R4 R, DCM, Ar H
152 153
154
Proposed mechanism
Au
[Au] R? [Au], R? q i 2 R?
N/ 5) < R‘l R R‘
R // '3 — R o N* ‘N —_— = NH
1533 OUS—R3 47
N lp R /Y R4

Antonio M. Echavarren, 2016

[JohnPhosAu(MeCN)]SbF ¢

— (3mol%) Ph
R& ANNH2 (1.1 equiv) R ,
R \._Ph DCM " R TR Ruar

Scheme 3. Application of carbemold intermediate

Besides intromalecular amination of alkyn@germoleculartype reactios also were achieved
successfully. In 2015Xueliang Huanggroup™ used2H-azirines152 and ynamided53 as the
starting material to synthesize highly substitypgdoles154in a direct methogScheme 3). In
this reaction[JohnPhosAu(MeCN)]Sh#3 mol%) was optimized as the best catalyst which could
work in moderate conditions and gave the final pysdl54 in good toexcellentyield. On the

other hand, the loading tie gold catalyst was very lovogether withhigh scope of substrates. At
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last, they proposed mechanism consistent with coordination model §cheme 32 Then

gold-carbenoid (Scheme 3) pathwaywaspreferred

One year laterAntonio M. Echavarregroug’ achieved aminocyclized produtb6from enynes

155 with high yield (up to 98%) and high tolerance on functional group catalyzed by
JohnPho&u(l) complex in DCM (Scheme 3). In this catalytic systemgarbenoid gold
intermediated was proposed and accepted the attack of aniline compounds to form the heteroatom

cyclized product56.

Along with the development of gold catalyzeeNCconstruction by activating alkynes with gold,
more and more complicate amdeative reacticnwere also designed. In 201&, Stephen K.

Hashmigroug” (Scheme 8) reported synthéig strategyto fully substitutedd-aminoimidazoles

A. Stephen K. Hashmi 2017

PG
Ry N
Q) p MPG N”{a IPrAUCHAGNTF, (5 mol %) "2 \F’h{ \
1—N ' | 'N - A S—Ar
Rz Ry © PhCF4 RN
)“Jﬂ«r2
157 158 159 O
Xinfang Xu 2018
b) 1}(Boc);0

@’\ [Au] 2)PCC
N, / @ g _
H 0 Boc

160 N 161 l spirooxindoles

O-H insertion N-H insertion
R
—0
Cgm O
N
H N
161a 161b

Scheme 8. Synthesis of heterocompounds
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throughselective [3 + 2Jannulation ofl,2,4oxadiazolesl 58 with ynamidesl57 in the presence
of IPrAuCI/AgNTf, (5 mol %) in PhCk This method disclosed a new chapter for the
atomeconomicsynthesisof polysubstiuted 4-aminoimidazole derivative$59. They tested more
than twenty substrateséiring varioussubstituentsand the results were very acceptable. In the
meantimegramscale synthesigaction was also set up and the tolerandhistcatalytic system
was very promising. After this work, they also kept expanding the different nudksoph

construct the @ bond™* by gold(Ill) catalyst which have obtained promising results.

In 2018, Xinfang Xu group’® designed a nevalkynylazide 160 (Scheme B8b) capable of
deliveringbicyclized producti6l. Under the assistance of gaatalystthe fused indoles in good
to high yields undemild reaction conditionsvere collectedsuccessfully This reaction started
with a gold catalyze8-endedig cyclization tof o r m -imitio €arbenoidvhich was pivotal step
for the second step dd1 H6la, NT H i n 46dly, and elettrophilic aromatisubstitution
161c to vyield the corresponding polycyclid-heterocyclesThe product obtained could be further

transformed int@pirooxindoleswith high yield.

The strategy to constructi bondcatalyzed by gold(l) complex with alkymenot limited to the
work above As a matter of fagtanthranil¥”, indazole§® and othefé” have also been used as
nitrogen sources for the annulation with alkynes synthesizethe correspondingC-N

bondincluded products.

Besides construction of-8, alkyne can also be catalyzed twnstructC-O bond by accepting
attack of oxygen as the nucleophile. In 200&anPierre Gene group™ made useof
bis-homopropargylicalcohol 162 as the tested target and AuCl as the catalyst to form the
bicyclized productl63 in methanol §cheme 37a Under optimized conditiog, the functional
group tolerance was very good ¢orrespondingield of good to excellenfr4% to 99%) while

the loadingof catalyst was only Bol%. Besideshis intramolecular fidroalkoxylationof alkyne
Norbert Krause groug®™, in 2006, developed the intermolecular version @hdem
hydroalkoxylationof alkyne derivative§Scheme 37h To obtain the dihydroalkoxylatioprocess,
external alcohol was added to interact with the carbon cation intermediate formedibst gtep

of hydroalkoxylation catalyzed ByhsPAUCI/AgBF, system. The addition @TsOH assisted also
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Jean-Pierre Genet 2005
Ho—, R AuCI{Zmol%) R ﬁ
HO—" (= MeOH, RT o Me

MNorbert Krause 2006

Ry R3

Ph4,PAuCI/AgBF,4 (3mol%)
a) e R3 - R4
= " Ry
R4 p-TsOH (10mol%) 0

R4OH, RT

Aaron Aponick/Shuji Akai 2009

Au[P(t-Bu)2(o-biphenyl)]CI

Rz OH AgOTH (2 mol%
X
b) /ﬁ,lh gOTH ( ) . R4 0 Rj
Ry = H MS4AITHF q
2
166 167 Yield 87-99%

Stuart L. Schreiber 2015

¢) OPMB
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J/ (CeFshsPAUCI10 mol %) @ ﬁ,mg,
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Tom D. Sheppard 2019
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Ry OH /,-f|
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Scheme 3. C-O bond construction
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the second cycle to force alkene into alkyl cation which was ready for external alcohol compounds.
This work successfully combined gold catalysis Bnehsted acidcatalysis into one reaction and
approved the higlcompatibility with not only functionalizedsubstrates, but other kinds of

catalyst.

After these two works, in 2009%aron Aponick group andShuji Akai group developedthe
synthesis ofdirans angyrroles 167°%% catalyzed byAu[P(t-Bu),(o-biphenyl)]CVAgOTF (Scheme

370). They introduced seconchydroxyl group which could go througtehydrativeprocess and
promoted the whole catalytic cycle. Surprisingly, this hydroxyl group did not compete with the
hydroxyl nucleophile and afforded tliesiredproduct inexcellentyield (87-99%). In this work,

molecular sieves were necessary for removing the dehydratived water.

Besides the study on simple molecular, in 2@thiart L. Schreibegroup Scheme 37¢applied
strategy of hydroalkoxylation of alkyne onkgnamidesto synthesize the xazocenonesl69
selectively catalyzed by gold i8rendo-dig version. After screening the reaction condition, the
electrondeficient ligand (CgFs)sP gave the best yieldup to 84%) and-endo-dig cyclization
selectively 169 rather than7-exodig cyclization169 In the meantime, this catalyt&ystem
showed its high application although the substrate mgts structural complexityhich also has

bioactivecharacteristic.

Based on the development oflative work on gold catalyzed yroalkoxylation of alkyne,
extension toalphatic alcohobndaromatic alcoha was envisionedin 2019,Tom D. Sheppard
group® (Scheme 3d) syntheszed phenyl enol ethers 172 in a cheme regio, and
stereoselective fashion in high yiatdtalyzed byPPhRAUNTf, (2 mol%). K:COswas necessary to
be added as base to increase the nucleoghdet was thought helpful on the selectivity. On the
other hand, 50 substrates bearing various functional groagpe tested and offered good to

excellent yield.

Most gold catalyzedhydroalkoxylation of alkyne mainly focused on the racemic transformation
since the difficulty on the asymmetric versioontrolledby theligand Even though facing great
challenge on the design of asymmetric transformation catalyzed by gold, Liming gituan”

still focused on the design and synthesis of chiral lighn8019, Zhang grolfi® designed chiral
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bifunctional phosphineligandwhich enabledsynthesis oR,5-dihydrofuran174 by cascadesteps
of asymmetricisomerization of alkynel73 to allene and cyclizatio(Scheme 38 By the
introduced amino group on the ligand, it can promote the isomerizati{fR)-ofodee3-yn-2-ol

derivatives and formedi-allenylgold specid¥' as a catalytic intermediat@hich underwent

cyclization to give the final produat high yield anddiastereoselectiwt

(R)-L4-4AuCl{5mol%)

OH NaBArf4(20mol%)
Ry DCE,RT-80°C R1>[—_:L
R, X_ _R; i R o Rs
3

Rq,Rp=alkyl, Ar, H 26 examples
Ry=Alkyl, Ar O yield up to 93%
PAd,

d.r. up to >50:1 or
CI

e.r.up to 98.5/1.5
i
Cy

(R)-L4-4

Scheme 8. C-H activationandcyclization
This work offered goromisingguideline to make asymmetric transformasitny gold catalysis to
construct more valuable compounds and expanded the potential application of gold catalysts in

synthetic chemistry.

Besides the form of &X bond via gold catalysis in activation of alkyne $cheme 2a), C-C

bond could also formed vithis catalytic model with carbon nucleopHitesuch as alkenes in

Dean F.Toste groupAntonio M. Echavarregroup However, not limited to this catalytic mode,

the construction of € bond can be achieved vi@rming daurated speciesa s Al nstant
DuatA c t i v which was oalledi , -acfivation modgScheme 2b). Firstly, gold catalyzedi
coordinationof alkyne istransferredo a nucleophile tattackanotherelectronphilicalkyne unite

activated by second gold catalystough™ coor .di nat i on

In 2012,A. Stephen K. Hashmiroug® reported their work of synthesis of benzoful veti@§
via dualgold catalysis modeScheme 39a (IPr)AuNTf, was screened out as the best catalyst to

drive this reaction with 5mol% loading. Further study on this process was also done tatgnrich
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application After thedigold intermediate# with a gold(l) vinylidenesubstructuravereformed
entirely new readon pathwayswere achieved byntramolecular shC-H and sp C-H insertion
pathwaysto form 178 and179%"® products. Furthermore,-tiirminal alkynes when R was H can

be transformed tb-substituted naphthaleneprodd@d®”® After the functionalizatiof®™ 88of

a) A. Stephen K. Hashmi, 2012

Y
R+\ [(IPr)AUNT,(5 mol) N
= R
':::" Benzene ==
175 176
LAu Aul
=
— - |
aaises
Auls TR
Aul
177 A
b) A. Stephen K. Hashmi, 2012
R
Me = IPrAuPh({10mol%) R
« R IPrAuNTi2(5mol%) Me .
: O
M
¢ Ql“ Me
181 182 183

Scheme 3. 0 , -activation

vinylidene gold A with various intermoleculasp® C-H and sp C-H partners were exploited
maturely, alkenes182 as morereactive partnersvas also exploited iA. Stephen K. Hashmi
group®® (Scheme 39 Catalyzed bya mixture of 5 mol% IPrAuNTEfand 10 mol% IPrAuPh
183 was systhesized in good to excellent yield. This work showed the advantagesl gjold

catalysisand maked more creative reaction on the road.

Almost at the same time with. StepherkK. Hashmigroup, Liming Zhang group alsteveloped

the sp’ C-H insertion to the ¢ld vinylidenes intermediate formed by two moleculesof
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rettPhosAuNTf catalysi€®® (Scheme 40nto form thetricyclic indenes185 in mostly good

yields.

a) Liming Zhang 2012 OMe

5 me
/"'- 1
/ :
7 BrettPhosAuNTf, (5 mol%) N : MeO ipPCy2
zn .z P ‘{
= = |
§ DCE, RT (IR Q uNTF2

184 185 i

] iPr

BrettPhos AuNTf2

b)Liming Zhang 2013

e
R =
1 | yx  Mor-DalPhosAuNTH, @i_) ! Tﬂdz
R = :
7 ! [ jAuNTfZ
187 : 0
186 Yield 60.95%
e =3 Mor-DalPhosAuNT#2
Scheme40.

Besidesp’C-H insertionOT H and NT Hanialsoshappenéd smosthly just by adjusting
the ligand with MorDalPho&€°! to form theheterocycleproducts187 (Scheme 40bin good to
excellent yield and high selectivity betweBrendadig and 6-endadig path in the bifurcatian
Consistent with the experiments results in hayadd vinylidenewas mostlikely approvedas one

of the reaction intermediates on thesis of both mechanistic studies and theoreti@lzlulations.

For single gold catalysify e s i -daetigatioh mode, there is also another catalytic mode named

g-activation mode$cheme 2c)whichagoldal kyne @ bond was formed as a
188a) . In 2013, A. Stephen K. Hadwdtionimodg catalysp s ucces s
by gold (Scheme 4). Terminal alkynes that bear sulfonate leaving groups 186 at an appropriate

distance were chose to be model substrate and were transformed to give cyclized product 187 by
optimizedcatalystNHC;sAu(propynyl) with5mol%. In the catalytic cycle, intermediai®3a was

produced at firstWhen electron waslonatedto U carbon from gold,b carbon increased its

nucleophilicity and then went throughSSsubstitution reactiomnd constructed € bond and

formedgold vinylidenel88b intermediate. At last, anotheucleophile(could be leaving group)

came to quencthis gold vinylideneto give final productl8. The result of application test was
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promising which can tolerate differently substituted sulfonates in go@Xdellentyield. This
work also gave the possibility of formation gbld acetylidesnot just dependent odualgold

activation.

A. Stephen K. Hashmi 2014

//‘”hx/\/“ NHc1.r,/\u(|oromrnyl)> x@/‘OTs/OBs : NyN
= Benzene reflux ,

188

189
s NHC1s
(Au)*
' s
;;aa\;;nggy:sroup ......... - -
188b

Scheme41l U activationof alkyne bearing the leaving group

Compared tdaC-N, C-O, C-C bond construction catalyzed by gold catalg#K (X= Br, Cl) is
more challenging since the halogen atom liigh affinity between cationigold and halogéﬂ].
However, attracted by the efficiency and moderate reaction condition of gold catalysis, chemists

kept focusing orheir attention on this kind reaction with gold catalyst.

In 2011, on the basis éfactivation modef gold catalysisAvelino Cormagroug® publishecthe
goldcat a | ybmmisatiom ofterminalalkyneswith N-bromosuccinimidéNBS)(Scheme 2a).
Firstly, alkynyl gold intermediaté& was formed anihteractedwith NBS by exchange process to
give bromonategroduct192 and gold complet92a

On the other hand, with another versidn ocoordination, in 2017, Bo Xu grolip reported
regioselectivenydrochlorination ofalkynes In thisreaction the most promising part was that HCI
reacted as nucleophile which usuadlgsnot compatiblevith gold cationBecause the addition of
HFIP can generate strong hydrogen bond donor network which coutHzitzed counter anion

to activate gold catiogcheme 42h
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a) Avelino Corma 2011

H 0 . Br
__.-;‘_, tBu;PAUNTI,(0.5mol%) ,"":"
+ Br — =
.. DCMRT
190, 191 4192
Au :
: ’ 0
B e e T - |: (:—j% ---‘--_--- -
- M—
LR T »
A 192' O
b} Bo Xu 2017 OMe
MeO Me HFIP
LAuCH2mol%) C
R HCUDMPU(1.2equiv) R Me P(tBu); ol
T HFIP:CH3NO,,RT (:|>: iPr IPr F4C ~CF,
193 194

Scheme 2. Halogenation of alkyne

Beyond the above normal-B8, C-O,G-C GX (Cl, Br) bonds construction assisted by gold
catalysis, chemists have not satisfied with using the mechanism abosectangtruct simpleew
chemical bondn simple molecular. They attempteddombineall the activation version into one

strategy taonstructcomplicated molecules by forming various chemical bondspote

Encouraged by the accumulation of gold catalysis, in 2848n Aponickgroup® reportedgold
catalyzedhydroalkoxylationof alkynes196 with allyl alcohol 195 and the formedllyl vinyl
ethers(like 204 then underwenClaisenrearrangemenprocess tdacilitate the direct formation

o f ,U-umsaturatecketones197 rather than the direct protodeauration process to give the ether
products. This catalytic system can not only tolerate various functional groups on the agnes

it can offer surprisinglyigh yield and diastereoselectiviggcheme 43

The next year, in 2014&teven P. Nolagroug®® kept enriching this catalytic systei@dheme 43
by decreasing the catalytic loading of gold cataf@s?-0.5 mol%) and performed this reaction in
solventfree conditios. In the meantime, then expanded the allyl alcohol substrates to

poly-substituted allyl alcohd98and without bignfluenceon the yield ob,l-unsaturated
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Aaron Aponick 2013

OH Ry Ry (IPr)AuClAgGBF 4 (5mol%) O RyR;
- i
Z + \ > R
4 4

CHPrAU(NTF,)
OH R, (0.2-0.5mol%) D RyRq
Sh e B2 o0
2 2
198 199 200

Antonio M. Echavarren 2015
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Scheme &.Intermolecular GC construction
ketones200 Furthermore, solveritee system provided more environmdniend and healthy
platform.

For the detads of hydroalkoxylationClaisen rearrangementNolan group andAntonio M.

Echavarrergroup tried their best to proposed the mechaniSohéme 43 assisted by high level
computational studiesSo far, it was accepted thallyl vinyl ethers204 was formed through
traditional ~ activation and antaddition of allyl alcohol. But thdast step can not have

unambiguous conclusiaon whether the finaltep proceeded bsimple thermal [3,3kigmatropic
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rearrangemef204 to 207, or if it waspromoted by gold(l) througlkdecreasing thactivation

energyby coordinaing to the enol ether oxyggR06-207).

No matter which path it goes, this method hacomethe best method for the synthesis of a wide
variety of homoallylic ketones frormexpensiveand commerciallavailable materialsonsidering

catalytic efficiency and simplicity

On the other hand, Liming Zhang group keeps working on designing new[?%tsmdxpand the
application of gold catalyst. In 2018ieydesigned biphemy2-yl phosphindigand®” (Scheme 4)
by featuring a remote basiertiary amine Usingterminally silylated alkyne208 as substrates
they proposed that the silyl group can promote the deprotonatimesswith the assistance of
amine on theligand and led to allenyl gold intermediat2ll At this step, acompetitive
electrophilealdehyde209would be capturety this intermediate and led kmmopargylicalcohol
212 At last, intramolecular cyclization @12 happened to affordihydrofuran210 product.The
condition screening result also showed that the counter anion KgBdyed a very important

role to abstact chloride and excess amount of NaBAvas also necessaty accelerate the

Liming Zhang 2018

LAUCI(5mol%)

iR F RO
SiR’ NaBAr" 4 (20mol%) 3
Y. F . _CHO - J
=~ R-
DCE Y SR,
208 209 210
Y=aryl &alkenyl R=aryl &ester Up to 95% yiled

l.1m
7/
211

A
N
v 212

Z

N
H

L1Au(l)
'Ad
FI’-Ad ()Q/Sil%
u T [ //
Cha aat
S|R3 Y
o=

Scheme 4.

reaction rate. With this optimized condition, various substituentaligmes andaldehydewere

examined and the tolerance of functional group showed very satisfied result. This work gave a
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new direction on the design of gold catalyzed transformation and also expanded the future

application on asymmetric transformation by synthesize multipietionalizedigand

Besides study on the ligand of gold catalyst, chemists also put great attention on designing new
transformation of organic molecules to prepare mmwmplicatedproducts which have more
potentialapplicable value. In 201&ntonio M. Echavarrergroup[98] reported their work named
ADi ast er eos-fatayretl Cyclizato ICab¢adle)for the Controlled Preparation- of N
and NNOGHe t e r o Schame&.Ehey( prepared oxime compoundd3 as thesubstrateand
treaked it with [(JohnPhos)A(NCMe)]SbRs as catalys{2mol%) in DCE at 65€C. Delightfully,
dihydro4H-1,2-oxazines214 was formed in high yield in in cascade cyclization process and
functional group could also be featured in the this product. Morprisingly when the isomer
oxime 213a of 213 was used as substrate, under almost same catalytidition, various
dihydropyrrole Noxides215awas affordedas asingle diastereomeMoreover, when the solvent
was changed into DCM and the temperature was decreased to room temperatsmnéhie

dihydropyrrole Noxide215was then obtained in good yield.

Next year, in 2019Ga 1| | e grdBldggbsyrdhesizedcomplex moleculeshaving furopyran

skeleton vighetero-Di e | s 1T Al dpeocessdoaceddgldhePhos)AYNCMe)] SbRswith

microwave conditiongcheme 45 In the whole reaction procesienophile216aand dien€216b
were formecdconcomitantlystarted from the same starting mate#a6. Thenthese two molecules
would interact with each other videtereDi e | s Treattionetogive the polyheterocyclic
products217in good vyield from 32% to 73%. In additiothere werdour heterocyclessix bonds
including four controlled stereogenic centers formedthis catalytic condition just by gold

catalyst.

In the same year (2019%henghu Xu groug™®® (Scheme 45 also synthesizedabysubstituted
spiro cyclopenta[c]furansliastereoselectivg in cascade version catalyzed just PlgPAUNTf, in

mild condition. Alkynyl alcohol 218 and alkynyl enone19 were picked which both featured
several functional group like hydroxyl, alkene, alkyne and ketyl groups to perform this
transformation. Like the work d6a + | | egroBd abave] the two starting material would be

catalyzed by gold catalyst and afford #t@responding intermediates which then interacted with
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each other to lead to final highly polycyclized prod220in good to excellent yiel(up to 94%)

and high tolerancé@3 examples).

Antonio M. Echavarren 2018

Y
, / [(JohnPhos)Au ~7,
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= . \’% n
OH DCE/65C P
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Z/}H DCE/65°C N\ DCM23°C
215a OH
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Gaelle Blond 2019
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Zhenghu Xu 2019
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Scheme 5

In addition tostrategiesdescribed above, gold catalyzed oxidation of alkyne alsssessed
important position in chemical transformation to form the new bondMmxo gold carbene

species Making use of this intermediate, in 202@nfang Xu group™®Y (Scheme 4% completed
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their work about gold catalyzedxlative cyclizationaldol addition of homopropargylalcohols
221 with isatins222 Homopropargyllcohols 221 firstly was oxidized intdJ-oxo gold carbene
specie2laand then was attacked by hydroxyl group to giige 221bor its enolate forn221c
At last, satins222 got involved and captured the intermediate to fohefinal product223 via
aldo aldition process. This workrovides an efficientnethodologyto directy construct oxindole

derivatives equippedith two vidnal stereocenters in high yields with high diastereoselectivities.

Xinfang Xu 2019
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Moreover, in the same year (201BpiShung Liugroug'®? expanded the application Noxides
compounds which mainly used as oxygen donator to take part in reacting with other starting
material after the formation &*oxo gold carbene speciéScheme 4% Firstly, they achieved the
work®®%! on gold catalyzed oxidative functionalization of propgyl aryl thioethers with
quinoloneN-Oxides vial,3-sulfur migrationreaction. In this work, besides the formatiorJaixo

gold carbene speciethe different point with the work ofinfang Xu group was that wheRhS
attackedthe gold carbene functiongli produced with one moleculaguinolone N-Oxides,
1,3-sulfur migration happened to give the intermedi&@4a.Finally, it reacted with another one
molecularquinoloneN-Oxidesand synthesize8-hydroxy1-alkylidene phenylthiopropa®-ones

226 which alsocould be decorated with various substituents in good yield. Moreover, they also
successfully synthesizedistinct fused indoles bearing heterocyclic ring®®” (Scheme 4%
Interestingly, by adjusting the carbon line lengti2®7 between alkyne group amgdroxyl group

and changing the substituents d@fenes228 However,insteadof forming U-oxo gold carkne
species, it passed through aHGnsertion and afforded twoew specie227aand228a When
arrived at this step, the reaction pathway was divartedthree directions: when R was phenyl
group and n equaled letrahydropyrano[4;®]indole 229 was prepared antetrahydre[l1,2]
oxazino[5,4b] indoles230was formed while n equaledadd when the R group wasyryl group,

n equaled Odihydrooxazolo[3,4a]indole231was obtained distanctly.

Xinfang Xu 2019

N
2 JohnPhosAu(CH5CN)SbEg ROHO COOR,

CO.R, H;0 or ROH(5.0 Equi'l.rl__ 2
DC ll’l !

S
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N 4
" . "W CO4R.
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Scheme Z. Application of carben gold complex
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As gold-carbene intermediate is a very practical tool to access to create more valued compounds,
in addition to preparing it by adding additives liMeoxides, usingdiazocompounds to form the

gold carbene intermediate by leaving Nas also become one whportant method. In 2019,
Xinfang Xu grouf®? developed alirectstrategy by interactinf(JohnPhos)Au(NCMe)tatalyst

with alkynetethereddiazo 232 to form the gold carbene intermediate along with releasing N
(Scheme 4Y. However it was not stableso that it reacted once it was formed with alkyne group

via 5-endadig carbocyclizatiorto lead tothe key intermediate vinyl gold carbe@@2a In this

work, water and alcohol were abgn to react with this intermediafellowed forming indenols

233 in excellent yield. Suprisingly, arious protic nucleophilesuch aswater, commercially
available alcohols, menthol, steroid, etereall well tolerated under thes®nditiors to produce

the corresponding indenol derivatives

In summary, alkynes compousitiave shown their high application value to construct tongwf
compounds catalyzed by gold catalyst. By adjustinglifend and other elements like solvent,
counter anion and temperature, the new transformation can happen smoothly to form the aimed
products from various alkyne compounds. Assisted with gelgionand stereoselectivity could

also be obtained with promising result. Along with the accumulation of knowledge of gold

catalysis on alkyne, there must be more great and creative work conoimgdommunity.
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1.1.3.Gold(l) catalyzed activation of allenamide

Being another member 6felectron rich compounds like alkyne and alkene, allenagtidenas
also arisen up a kind of useful synthetic cells in organic chensstogeit was prepaed and
characteried in 1968 by ViehB%. The activation model of allenamislés consistent with
“-coordination of alkynéScheme 4). The existence of nitroggoromotedelectron richproperty
alllenamides through electron badknating from nitrogen to allene which led to itss&ier to be
activatedvia gold complex compared to alenes. Throtlgh resonance form afllenamines
regioselectivity can be obtained by adjusting the gatand using different reagents to direct to
three pathways like cation activation which could offer 1 or 3 electrophilic poséftord a and

b product), 1,2addition and 1,4ddition. In the meantime, theresence of nitrogen atom also
brings more advantages than simple allenes compouFidstly, it providesan anchor point to

afford stereochemical transformation by

allenamine resonance forms Nu®©
09 R R T/ R R Au
RoN- &1 @,N=< rehybridization ~ ©N -j
e - > R _ = R
\ O?f\ 7
-:RB '1R3 - R s
R2 R2 Au Nllo R3
Au* 1,2-addition 1,4-addition ‘
l U activation pathway pathway |
1 1 1
R L Au p NuA )
‘r.“'/ﬁe‘\*./ L RzN)QI[ u . RN Au
R Rz;\R:’ R2 "R3 RZ2|"R3
Nu
a b
Scheme 8

designing newligand and directive substrates. In addition, it provides more flexible access to
develop intramolecular reaction or cascade conversiondkyggen or sulfur-substituted allenes
Moreover, nitrogen atom also shows great potential value and application in natural compounds
and pharmaceutical When combined with gold catalyst, more and more promising
transformatios have been published and keep inspiring chemists figure our moagivere

chemistry synthesis art.
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In 2012,Richard P. Hsurlf® documented the intramolecular imi@azarov cascade cyclization

catalyzed by gold vigroducing234a and 234b transition state(Scheme 8a). At first, this

reaction showed also the dimerized procagthe byproduct. By adjusting the ligand, IPr ligand

offered the best selectivity and excellent yiel@85 (up to 97%).

a) Richard P. Hsung 2012
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Ar

(R,Rg)-PC Ar=4-MeOCgH,

Not long from this work, in 2014ylarc C. Kimbel**” group published the work on synthesis of

Chromaneg39from 236 through diaddition on théJando position of allene section with carbon

and oxygen activated by gold catalySicheme 8b). In this process, the counter anio®Tf

acted a very important function to enhance the nucleophilicity of aromatic carbon and activate the

enamideintermediate. More interestingly, wheailyl trimethylsilane2376was added, the reaction

pathway was easily switched to allylation rather thadrbxylation process which meant that the

iminium intermediate was veigontrollable to capture various nucleophiles.
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Besides these great synthetic transformatichemists also devoted their attention on the control
of enatioselectivity by designing neshiral ligand. In 2017Junliang Zhangyroug'®® designed

and synthesizedchiral ligand (RRJ)-PC ligand (Scheme 46). To examine its ability,
intramolecularN-allenamide240 was choseto form diral tetrahydrocarboline241 Without
disappointment, higlenantioselectivity (up to 97%) was achieved and it also exhibited promising

functional group tolerance with excellent yield.

Allenamine resonance form

Schemeb0

Besides this reaction pathway, allenamides can atsdergo hydrolysis process wittwater
(Schemeb0). When water existed, resonance formaafould be hydrolyzed by leaving amine
compounds and formed alkeny gold comgdexhich experienced protodeauration process to give
the productc. However, chemists want to capture the alkeny gold complexith andher

electrophile so that prepare more new compounds.

To achieve this target, our grdtff firstly in 2015captured this intermediate with allyl alcohol
242 catalyzed by gold and silver duedtalyzed(Scheme 8). At first, we realized that when
AgNTf,was excess, marked improvement in chemical yield wedlected. To figure this reason
out, control experiment was done and the result showed that the excess, é@Nd foromoted
the dewatecondensatioetween two molecular allyl alcohol with formintlyaether which also
could take part in the next reaction. The water formed before would hydrolyze allen@4gdes
produce thegold complex243a At last, allyl alcohol or ether got involved to react waiBaand

form the allylated produ@44with excellent yield.
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Marco Bandini 2015
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Scheme 8

Inspired by this work in our group, in 201Bitin T. Patil groug™® (Scheme 8) developed
another gold(l) and Ag(l) catalyzesynergisticallytransformation by capturing ergbld complex
243a In this work, excess AgOTf converted starting material 245 into an imtermediate wiih the
carbon cation (red section 247) which successfully trapped ergdld complex243aby forming

product247in mild reaction condition.

For constructing singlehemical bond, besidesC and GO bond, amines could also be the good
candidate to be nucleophiles to forrfNCbond with allenamides. On this aréa,2010,Marc C.
Kimber groug™" have succesfully documented their worin intramolecular versionSchene

52). Reacting with allenamide®18 nomatter primary amine or secondary amine, progibitand

252 with high yield and high regioselectivity could always be collected in very mild condion.

the other hand, these two works also approthed stabilityand advantag®f gold catalysis
compared with other sensitive transition metal catalyBigs reaction version also proceeded
through” -activation and wait for the attack by nucleophile of amines which was rather traditional
reaction style. However, them@nation of allenamides was mainly focused on intramolecular

version partly belong to the difficulty of synthesis and unstable characteristic.
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Mare C. Kimber 2010
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Scheme 2

Besides formingsingle chemicalbond bysimple nucleophilic addition pathway, allenamidesn

be used to proceed cascade reaction with cycloaddition J&étsteh as [2+2], [3+2], [4+2And

S0 on since direct cyclization reactioraisvaysa strong tools to prepare polycyclizedmpounds

which have numerouapplicationand value. On the othehand, different with other starting
material, allenamides can bring into hetero atom into the aimed compounds which again improved

its value and attracted tons attention of chemists all over the world.

On the gold catalyzed cyclization of allenamides, Bedo Lopez group alreadyontributed

many inspiring works and showed us numerous possibilities accessing to-diterse
compoundsin 2012, Fernando Lopez and Jose L. Mascarenas ganperativelyreported gold
catalyzed [2+2] cyclization of allenamideézs3 with alkenes254 (Scheme 53 M3 After
examining the reaction condition, thh@henyl phosphité. was picked to be the best ligand which
afforded cyclobutane derivativeé2b5 in good to excéént yield (up to 96%). In addition, this
catalytic model can embrace tons of kinds of substrate. For alkenes, ont only electron rich alkenes
gavepromisingyield, electrordeficientalkenes can also react with allenamides greatly by leading

to yield from42% to 96%. Moreover, the performance on regioselectivity also was surprising. But

in this work, there were no other allenamides which were not examined.

To expand thestudy on [2+2] cyclization of allenamides, in the same yegli, Chen group and
Jose M Gonzalez groupScheme 53 reported* the synthesis of cyclobutane derivati2s8
through [2+2] cyclization of substituted allenamid&b6 with electron rich alkene®57 by

introducing oxygen or nitrogen atom close to double bond. In this work, Bosiphosphine
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Fernando Lopez 2012

0
JJ\ R, L4AuClAgSbF6(2mol%)
D P

R4
N —
+ -
'/ f\ R> <R DOM, 44 MS,-15°C
Z 3

233 254

Zili Chen/JoseM, Gonzalez 2012

R XR, JohnphosAuCl{2mol%) R4X R,
frﬂl + E AgSbF ¢(2mol%) [
- 5
Ts R : N_/
2 DCM, 4A MS, RT R’
256 X=0.N 258
257
JoseM. Gonzalez 2012 '
R E
Ph, L,AuCI(5mol%) NTs @ ;
N\ ; AgNTI,(4.5mol%) & i
RO,S _ o :
DCM, 4A MS, RT :
259 260 261 '

Fernando Lopez 2014

ji JohnphosAuSbF;
R N_N R o,
0" N ’\ + ZM (R3)z (5mol%:)
Ry DCE, RT to gs°C

262 63

Scheme B. [2+2] cyclized addition

ligandshowed the best yield (from 63% to 89%) and good regioselectivity. Besides high tolerance
of alkenes substrates, various substituents were also tested on the allenamides including electronic
donating group and electronic withdrawing group and approved the application of this catalytic

system.

Although the previous work on tH@+2] cyclization of allenamides have obtained great success,
to obtain high enantioselecify of the cyclized cyclobtane bearing one chiral carbon center was
still a challenge. To solve this probléf, JoseM. Gonzalez groug¢heme 8) applied the chiral
(S)SIPHOSPE ligand L, to construct the chiral environment and control the stgsition.

Fortunately, the yield and ee could arrive to 95% and 90% respectively.
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To expand thesubstrate for [2+2] cyclization of allenamidesFernandoL - p and JoseM.
Gonzalez kept looking for new partners for allenamides. In 2014, they desighemsaturated
hydrazone%'® 263which improved thenucleophilic capability of alkene¢Scheme 53 In the
meantime, thexistenceof N-N bondcouldavoid the [4+2] process and only afforjg2)]
cyclized product264 catalyzed by Johnphosgold inoderate reactiorin addition, the

yield was still greaffrom 41% to 97%pequipped with higmegio- and chemselectivity.

Accompaniedwith [2+2] cyclization of allenamides, [4+2] cyclization with allenamides also
becoms a popular research area to construct six member ring compomn@911,J os ® L.

Ma s ¢ a andPlearsn a n d group™” publishedgold catalyzed [4+2] cyclization between

Fernando Lopez/Jose L. Mascarenas 2011

0
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Scheme 8. [4+2] cyclized addition

allenamide265and acyclic conjugatedienes266. Cyclohexene derivative®67 were obtained in
good to excellent yield(from 44% to 99%) and great diastereoselectivity. In the meantime, besides
the high scopeof dienes substratesolorful substituents could also be featured on allenamidgs (R

R»,R3) and did not affect the yield and selectivicheme 8).

Next year in 2012, they synthesizexiadly chiral triazoloisoquinolin3-ylidene ligand (Scheme

54, [Au] ) andappliedit into [4+2] cyclization aboV&'™®. Promisingly, under thassistancef
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AgSbF; high yield (up to 88) and great enantioselectivity (up to 99) were obtained in DCM at low

temperature via constructing two chiral carbon centers.

On the other hand] o s ® L . MredB e & n a fj d groujh also extended ttaienes to
uncoujugated system by replacing one double bond with another electrophiles to trap alkenyl gold
intermediate. In 2011, thEy? put attention on arbonyttetheredalkenes272 and used it as the
starting material to proceed cyclization with allenamide&¥1l Followed the intermediaté
(Scheme 5) from traditional activation of allenamides via gold catalyst, the alkene then
interacted with it and form the intermedidtebearing a carbon cation which could receive the
attack of oxygen in carbonyl group. Filyaintermediatell quenched alkenygjold by forming
oxa-bridged product273 whose size could be adjusted by changing the carbon number between

alkene anaarbonylgroup. In addition, the tolerance of allenamides was also very high with

Fernando Lopez/Jose L. Mascarenas 2011
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yield (from 31% to 96%).Moreover, they also applied chiral phosphine ligand (S/R,Rhd
AgNTf, and successfully improved the diastereoselectivity up to 90:10 with good yield(72%).

In 2018,FernandoL - p @&nd Jose M. Gonzalez grotif togetherbuilt another tkenetethered
oxime ethers 275 and 276 (Scheme 5) as starting material to construct more decorated
products(includingsubstitutedpiperidines 277 and azéebridged carbocycles278) in good yield
(from 40% to 94% which wasaffectedby the substituents of starting materighich made use of
the same strategy wittarbonyttetheredalkenes This work alsademonstratetdhe advantage of
oxime derivatives compared with imine derivatives since its high affinity to gold comphsix.
last same chiral phosphine ligand (S,R/Ryvas used to successfully collect diastereoselectivity

up to 95:5 with51% vyield.

Elisabetta Rossi and Ruben Vicente 2013
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In 2013,Ruben Vicentgroup*?" kept studying the applicable of suitable candidates to performed
the cyclization with allenamides. They paid their attention-eingl indoles279(Scheme 55 At

first, by introducinga carbamate at M catalyzed by triphenyphosphinegold complex,the
desired tetrahydrocarbazo81 was formed by cyclization process and proton transfer. But
interestingly, new product oP82 was also collected partly which meant that the second
allenamideswas involved to replace the protodeauration process. By scrgehi condition,

when Johnphos ligand was used, the yield 282 was increased to 95% in DCE at low
temperature. This unexpected transformation strongly approved the high applied potential to form

complicated compounds.

Dependent on the data collected poesly, Junliang Zhang grolf? designed asinyl indol
derivatives283 to perform the cyclization with allenamid@84. They directly used the chiral
ligand (S,R,RL) (Scheme B). As shown byRuben Vicentegroup, the substituents on-N of

indol could divert thereactioninto different direction. Surprisingly, in this work, when the
substituent was electron donatigigoup,the [2+2] cyclization with allenamides happened to form
cyclobutane productd85in great yield(up 99%) and enantioselectivity(up 96%). However, when
the substituent was electron withdrawing grothpe reaction went to [4+2] cyclization with
allenamides which affordegroduct 286 with also high vyield (up 99%) and excellent
enantioselectiwy (up 97%). Moreover, the reaction condition is very moderate and the reaction

ratio could step into 20 mins.

Among the cyclization reaction of allenamides, it mainly is activated by gold complex at first and
interact with a nucleophile. However, in 201fyis A. Lopez groupp?® brought \nyldiazo
compound=287 which is easy to form carbene gold complexs an electrophileéScheme 3). In

this condition, allenamide288become the nucleophile to attack carbene gold contexl form

the intermediatell which, at last, undergoes cyclization process to dhe cyclopentene
derivatives289 in yield of 42% to 66%The performanceof allenamides in this work further
expands chemisismpression and opens a wide research area to fully utilize allenamides to

construct more useful moleculars.
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Beyond the cyclization of allenamides happened betwe&nmoleculars, three components
involved cyclization addition reaction including allenamides catalyzed by gold complex also were

reported in the past decades.

Luis A, Lopez 2016
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In 2015, Fernando Lopezroup*?? successfully forced three components: allenamiie§
alkenes291 and aldehyde292into one pot and formed the cyclizegtrahydropyran293 under
minus 45C in DCM assisted byhosphite gold compleat (Schene ). Besides good to
excellentyield (from 43% to 98%)highly regic and chemoselectivis also got in this reaction
system.On the basis of this work, two years latEernando Lopegroup™® published their
another work by working on the enantioselective versidchéme B). In this work, by using
chiral ligandAu2 andAu5, more substrates were tested and gave good yield (up to 93%). Besides
high regioselectivity, high enantioselectivity afogucts297 and298 were also collected which

were both up to 91%.

Instead of reacting with other compounds, allenamides also can react with themselves since its
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Fernando Lopez 2015
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Scheme B. [2+2+2] cyclized addition
electrophilic property brought by gold and the essential nucleophilicity. In 20$6M. Gonzdez
group*®® developed a strategy to synthesizimethylene cyclohexane300 and 301 through
[2+2+2]-cyclotrimerization catalyzed byCat (Scheme B). Although the whole vyield was
promising which was up to 90%, the regioselectivity was not high to give two is@deend

301 with almost equal ratio.
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In 2017, Jiangtao Sun gro[ﬂfﬁ] reportedPhPAUBAF, complex inducedagiodivergent [2 + 2 +
2]-cycloadditions of allenes @03 or 304 and tiazines 302 to form the six-membered
N-heterocyclegproducts 805 and306) (Scheme B). With the optimizedcondition, allenamides
afforded the product 305 while allenoates gave the corresponding produ@0éfwith triazines

302in good yield up to 92%.

Allenamidesare not limited to synthesize the mediate or small cyclic compounds by cyclization
additionreaction catalyzed by gold catalyktalso accesses to preparimgcrocycliccompounds

by cyclization addition strategy of allenamides with proper partners forced by gold catalysis.

[128]

In 2018,Eun Jeong Yo@roup made it possible by utilizinguinoliniumzwitterions307 and

allenamides808catalyzed AuCIl(5mol%) to prepared &gssevermember ringdl,4-diazepines809.
This methodology is very mild and efficieim THF without extra ligand and shows great

functional group tolerance in good to excellent yield (up to $6%t)eme 9).

Eun Jeong Yoo 2018
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Scheme 9
In summary, allenamides showed its great advantages like various reaction sites and electron
property while it is also easy to modify into different valuable compounds. Especially after
cooperating with goldcatalyst its advantages and applications aregnified in many kinds
synthetic chemistryln the past decades, it has been useduitd tons of useful compounds
catalyzed by gold catalyst. Along with the accumulation about relative knowledge, there must be

more creative ideas and work which will bebpished soon.

59



Chapterl

1.2. Catalytic asymmetric dearomatization reaction

Aromatic compoundsre well utilized greatly in organic synthetic chemistry since they played
great function in bieactive and natural compound§®. On the other hand, they are greatly
abundant and easy to be decorated likedelCrafts reaction, GH activationwhich introduced
various substituents Among those modificatianof aromatic compoundsjearomatization of
aromatic compounds also important strategy to achieve rimgluding compoundsncluding
heterocyclicblocksin efficient, economigrocessin the past, imet greatly challengt destroy

the aromaticity of aromatic compounds since the mggonance energ$o to dearomatize the
aromatic compounds usually neetharsh reaction condition like sensitive catalyst, high
temperature and high pressure sucBiash reduction reactid™®, Oxiditive dearomatizatidh’™,
hydrogenation of aromatic compoufd®, nucleophilic dearomati™*** and hypervalent
iodine-mediated dearomatizatidf*”. However,not limiting to only dearomatization @fromatic
compounds, in front of condition of serious environment pollution, to develop more
environmenrdfriend and atoreconomic approaches also becomes a target of chemistsg Facin
with these problem, in recent years, catalytansitionmetal catalysis has been developed to a
very promising strategy to construct newXC(X= C, N, O, S, Halogen) bonds in organic
synthesis and has also become the hot research area alhevesrld. Along with this trend,
chemists then brought this strategy into the dearomatization of aromatic compounds and then
inspiringly open a new world to access to the construction of complidaichensional
compounds™®. In addition, Gemists alsadesigned and developed various chiral ligands to

complete the asymmetric transformation during the dearomatization pfdéess

Catalytic asymmetric dearomatization (CADA) reactidtrasre becomene of the most efficient
strategiesin organic chemistry rad shown great contribution to construct ringluding new
moleculesNext, it is divided into two major sectioingcludingdearomatization of heteroaromatic

compounds and phenols compounds collecting from 2005 to now.
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1.2.1. Dearomatization oHeteroaromatic Compounds

Heteroaromatic compoundghich include heteroatom like N, O,e&ist abundantly in nature and
haveshown great bioactiity leadingin curing diseaseS$?®. In this background, the synthesis of
relative functional compoundsbstracs greatattention from chemistry communit$o far various

new reactiontypes were developed such asHCbong activatiorand coupling reactiorreaction.

Besides functionalizing the heteroaromatic compoutidsby various functional substituents
construct new molecules, dearomatization of heteroaromatic compounds also become more and
moreimportantstrategy to synthesize the bioactive molecules wbattributedgreatly to human

health In the meantime, it also satisfied the requirement abanstructingmore specified and

stereadiverse compounds to conquer increasingly challenging disease happened currently.

On thecatalytic dearomatization of heteroaromatic compounds, chemists have developed many
different strategiedy using differentcatalytic version and it is divided into orgacatalytic and
transition metal catalytic dearomatization by highly making use of those calalgetntagesn

this part

Organic catalysts have become a very strong togymhetic chemistrjpecause orgam catalysts
are easy to prepare and the cost is very low compared with transition metal catalyst. On the other
hand, for the catalytic activityhe result is also very promisirand even shows great chem

regio- and stereoselectivity in synthetic chetrydy its easy modification advantage

By utilizing organic catalysts, in 2014, our gr83p successfully appliecchiral BINOL
phosinoric acid catalgt (Scheme60) in dearomatization of indol compounds and its derivatives

310 by combining with allenamide811 leading to allylation of indolBy interacting with
allenamides tightly,Brensted acids ((SyBA) produced anelectrophilic intermediatd by
constructting the stereochemical environment leading to high enantioselectivity of the
corresponding Mheteroring compounds312 in good to excellent yield and promising
enantioselectivity (up to 94%). The carbon chaintib@ back of BINOLskeletonhelped the

solubility and could force substrates and catalyst stay closer assisted the hydrogen bond between
catalyst and substrates and speed up the reaction rate. In addition, high substrates scope tolerance

was also achieved under moderate reaction conditio
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Marco Bandini 2014
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N AcOEt, 3ART
H RO~ OR R
313 314 i R=2,4,6-(iPr);CeHy,

Yield up to 99% BA
ee up to 99%

Scheme60. Dearomatization of indol

Realizing the potential application of phbspic acid catalgt on the dearomatization of indol
derivatives, in the same yef014, Feng Shi group*® (Scheme60) enriched the stratedy of
phosghoric acidcatalyzed dearomatization of indol compounds. In this weuilgoneimine ketals
314 derivatives were chose as the electroptidasferred by phospric acidcatalystBA. More
inspiringly, this reaction did not stop after the addition and followed bghalcelimination
process tagive the arylative produc15 of deatomatized indol and its derivatives in great yield
and high enantioseletivity. Identically, hydrogen bond fornbetyveerBH and substrateglayed

greatly function on the connection and aatign of substratesynergistically

Beyond catalysts of phosphoric acid and derivatives, carbene catalystpossessediital
position among organcatalyst catalyzed synthesis. In 2016, Bin Tan dfdtsuccessfully
dearomatized thesoquinolines317 via chiratNHC catalysisusing the aldehyde$16 through

stetter reactionype™*®! (Scheme61). Driven by theNHC catalyst, aldehyde was transfered an
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intermediate including nucleophile and electrophile. Tismguinolinesgot involved to form the

cyclized topane318and derivatives in good yield and high enantioselectivity.

Bin Tan 2016
'BF,
NHC(10mol%)
g ©® _EtOH(200pL) Ar 5
r
N\,Ph KOAc(10equiv)
DCM
36 317 318 : Br NHC
Yield up to 77%
ee up to 96%
Wei-Cheng Yuan 2019 0 0
Q j;/[ CFy
Cat1(20mol%), X-N-PG ; N HQ
DCM, -20°C,5A MS Q CF,
NO, b Catl
321 1
@ Y 319
X Yield up to 99%
+ _ ee up to 96% and dr up to 99:1
HS~™~F"~C0,Et
320
Cat2(20mol%), X=5§
DCM, -10°C,5A MS
322
Yield up to 95%
ee up to 95% and dr up to 99:1
Yixin Lu 2019
i TBS
: PPh,
NO, o 02”;, : o m_b
Cat3 ‘- !
@ D> . Y . CCI;.R | TBSO N CF4
N 0 Toluene/RT N i
o 124 Boc |
32 : Cat3  CFy

Yield up to 92%
ee up to 97%

Scheme &. Organocatalyzed dearomatization of heteoaromatic compounds

Dearomatization of indol compounds usually made use ofthas nucleophileo interact firstly
with electrophile.However, @ of indol could also readirstly receive the attack of nucleophile
by decreasing the nucleophilicity 68 via featuring the strong electron withdrawing groupGih

On the other handguaramidesatalys is also one major member of orgacettalysts in organic
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synthesis by activating the substrates faeming N-H hydrogen bond. Based on this theory,
Wei-Cheng Yuan groug™" achieved asymmetric dearomatization ofNi&oindols and
3ANitrbenzo thiophenes3ANitrobenzothiophene819 with allyl thiol 320 triggered by amino
squaramidesatalystscatl andcat2 (Scheme61). This reaction started from indol compounds as
an electrophile a€2 and received the attack of allylibl which was activated by hydrogen bond
activation mode witltatl andcat2 and end up with another Michal addition fr&@®8 nucleophile

of indol to the allyl group In the optimized reaction conditionA series of chiral
tetrahydrothiopheneindolineé®21 and tetrahydrethiophenebenzothiophene822 featuredthree
chiral carboncenterswere obtained in high yields with good diastereoselectivities exakllent

enantioselectivities.

Keeping in pace withWei-Ch e n g wirk &imid Lu group™? (Scheme 61) devdoped
phosphinecatalyzeddearomatization of -Blitroindol 323 with allenederivatives324 co-assisted
with squaramidegat3 by the hydrogen bondn this reaction, allen824 received the attack of
phosphine otat3 which was converted into a nucleophile to attack the electrophile C2 of indol
starting materialThen thephosphinated allengccepted the attack of C3 of indol to form the final

[3+2] annulakd product with high enantioselectiviiyp to 97%).

All the work showedabove strongly approved the capability of organocatalyst in the
dearomatization of heteroaromatic compounds. By its highly easy modificatjmgt
stereoselectivity could bebtained accompanied with high yield in very moderate condition
efficiently. In addition, the cost was also decreased greatly on the organic synthesis compared to

noble metal catalyst.

Even sometime the transition metal catalysis costs more than organocatalyst, the study of
transition metal catalyzed transformation in organic chemistyeatly necessary sintieir high

activity on chemical bond which organocataigshot as good as metal catallgé redox reaction
andradicalrection. On the other hand, their catalytic amount and higher functional tolerance also
make chemisabsorbedAs a result, many works about transition metal catalyzed dearomatization

of heteroaromatic starting nesials.

On the palladium catalyzed dearomatization of heteeroaromatic comppounds, Shuli You group

have made great contribution to ttleemistrycommunity. Pyrrobndderivatives is a kind of very
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Shu-Li You 2014
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Shu-Li You 2018
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R? H
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<, ' A~y oo
@ N 4;\/0(:02”9 2) AcCl{3.0equiv) @ : 0 >—|"|1
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Yield up 99% : (S)12
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Scheme @&. Palladiumcatalyzed dearomatization of heteoaromatic compounds

stable aromatic compounds and to functionalize this kind of motif is a very challenging task since
the rigio-selectivity due tdhe similar reactivit}P‘B] between C2 and C3. In 2014, they conquered
this challenge by Pd catal{ét(Scheme 62 In this wak, polysubstituted2HZPyrroles and
derivatives 328 were synthesized through Pd catalyzed dearomatization of pyd2@swith
cinnamylcarbonatalerivatives327. Carbonate group is a very great leaving group and is easy to
form the allyl palladiunmintl which is a very good electrophile. By adjusting the ligand;L(R)
showed Ighly regio andenantioselectiity on the dearomatized product with promising yieidl
constructecathiral quaternary carbon center

Based orthe work of dearomatization of pyrroldlya palladium intermediate was though a good
reactionintermediatewhich could trap nucleophiles efficiently. Withis idea, in 2018, Shuli you
designed another allylic dearomatization of polycyclic indol derivatittédn this work(Scheme

62), b-substituted allylcarbonate330 was chose to produce the allyl palladium compdex
polycyclic indol 329 got involved as a nucleophil©n the other hand;hiral phosphoramidite

ligand(Sy)-L2 was the best ligand which could gieecellent yields (up to 99%) with excellent
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enantioselectivity (up to 98%e)and was also applicable $gnthesizevarious polycyclic indoline
andindolenine derivative831

To make the transformation more at@eonomic,in 2016, Shang Dong Yan grdtf$ applied
palladium catalyzed €H activation into dearomatization of indols this workScheme 8),
allylbenzene333 was selected as the electrophile produceddladium catalyzed €H bond
activation excluding the leaving group. &@bstituted indol832was smoothly dearomatized and
functionalized to form the produ8B4in good yield(up to 84%). During the catalytic cycle, Pd(ll)
was reduced to Pd(0) by forming the gwot and then Pd(0) was oxidized into Pd(Il) by
2,5DMBQ to get involved in the next catalytic cycle. This work provides a more atom economic

way to access to the aimed product and also leave another task to obtain high enantioselectivity.

Shang-Dong Yang 2016

Yield up to 82%
ee up to 94%

! 0
" PA(PPh);Cl,{5mol%) E
. 2,5-DMBQ(20mol%) :
@ N + = 1.1 equiv AgCO i
. 3 H
i DCM, 80°C, Ar ;
332 333 i 2,5DMBQ
Shu-Li You 2019
[Pd(C3HE)CI],{5mol%) R,0,C |
B . |
o P RIOLL COR, Li(Hmol%) N f’j
. =y + @ Et;B(0.5 equiv) R1_|/_, h{ | N="»pp
135 336 Cs,C04(1.0equiv) e | Ph,
- Tolene, RT 337 i L3

Scheme 8. Palladiumcatalyzed dearomatization of heteoaromatic compounds

Besides the strategy of dearomatization througt hond activationin 2019, Shuli You group
1471 developed another pathway to dearomatieehranils 335 via palladium catalyzed C
activaton of vinylcyclopropanes336 (Scheme 8). By making use of the high strain energy of
cyclopropanespalladium could open this ring by informing a nucleophile and a electrophile.
Assisted by the triethyl boron, Nitrogen 885 could become more nucleophilic which drove the

reaction to proceef#t+3] cyclizationwith anthranilsand gave théridged cyclic products high

yieldsaccompanied witkexcellent stereoselectivities
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To expand the palladium catalyst on dearomatization reseirotia Jiagroup ™*® successfully
appliedPdCatalyzedntramoleculareductiveHeck reactionson the dearomatization of indol by
designing proper substrat838 (Scheme 63 By featuring the Bromo group &tposition of aryl
group, the reaction started fromidative addition to palladiurand followed by insertion from
indol unite to give the dearomatized prod888 C2-quaternary stereogenic cente@n the other

hand, L4 igand showed the best activity by offering excellent yield and high enantioselectivity.

Yi-Xia Jia 2015

Br R Pd(OACc),(5mol %) OO
- L4 6mol% ' PAI’z
N_/ \ — ) PAr,
1 N HCOyNa (2.0 equiv) | OO
O =Ry MeOH 100°C ;
338 339 | L4 Ar=Ph

Yield up to 88%
ee up to 99%

Scheme @. Palladiumcatalyzed dearomatization of indol

Instead of Pd catalyzed dearomatization of aromatic compounds, gold catalyst also performed
very well leading to become another useful tool to achieve the targdggasdbmatization and

functionalizationof aromatic compounds.

Marco Bandini 2014

R
TS(RIN.  (2,4-(1Bu),CgHy0)5PAUC]
R1+; Ry | \H AgTFA(5mol%)

DCM,RT

Marco Bandini 2015

AuCIS(Me),{5mol%)

L5(2.5mol%) % PAr,

wns ‘o N,\ AgOTI(5mol%) Qf PAr
L DCM, -60°C O

-35tB 2.4.0Me-CgH
343 344 Yieldup to96% 1 2ltBY ez
ee up to 98% L5

Scheme 65Gold catalyzed degomatization of indol
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In this area, our group has developed several strategies to dearomatize indol and derivatives. In
2014, our group™*® chose allenamide341 as the suitable potential electrophilhich was easy

to coordinate to gold catalystiav” -activaton (Scheme 6% By forming the gold complex
intermediate, 2, -3ubstituted indol340 and derivatives got involved to interact with this
intermediate as a nucleophile. situ catalyst (2,4-(tBu),CsH30)3sPAUCVAgTFA was the best one

even under air conditiowhich gave théigh yield and also tolerated various function groGm

the other handguaternary carbowrenter in producB842 was obtained byunctionalizationof

allylation and featured a new imine group which could be further modified.

Based on this work, next year in 201&yr group developed another stratéiito dearomatize
indols 345 via trapping the alkyl gold intermediate to form dearomatieR]-cycloaddition
between indol and allenamides. this work, chiral ligand was used to attempt to obtain high
enantioselectivity. Delightfully, wherL5 ligand (Scheme 6) was tested and contributed
promising enantioselectivity(up to 98%) with excellent yield. However, besidedetiation of

ligand, low temperature was also necessary to reduce the flexibility after the allenamides

coordinated with gold catalyst.

On the golccatalyzed dearomatization of heteroarometimpoundsF. Dean Toste groﬂﬁ” also
develogd new strategies by combining alkyfenctionalgroup346. In 2015, they came up with
gold(l)-catalyzed dearomative rautenstrauchrearrangementon indol derivaties to obtain
cyclopentaplindoles 347(Scheme 6). indole-derived propargyl aceta@l6 was designed which
could be forced to go througlautenstrauchiearrangemen{Scheme 6) catalyzed bycationic
(SyDTBM-Segphosgold(l) asssted wih AgSbFR. The reaction started from -activation of
alkyneby gold cation and accepted the aaitackof the ethoxyletherresulting in the formation
of oxonium speciell . Thenconsecutivecleavage of €0 bond and elimin#on of aceta-ldehyde
happened to form thgold-substituted daminopentadienyihtermediatdV which also might exist

ascarbenoidesonance structuké. At last,chiral phosphine

gold-controlledEna nt i odet ebondformdtiongccu@adv@ Imino-Nazarov cyclization
of IV to afford VI which oould afford the finalCyclopenta[blindoles 347 through protonation

process in excellent yield and enantioselectivity.
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F. Dean Toste 2015

e
R, oioa (S)-DTBM-Segphos(AuCl),(5mol%) Ry 0
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Z N\ Ts
Te 347
346
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Il TslAu]

Scheme 6. Gold catalyzedlearomatization of indalia tandem [33]-sigmatropicearrangement

On the basis of this work, theyontinued to develop newcgclic diaminocarbengigandswhich
enable gold catalyzed cascade dearomatization of indol derivativesndiem [3,3]-sigmatropic

rearrangemenr+2]-cyclizationprocess to give the polycyclic dearomatized indol product.

Beyondthe catalyststalked about above, various other transition metal catalysts are also used to
achieve dearomatization of heteroaromatic compounds along introducing different function group.
In 2015, Hajime Ito group ™% reported copper catalyzed therjlative dearomatization of
indole-2-carboxylate 348 with bis(pinacolato)diboron349. This work not only obtained
dearomatized indol motif,® bond which is mainly used to perform coupling reaction was also

constructed in high yield and diastereoselectivity by ukhghiral ligand Echeme 6Y. In the
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Hajime Ito 2015
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Scheme 67

same year, Shuli you grodp™ used coppeto successfully dearomatizadol and derivatives
with propargylic acetatand collected asymmetric dearomatized indol produotghis work,
versatile furoindoline and pyrroloindolingerivativesbearinga quaternary carbon stereogenic

center(up to98%) and aterminal alkyne moietin good yieldup to 86%

In the meantime, Iridium catalyst was also applied to dearomatization reaction and achieved
promising resultFor instance, in 2015, Shuli You grotp’ used Iridium catalystScheme 6Yto
dearomatize successfulByridines, Pyrazines, Quinolines, alsw i quinolines351 at the same

time through cyclized allylationBy utilizing L7 andL8 ligands,the corespondinglearomatized
products352 were isolated in high levels of yield (up to 998éld) andenantioselectivity (up to

99% ee)

In addition, in 2017 Dagang Y& group combined the radical reaction with dearomatization

accompanied with carboxylation reaction via copper catalyzed redox restioenie 63 It is
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known that amino group has a strargpabilityof trapping CQ. Inspired by this theory, Yu group

designed the substra@&3featuring

Da-Gang Yu 2017
R,
NHR, [Cu(MeCN)4PFg](10mol%) N_ O
Togni's reagent I{1.75 equiv) ‘{
A CO,(1 atm) 0
N @ wmCFy
\ DBN(2.0 equiv) N
Ry MeCN,RT Ry
353 354
353 + 0=C=0
354 V el
R
HZ
L
DR
Ry

Scheme 68Dearomatization via trapping GO

amino group as an anchor to fix €@y trapping the Cg the coppestabilizedcarboxylative
intermediatel formed and went through the oxidative process to form the Cu(ll) intermeédiate
which trapped the GFadical formed also by oxidative process of Cu(l) leading to intermeiliate

Moreover, intermediatd was oxidizedn to carbon cation by Cu(ll) and caught the nucleophile of
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oxygen formed by releasing the Cu(l) catalyst to produce the dearomatized indol products featured

trifluoro methylaton and carboxylation in good yield.

Shu-Li You 2018
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Scheme 8. Photo and electroniratalyzed dearomatization

Along with the development of photocatalysis and electronic catalysis, chemists also try to apply
those strategies to dearomatization of aromatic compounds. Under this ambition, in 2019, Shuli

You group™®® made the access torghesize the cyclobutantised etracyclicspiroindolines356
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(Scheme 6) via visible-light-promotedintramoleculadearomatization ofndole derivatives335
By promoting the electron ofb, o carbon of indol tdhe tripletexcited stat@35a intramolecular
[2+2] cycloaddition of indoleethered terminal olefinccurredto give the produc856in good to

excellentyield(up to 99%) and high selectivity(dr up to 20:1).

On the other hand, in this year (20193uillaume Vincentgroup ™7 publishe their
electrochemicabearomative 2 3lifunctionalization ofindoles357 (Scheme 8). The application

of undivided electrolytic conditions avadthe use of an d@sa oxidantto force the catalytic cycle

to complete. And it was proposed that indol derivatives likely were oxidized by losing one
electroninto a radical cation which could be trapg®dalcohols or azideompounds formed by
obtaining one electron leadingttreedimensional 2,3lialkox-yindolines or 2,3diazidoindolines

358which also was applicable to various substituted starting material.

In summary, the catalytic asymmetric dearomatization of heteroaromatic compounds has been
well developed and on this basispma advanced anenvironmenifriend methodology will be
further developedto provide more efficient approachesto natural compounds and

pharmaceuticals.

73



Chapterl

1.22. Dearomatization ofPhenols

The dearomatization of phenol and derivatitias alsayrown up to a mature and strong strategy
which already been used to access to various functionalizedcbi@ natural compounds and
pharmaceuticaf®®. It not only provides more tools to prepare useful and valuable compounds, it
can also greatly dease the ast of money and time since the abundant existence of phenol and
its derivatives and the polyring structure propertyOn the other handattributing to
dearomatization process, tdimensional starting material can be convertethteedimensiona
products which increases the potential bioactive value. In addition, chiral carbon centers will also
be constructed and by designing and using chiral ligand, high enantioselectivity can also be

collected.

On these advantages of dearomatization stratbgynists from all over the world have paid tons
of attention onthe catalytic asymmetric dearomatization of phenolsatisfy the requirement
from the industry, econoynand environmenririend. Eventhough many strategies have been
developed so far, catalytic asymmetric dearomatization of pheilblse mainly talked here and
transition metal catalyzed dearomatization of phenols occupied large pobitide meantime,

the dearomatization of phenols afeajorly focused on phenols and naphthols
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In 2011, Stephen L. Buchwalgroup came up with the stratéfy! of palladium(0) catalyzed
redox arylative dearomatization of phen8iseme70). By featuring a alphatic carbon chain
bearing a terminal bromoargroup at thepara position of phenoB59, It provides an entry to go
through redox of Pd(0) procesSynergistic withtautomeism between enol and keto form
promoted by external base,®0s, para carbon of phenol become more nucleophilic and could
replace the bromo at Pd(ll) to form the new Pd(Il) intermediatét last, intermediate2

performed reductive elemation to releasthe Pd(0) catalyst which got involved in the next

Stephen L. Buchwald 2011

0 |
[Pdicinnamyl)Cl]s(1mol%) E O
L1(3mol%) | | PCy,
K,CO4(1.5equiv) N OMe
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HO
Z> 0
N [PA{C3Hg)Cl]5(1.25mol%) 7
L2(3.79mol%) - O

O PCy;

X K,C04, Toluene, Reflux C N iPrO 0ipr
362
RT &, Yield up to 99% L2
x=Cl, Br,
361

Scheme70. Dearomatization of phenol
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catalytic cycleandgave thdinal dearomotized phenol produ@$0in good to excellent yieldlhe
success was guaranteed by the ligand, however, this straategwas more applicable on

electron richsubstratesvhich could promote the oxidative process.

With same catalytic strategy, in 2014, Shuli You gftfifibuilt erythrinaneskeleton362via Pd(0)
catalyzed daromatization of paraminophenols361(Scheme70) and increased the efficiency
greatly. In this work, more heteroatom like N was introduced into starting materitdteanci/clic
sterically congested spiroaminksaring a quaternary carbon were synthesized in excellent yield

(up to 99%)with the optimizel ligandL2).

In addition to Pd catalyzed dearomatization, Iridium also showed its strong power to dearomatize
phenol compoundslin 2011, Shuli You grodff™ used Iridium catalyst to activate the allyl
carbonate functional group to form th@allyl-Ir(l) electrophile. By combining this electrophile

with phenol as the nucleophiB&3(Scheme 7}, the dearomatization 863was successfully

Shu-Li You 2011

Yield up to 95%
ee up to 97%
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N 0COMe  [Ir(cod)Cl], |
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1.4-dioxane, 80°C
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Scheme 7. Iridium catalyzed dearomatization of phenol
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achieved driven bylridium activated via chiralligand (S,S,$L3) and afforded the

spirocyclohexadienone derivatives with up to 9gés

Being dfferent with studying various electrophiles, in 2018, Shuli You gr8f turned to
another strategy bsodifying the nucleophilgetheredallylic carbonate365 (Scheme 71 In this
work, the electron donating hydroxyl growyas replaced bydimethyl malonatl group whose
methylenewasa kind ofcarbon donating group. Befotesting this substratepmputations were
firstly runto comparéwo modé systems of asymmetric allylic dearomatization reactmmiseen
phenol and malonate diester substituted benzBeéghtfully, the result encouraged them to
launchexperimental studiewith the same condition catalyzed fgcod)Cl], and chiral ligand
(S,S,%L3). Finally, a seriesof spiro[4.5]cyclohexadiene compoun@§6 were obtainedin

reasonable yieldaip to 61%)and good enantioselectivityp to 97%)

In other aspects, gold catalyst also contributed several semtégi dearomatize phenols
compounds. In 2014yasumasa Hamadgroudm] tethered terminal alkyne in phen867 by

carbon chain and proposed that the alkyne could accept the attack of para carbon of phenol to
form the spiro[4.5]cyclohexadienones368 activated by gold catalyst IPrAuUNTf,
(IPr=1,3bis(2,6diiso-propylphenyl)imidazek-ylideng v i a -activatior{Scheme 2). By
launching the experiment to approve their idessults was encouraging and strictly consistent
with the original idea to obtainhe aimedspiro[4.5]cyclohexadienone368 products with good to

excellent yield(up to 99%) and go@ighctionalgroup tolerance.

Gold catalyst is a kind of-electron addietdLewis Acid which is good adctivatingelectron rich
compounds such as alkyne and allene. FollowWeal masdveord, BoTang grouf® tethered
terminal allene to para position of phenol as the starting matg@al(Scheme 2) and
delightfully obtained the addition reaction between phenol dadeaforced by P#AUCI/AgOTf
in situ catalysis and also gave therrespondingspiro-polycyclic products370 in excellent

yield(up to 99%).

Moreover, Rhodium catalysis also provide the possibility to access to the dearomatization of
phenols. In 2014,Moi s ®s ™*Ggrdup applied Rh(lll) catalyst to dearomatize the

2-vinylphenol371throughcleavage ofthe e r mi n a | @inylHyrolp @amd éhsedidn of

77



Chapterl

Yasumasa Hamada 2014
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Scheme 2. Gold catalyzed dearomatization of phenol

alkynes 372 successfullgscheme 72 Delightfully, [3 + 4 Annulation occurred between
2Zlkenylphenols and alkynasder also mild reaction condition and with high atom economic
character. Finally the producg 3 with highly appealing spirocycliskeletonswvere collected in

goodto excellent yield (up to 99%).

Besides phenols, naphthol compound also is one very important kind of phenols which is also
abundant anevidely applicable in people liféflo promote its value for life, various modification

based on naphthol have been deped like FrieldCrafts reaction. Among the modifications,
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dearomatization of naphthol is also a useful strategy to provide polycyclic three dimensional

compounds by featuring vary functional group.

Rui Wang 2016

Yield up to 79%
ee up to 99%

Ry 0 |

Ry 0 a |

= OH PH-1{10mol%) / !
Ry + Rgp- || ——— = O =Ry
e DCM,RT S !

R; Ryl l

~F R, |

374 375 376 i

Ry NR; | Ar
" iy L
OH PH-2(10mol%) = i O
Ry + Ry | s —— HO : R10 | O “0OH
= R DCM,-25°C x !
‘ Ry l
= R.‘E i Ar
377 378 319 |

Yield up to 99%
ee up to 98%

Shu-Li You 2019

i Ar
S -
N RO,CN=NCO,R i GmFEJJ
RIC PH-3(10mol%) i 0 oH
,-"r i
DCE, 50°C ; gg
NuH NCO,R : Ar
180 381

PH-3 Ar=2,4,6-(iPr)3CgH5
Yield up to 93%
ee up to 99%

Scheme 3B. Organocatalyzed dearomatization of ol

In the tool box of dearomatization of naph®abrganocatalysis has occupiadery important

role and already abstracted large attention all over the world. In 2016, Rui Wan§%robpse
qguinones 375 (Scheme B)as the electrophile which wasactivated by chiralspirocyclic
phosphoric acidPH-1) by hydrogen bond. On the other hand, napHsiidiwas activated also by

the hydrogen bond witPH-1 and wasdraggedto interact withquinones375 via the hydrogen

bond. Two starting material reacted with each other in the chiral space constructed by the chiral
spirocyclic phosphoric acidvhich finally gavecyclohexadienones with guinone moiety376in

good yield and excellent enantioselectiviRglying onthis strategy, in 2017,ing Zhougroup*®”!
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also successfully gdheir target to dearomatize the naphtB@lF catalyzed by chiraphosphoric

acid (PH-2) by introducing theguinone monoimid&878 Scheme 73 The aimedenantioenriched
cyclohexadienone879 were obtained also in excellent yield via an domivichael addition
procedure and the products bearing various functional group also could be collected without big

influence of on the yield and selectivity.

From the results above, plathol was dearomatized and left a free double bond inside the
cyclohexadienonekeleton. The existence of free double leaves vanmssibility for further
decoration and new reaction model. In 20Shouli You group®® noticed this opportunity and
reported biral phosphoric acid catalyzed aminatidee a r o ma t i -naphtholsfailowexd f U
cascade Michaehddition reaction In this work Scheme 73 1-naphtholtethereda second
nucleophile at the C4 positioB80 was chose as the starting material niteiact withdiethyl
azodicarboxylateatalyzed by chirabhosphoric acidPH-3). A series ofpolycyclic ketones381

in good yields with excellergnantioselectivitywere synthesized under mild reaction condition.
Under the support oDFT calculationsand mechanistic investigationghe whole procedures
included two stepswhich were stereochemistrgletermining aminative dearomatizatiomand
ratelimiting Michael addition. This work inspired chemists that the possibility that the

dearomatization could be awdat to perform other transformation.

Like dearomatizing the phenol molecules, transition metal catalyst Pd could also be applied to
dearomatize the naphthol compoun@ensistent with the Pd(0) catalyzed dearomatization of
phenof*®, in 2016,ShuLi You group*® carried up this strategtp dearomatize naphth882
(Scheme 73. They successfully developedalladium(0) catalyzed intermolecular arylative
dearomatization ob-Naphtholsby combining thearyl halides383. This reaction worked very
well under assistance d@-Phos ligand to give the arylative andearomatized naphthols in
excellent yield. After this work, in 2018, they developed anothaelfagium(0) catalyzed
intermolecularcascadedearomatizatiorreactionon naphthol $cheme 74. In starting material
385 another amino group was featured at C1 which was ready for the cascaedure. Firstly
the propargyl carbonate&86 were activated byBinap coordinated Palladium by releasing one
CO, to form allene intamediate. Then the amino and the C1 cantacleophile continually attack

the electrophilic allene intermediate which finally affordedaphthalenonegaturinganall
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carbon quaternary stereogenice nt er  -positiontinh good t excellent yields and

chemoselectivity

Shu-Li You 2016

R, X o !
[PA(C3H5)CI]5(2.5mol%) Ry. AT =
OH i
RSE‘:\f;[ ' Q-Phos (7.5mol%) S 0 | Ph_Te P(tBu);
0 - - > - |
= R, ool B Cs5C04 Toluens, 80°C = R, | Ph Ph
- BT . : Ph
82 383 384 E Q-Phos
Yield up to 99% '
X
Ph Pd(0)
0
O‘ 383
384
dlll)
Ph):

Shu-Li You 2018
HPG PG i
OCO,Me  Pddbas(2.5mol%) N\«f:f"'n : OG
r : PPh

Binap(5.5mol%)
THF,50°C R

Binap

385 386 387
Yield up to 95% |

Scheme 74Palladium catalyzed dearomatization of phenol

In the same way, other transition metal catalysts are also developed by using their unique
advantages on dearomatization of naphthols. In 26&jun Luan group*’® developed the
scandiumcatalyzed asymmetric dearomative amination of napt8B8lwith azodicarboxylates

389 By using the chiral ligand.1 (Scheme 758 high yield and great enantioselectivity of
product390 were collected under mild condition. In themsayear(2015), Shuli You grotip

found Rh(LRh)-Catalyzed asymeatric dearomatization of naphthd®®1 by cascade C(sp2)

bond activation and annulation procedures with alk@®6Scheme 75h This work gave
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]

) Xinjun Luan 2015

Ry Sc(OTf)y(5mol%) RO COR’ 5
OH N-CPZ L1(6mol%) N-N, Ry :
+ | —h |
OG R cbz" DCM ;
2 Rz !
388 389 390 i L1

Yield up to 98%
ee up to 98%

b) Shu-Li You 2015

O R, L Rh({3mol%)

OH | (BzO),(5mol%)

—_———
OG + | Cu(OAc),(1equiv)
R Ra KaCO4(2equiv)

Toluene
391 392 393 ; LRh
Yield up to 98%
ee up to 94%
¢} Shu-Li You 2017
. . o Ar
R, [IFCOD)CI],{3mol%) R e

las |
OH (S,)-L2(7.5mol%,) 0 :
pron -CLL,
R, Fe(OTf),(100mol%) R, | o
DCM, RT 196 : O
394 395 !

Yield up to 92
ee up to 98

Scheme 75

another simplend efficient method to synthesigkirals p i r o engphthalecone895 and its

derivatives in excellent yield and enantioselectivity(both up to 99%).

In 2017, Shuli You group continued to pay attention on the dearomatization of naphthol and
derivatives by Iridium catalyst’?. By testing and screening many reaction condition,when
(S5)-L2 was the ligand and [Ir(COD)]2 was the Iridium source, allyl alcdd@b being the
electrophile could be directly activated without featuring the strong leaving gkaupdrbonate
group and accepted the attack of naphtt88g to form the dearomatized product bearing

guaternary carbon in excellent yield and enantioselect&diy¢me 76).

In summary, dearomatization of aromatic compounds has become a very powerful strategy to
approach more functionalized molecules. Recently, more and more great works on

dearomatization of aromatic compounds and relative knowledge has also been accumulated
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increasingly. Howevetthere are still a lot of problem such as the cost and easy prepared starting
material. In addition, in front of more and more challenges in hudh@adth and living condition,

great valued and creative molecules by introducing rwretionalgroup which is easy modified

or has bioactive property should be synthesized through more efficient and greener way. In
conjunction withthe research in our group on gold catalyzed dearomatization of indol and
derivatives we started to proposiie research target of my Phiife. Next, the results of my
research on gold catalyzed functionalization of alkyne and allenamides during my PhD life will be

presented in thiollowing chapter.
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Chapter 2

Gold(l) Catalyzed Dearomatization of 2-Naphthols with

Alkynes

2.1 Abstract: The gold(l)-catalyzedchenoselective dearomatization @Fnaphthols isreported
through a straightforwardapproachvia [3,3}-sigmatropic rearrangementllenecyclyzation
cascadeprocessesEasily accessedaphthytpropargyl ethersaand derivatives in this worlre
employed as starting materials.Delightfully, an array of deoramatized dyhydrofuryl
-naphthaler2(1H)-ones featureddensely functionalgroups are obtained in high yields (up to
98%)in 10 minreaction timeunderextremely mild reaction conditiorike reagent grade solvent
and exposureto air. The potential ofaccessingo high enantioselectivety on the dearomatized
dyhydrofuryt naphthales2(1H)-onesis also approved by the good @5%) relying on(R)-xylyl-
BINAP(AuCI),. In addition complete theoretical elucidation of the reactjpathwayis also

proposedvhich addresses rationale foessentiamotivationsuch as regicand chemoselectivity.

93



Chapter2

2.2 Introduction: The catalytic dearomatization of aromatmmpounds accompanied with

constructingC-X bondprocesses is a desiraldad powerful synthetictool to accesshe targetof
preparingcomplex organic moleculadue to the large availabilitgnd bioactivityof variously
functionalized arenes as well as heteroarfhds. the past decadeshe dearomatization of
nitrogencontaining arenes such as indoles and pyrroles have been wadtédyed leading to a
variety of site-selective dearomatized azacyclebich have greatly potential application of the
natural and bioactive compoundependent on this basfsilly carborrbased aromatianaterials
starts attracting increasing attentionchemistrycommunitysince @aromatization on them still
faces minor success mainlgttributed toconnaturalnaturesuch ashigh conjugate systenpwer

nucleophilicity and regioselectivifgsues.

Amongall the candidatesf fully carborbasedaromaticscompoundsvhich are targeto perform
catalytic dearomatization reactions, phenol and naphthol derivatives are fachegsing
attentionsince the abundant and econos@éwving advantagesleading tothe constructionof
densely functionalized naphthalones featuring also sterengenters in asymmertri(mannefz]

In other aspectNaphthalene2(1H)-one isalso majormolecular motif of particular interesghich
hasbeenembedded into numerous naturathpleculesas well as bioactive compoundsdure 1).
Under this backgroundhe catalytic dearomatization ofriaphtholsoffers an efficient and direct
syntheticmethodologyto this framework. This approach found elegant applications with the use
of strongly activated electrophiles through dsablishmenof new GX (X: oxidative approach,
e.g.hydroxylation®® amination®*“thiolatior**® and halogenatidif) as well as & bondd* In
the latter one, the strongly activated caHbaised electrophiles igsually required in order to
access acceftly mild reaction conditions and consequentlytain thecontrollableand useful
selectivity. However more eco-friendly, readily availableand unsaturated hydrocarbons
electrophiles which benefit tthe sitespecific dearomatization of naphthols derivatiaes still
undeveloped andace far less succeS5.In conjunction with our interests ogold catalyzed
catalytic manipulation of arenes and heteroarenespecially indol derivative®” an
unprecedented gotdatalyzed dearomatizatiwtratedyo f -naphtholshrougha cascade reaction

sequencéncludng [3,3}propargylic Claisen
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OH\HO

2-naphthol
convenient platform

NHSOZMe

hepatitis C virus polymerase inhibitor Lacinilele C

Figure 1Dearomatizationo®-naphtholsasdirect synthetic entry to theaphthaler2(1H)-one core.
Biologically rdevant compounds featuring dearatized 2naphthyl units.

rearrangemefit and successivenucleophilicannulationof the resuled allenyl intermediat€ is

presented by our grouphis cascade sequencédearomatization processward the entitative
attitude of [Au(l)] specieson performing powerful electrophilic activation of alkyn€€ and
allene$™"! towards nucleophilic additiongeading to efficientiearomatization of the naplofhand
derivatives accompanied witkonstruction of naphthalene-2(1H)-one core andelaborated

side.chains in one pot (Scheme ™.
2.3 Experiments and results: To approvethe reliability of ourproposedidea, a
initiatory surveyon reactionparamegr wascarried ouby usingthe easily accessabl@phthyt

R . - activated &+-C

__ strong electrophiles @ - 20 _ harsh oxidative conditions
| R - ample precedents

(\\\/l\\/OH naphthalene-2(1H)-one core

w R ®
: e
I ~l SR ~ " - unactivated hydrocarbons
mild electrophiles/conditions P - limited examples

this work R™ Bm X o
R 6 4 @ B

2 XH [ r R"
RU_ Y Y O (catalysis) S N
v | P ——— Rl_:
aile-ai > -
# wide scope # cascade reaction
# reaction time: mins!! # chemo/regio/stereoselectivity

# no moisture restriction  # multiple bond-formation

Schemel. Working hypothesis of the present gold catalyzed cascade sequence.
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propyrtol laas starting materiaFortunately the treatment dfa with in situ PPRAUCI/AgSbF;

Table 1. Screening of reaction conditions.?

0
M ~
. ,,Le o =2 TOH  Laux Q(Me
l‘: \] \\( N (25 mol%e) o~ - 4] f,o
=N 25 °C/10 min ‘\N "Me
1a (+/-)-2a
B L) R etk e b s A A L iR et eGP e 1 Tk
PPhsAuC! [JohnPhosAu(ACN)]SbF & [(2,4(1Bu),CgH30)3PAUCIH]
(cat1) (cat 2) (cat 3)
Me-DalPhosAuCl
IPrAuCl [Me 4-tert-butyl-XPhosAu(ACN)]SbF (cat 6)

(cat 4) (cat5) picAuCl, (cat 7)
Entry Cat Solvent Yield(%)
1 cat YAgSbk toluene 28
2 cat 2 toluene 98
3 cat JAgSbk toluene 30
4! cat 4AgSbF; toluene 58
5 cat5 toluene 67
6 cat 6AgSbks toluene NR
719 cat 7/AgSbF; toluene 40
gl cat 2 toluene 97
9 JohnPhosAuCI/AgNTf toluene 83

10 JohnPhosAuCI/AgTFA  toluene traces
11 JohnPhosAuCI/AgOTs  toluene NR
12 cat 2 DCM 73
13 cat 2 THF 90
14 cat 2 Et,O 50
15" -IAgSbF; toluene 21
16 JohnPhosAuCl/ toluene NR
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[a] All the reactions were run under nitrogen on 0.05 mmol scéle (3.5 M) in the presence of AgX
2.5 mol%, unless otherwise specified. [b] Isolated yield after flash chromatography. [c] Reaction time

40 min. [d] AgSbk was used 5 mol%. [e] With reagent grade solvent, open air vial. [f] A series of
unknown compounds was detected in the reaction crude. NR: no reaction.

(2.5 mol%) in dry toluenet room etemperatureffered successfullfhe desiredand targeted
dearomatizé naphthalen®ne 2a in inspiring yield (28%) along with a comptated mixture of

byproducts.

A seriesof gold(l)-complexesbearing different substituents which can affect the electronic and
steric effection on ligan@erethenexamined respectivelgntries 227, Table 1)and consequently
cat 2 ([JohnPhosAu(ACN)]Sb§ entry 2) was choseas the optimal promotingatalyst by
providing 2ain almost quantitative yield (98%yhithin 10 min reaction timeéwith this delightful
result, ve were alsencouragedo approvethat when reagent grade toluene in an opetviair
conditions vas employed no decreasemenin catalytic performance was observeg still
obtaining excellent yiel@gntry 8, yield = 97%)Even excellent yield was obtained in hand,
different stabikzing counterions (entries-21) were aslo used tmspectthe function and resuih

this transformation. ExcepNTf, counter anion which gave good yield (83%, entry 9), bofA

and OTs failed to offer the final produ@a. Moreover, different from aromatic solvent like
toluene, DCM, THF and Diethyl Ether were also tested separately(entyd)l2and the
decreasement of produ2a was found which means that aromatic solvent is helpful on this
transformation. Additionally, single JohnPhosAuClentry 16)and AgSbR(entry 15)were also
tested individually and the result excluded the affects from Silver salts during the catalytic process
andhighlight the function of Au(l) andSbF6, which have to intergrated in one pot.

Having achievedhe optimizedreaction conditionén hand we nextturned our attention onto the
exploration of thesubstratescopeto test the tolerance @iinctionalgroup. To obtairthis purposge
numerou f di f f er e n-haphthold ethersip-i) wevetyatlietizéd (see Sl for details)
and treated witlthe optimal condition of usingat 2 (2.5 mol%)as the best catalyst in toluene at

room temperaturaithout moisture precautions.

As summarized irScheme 2 the protocolshowed high stability and kephe efficiencywith

variouslymodified C(3)-substituted precursors (R = Et, nBu, allyl, Bn, Br and ar&hé¥ and
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O

(7RQ g
’OH LAuX R
toluene, open air /l\/]\/]:
. - 25 °C/10 min NP

2b (R = Et): yield = 82% 2f (R = Br): yield = 73%

2¢ (R = Bu): yield = 97% 2g (R = Ph): yield = 80%

2d (R = allyl): yield = 80% 2h (R = pMeOPh): yield = 79%
2e (R =Bn): yield = 85% 2i (R = pFPh): yield = 80%

yield = 85%

= Me 2n (R" = Et): yield = 48%?

2j (X = nBu): yield = 73% 2I: yield = 85%? 20 (R" = nBu): yield = 22%*

2k (X = Ph): yield = 87%

Scheme 2 Scope of the reaction. All compounds were obtained in racemic form. a Reaction time = 15
h. b Reaction time = 50 min &tl5 C (NMR conversion). ¢ Reaction time = 30 min at rt.

furnished the correspondirtparomatized and cyclizetihydrofuryl naphthlenon produch good

to excellent yield ¢p to 97%). Additionally, when the functional group including EDG and EWG
were introduced to C6, the correspondidgaromatized compounds westll promisingly
obtained {j andk: x = nBu and Ph) in high yields (#81d87%). Identicaly, this protocolalso
was friend greatly with the substrates when the alkyne chain was decorated by sul§§tjtbgnt
offering excellent yield §%) even though the reaction time was prolongddwever when
homopropargylic sidehainswas extent to longeflm with n = 2), this catalytic system lost its
control on the pathway of dearomatizatidn this case, undebest reacctiorconditions,the
formation of the dihydrofuranyl compouri mévas colleted(yield = 85%}% rather than the
normal dearomatization reactiasince gold promoted intramolecula©H addition to the triple

bond wasmore ccompetetive that the carbon nucleophile which form the target product.

In order tofurther detecthe ultimatdy accessiblesubstrategliversity in this catalytic strategy
modification onthe terminal hydroxyl unit wasonsidered. With this consideratiather moieties

such as benzyloxyaryl and allyl moietiesl{p-t) were used to replace the hydroxyl graufich
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/ LAuX
c\\/o (2.5 mol“o)

Lo toluene, open air
NFNE S Me 25 °C/10 min

Me
2p: yield = 86% 2q (R = Me): yield = 80%*  2s: yield = 96% 2t yield = 91%
2r (R = OMe): yield = 77%*

Scheme 3 Examples of gold catalyzed synthesis of €&{llényl dearomatized naphthalonere®
(2p-t). All compounds were obtained in racemic form. a Reaction carried out at 0 € for 2 h.

could stop the cyclization process by affording the corresponding allenyl dearonmatiziedt
Inspiringly, in all cases we designed, althe corresponding dearomatized allenyl compounds
(2p-t) were harvestedin good to excellenyields(6296%) under optimal reaction conditions
(Scheme 3. Interestingly, terminal propargylic ethdrt exhibited great competence irthis
cataltic system via offeringthe corresponding monosubstituted allenydphthalenonelt in
excellentyield (91%).In this monment]t is worthy tohighlight that the existence okthyl (1n)

and nbutyl (10) groupsat C1 instead of methyl growgxploited another reaction pathway to form
an unexpected bgroduct that wreisolated in significant amounts (28% and 29%, respectively)
along with producindghe desired dearomatized species in moderate eld§% and20 22%).

Moreover,The structuref byproduct2od( R6 = mpBwedito be thes diastereomerically pure

'I" P e §
L = , N,
X 0O~ /
\:rn‘r o'\O K/
20' (R’ = nBu)

Scheme 4Dimeric structure of the byproduct encountered with substiates

99



Chapter2

dimeric compound depicted i8cheme 4 Mechanistically,the reaction resultbrought several
interesting interrogatives such ug) the regiochemistry between C(1) and C(3) in the
dearomatization eveng) Concerted or stepwise Claisen rearrangemenk®e8hanistity driving

force on thalivergence between C{Me and C(1)Bu of naphtl derivatives

To scatterthe light into these aspects we resortedasistance otomputational simulation.
Firstly we focused our attention on thegioselectivity issue. We computed tiligertedreaction
profiles for the alternative sigmatropic rearrangements onto positiared 3 of the naphthol
respectivelyand the results told us th#te reaction pathay towardC3 wasenergeticallyless
favoured since he associatecnergy penalty was sigigant (between 6 and 20 kcal/mol,
becoming largethanthe reaction evolved towards products, see Sl)thd totrace this energy
penalty back to aromaticity. The sigmatropic rearrangement onto C1l implies the loss of
aromaticity at one of the rings dfié naphthol systewas lower than whiléhe same migration
onto C3brokethe conjugation in an-quinodimethane formvhich resuledin the complete loss of
aromaticity across the entire naphthol structure as shov8clhemeb5. Both structural (bond
lengthalternation) and magnetic (ACID, NICBarametersvereconsistent with this interpretation

(see SI).

dearomalization dearomalization

“ via C1 alkylation DH via C3 alkylation DH
- g H

R

Scheme 5]3,3]-Sigmatropic rearrangement selectivity governed by aromaticity. Fragments showing
aromaticity highlighted with bold green bonds, those loosing aromaticity in bold red.

Thenwe turned our attentioon the mechanismof affording the favoured regiois@n Themajor
characterictioof the proposedmechanisn on wherewe started this work were confirmed by our
simulations.However, it is worth noting that the [3,3$igmatropic rearrangemehappenedn a
stepwise methodthrough a six membered ring intermedf&tevhile the naphthol has already lost
the aromaticity at one rindy tautomerization process whidbhrmed a naphthanone isomer
whose carbonyl oxygeran therstabilize the activated allene via a dative boridi(i2 in Scheme
6). The subsequent allene intermediateived at the key and important stefich has two

available pathwag respectively tdorm the expected product in dimethyhdphthols and the
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unexpected ones in ethyl and butgphtholderivatives. The activated allene fragmentMim3
can be attacked by two internal nucleophileduding the allenyl alcoholor ketene groupThe
first approachrequires a rotation of the gold cataly8tii3 vs Min5) along the allenyl axis
because when ¢hallenewasformed inTS2, the catalystvasoriented syrdirectionto the alcohol.
In another directiorthe secondvay required an alkyl 1,2migration totransferedhe ketone back
into an alkoxyde that stabilide¢he final fused furan system.

To understand this competitivieansformation in depthwe computed the reaction profiles for
systems containing groupearingdifferent migrating ability.Substratesvith methyl and ethyl
groupsat C1 positiorsincethey have been experimentally testegte selected as model sdample
and isopropygroup was also additionally considettedexplore theénfluenceof groupalongwith

increasednigratory ability.

’(
HO [ u® [Au] Y
L O _Ts5_
90 10 2
75
1086 Min5 8 U
S 5:4
B 58
@
OH [ALJ] AUPMG3
HO NG
TS1 R : .............. ‘I
RETER 6 | R=Methyl |
12.4 . R = Ethyl \
124 i R =i-Propyl |
Min1
0.00
0.00
0.00
Au
HO (Aul
)
TS3b 4 2 units of Min5b
- O g e
10.8
58 Min5b
-28.0
-30.1

354
Scheme6. Computednechanistic alternatives for the formation of the expected fureaptithalenone
(Min7) and the unexpected dimer (vislin5b). Free energies in kdaiol* computed at the
MO06/Def2SVPPlevel with tolueneparametersn the PCM solvation modeflatm,298 K)**! For
adetailecdescription of the computational methodology eeSupporting Information.
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The obtained resultre consistengéxceptionally well with the experimental observations and are
summarized irscheme 6 The methyl groughowedower migratory abilityso thatthe favoured
path was the attack of the allenyl alcohol (10.2 kcal/méipm the allene intermediatielin3.
Moreover calculation showed thahe GO bond formatiorwas not the selectity determining
stepin this pathwaysince the rotation of the gold complextte anti posstion is slightly more
energy demanding (12.1 kcal/mol)Dependent orour calculations, once the initial barrier is
overcome the formation of the key allene intermedigfein3) is quite favourable. In the
experimentalparameterthis intermediate can actually be detected in the TLC pldiieh has
priority to form product. Tocertify that our computed mechanism is in agreement witkitiding,
stochastic kinetic simulations (see the Sl for detaila} run, which verified that, within our
computed mechanisnMin3 was accumulates significalgt on concentration before the second
reacting siteof the mechanisngot involvedinto the reactionDespite theessentialeluctance of
the methyl group to participate in a migration ogess, the energy gap between
monodearomatization anthe alternative path yielding the dinfleigher) is only 1.3 kcal/mol
(13.4 kcal/mol for the transition state involving the migration). This is a rather small energy
differencewhich is enough tgguaranteeselectivity due to the mild thermal conditioaslized in
this experimentHowever, it is alsgossible to divert the reaction pathwayhen an ethyl group
was featured,the energy requirements for the migration stege significantly reducedso that
migration process became easier since it wadonger the etermining step in this branch
resulting in thathe 5 membered ring formatiaf Min5b becomes the determining step the
meantime, forthe route leading to the expected produetl barrierswere holisticly reduced by
about 2 kcal/moladjustingenergy barrier othe determining step to 10.2 kcal/mol. Thiwnall
energy difference (10.8 vs 10.2 kcal/mcén be almosgnored amondpoth branches resulting in
the experimentaindingsof significant amounts of botkinds ofproducts.In addition, the energy
difference between two pathways becsremaller along with increasing migratiability of the
alkyl group. When the alkyl group issopropyl derivativethe competitive situation completely
reverts and the formation of the unexpected product seenectonieobviously prefered(5.8 vs
10.6 kcal/mol). Additionallythe formation of2 m by usinghomopropargyl alcohalm is also

explained on the grounds ofoanaticity loss (see the Sl).
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Finally, to strongly corroborate the mechanistic outcome resulting form the computational
investigation, the allenydl intermediate2 a 3% conversion,"H-NMR) was deteced and
isolatedsuccessfullyof by running the classidearomatizatiomeactionin the presence of dried
4A MS whose abundant hydroxyl groypevented the final © bond formingtransformation
(Scheme 73" Then, theformation of 2 aif the whole catalytic cycle was unambiguously
proved In other handpy treating2 a wWith fresh [JohnPhosAu(CIEN)]SbRs (2.5 mol%) in
toluene without MSas expectedjt was completelyconveted into 2a in 2h, similarly to the

onepot protocol (Table 1, entry 8).

~OH
[Au]-1 Meo [Au}-1
(2.57mol%) . (’\ 0 (2.5 mol%) ¢
A ' toluene yield = 88%
4 AMS =
a) | toluene, rt, 5h = "Me in,2h
2a 0
conv. = 33% %
1a I (NMR crude) 2a Mé
b) NN Mo
[Au}-2 (2.5 mol%)/AgNTf (5 moi%) } yield = 81%
CF4CeHs, -20 °C, 3 h ee = 65%

Scheme 7a) Proving the stepiise cascade mechanism involving alleayR atide key intermediate,
[Au]-1: JohnPhosAu(CECN)SbF. b) Stereoselective dearomatization reaction with chiral gold

complex,[Au] -2: (R)-xylyl-BINAP(AuUCI),.

Moreover, the stepvise sigmatopic rearrangement resultingofin computationgncouragedis to
further investigate an enantioselectitransformatiorby means of chiral gold(l) complexes that
are directly engaged in the stesetectionof the sequentprocess Interestingly, the use af situ
(R)-xylyl-BINAP(AuCI), /AgNTf, (5 mol%) in reagent grade @kEsHs at -20 € enabled the
isolation of 2a in 81% yield and65% ee proving the suitability of our methodology to be

implemented into a stereoselective varigatheme 7.
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2.4 Summary

In conclusion, we havsuccessfully preserdea novel and efficienstrategy for the sitgelective
dearomatization ob-naphthols via gold catalysi8enefiting from unique advantages of gold(l)
complex, readly availability of the starting materials converted to varied dearomatized
naphthalenoneskeleton including productsvia a cascade process involving an initial
[3,3]-rearrangement followedyclized additioron resuledallenytol derivatives. In the meantime,

a computational investigatiorspreadslight on the whole stepise reaction machinery and
provides importantheoretical supportor the high regioselectivity observed as well as for the
chemical divergenceelating to substrates2n and 20. Further studieson the steerselective

dearomatizatiomwf different aromatic rings are undergoing and will be presentedénfuture
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General Methods.

'"H-NMR spectra were recorded on Varian 400 (400 MHz) spectrometers. Chemical shifts are
reported in ppm from TMS with the solvent resonance as the internal standard
(deuterochloroform: 7.24 ppm). Data are reported as follows: chemical shift, multiplicity (s
singlet, d =doublet, t = triplet, g = quartet, sext = sextet, sept = septet, p = pseudo, b = broad,
m = multiplet), coupling constants (HZJGNMR spectra were recorded on a Varian 400
(100 MHz) spectrometers with complete proton decoupling. Chersiuifis are reported in

ppm from TMS with the solvent as the internal standard (deuterochloroform: 77.0 ppm).
GCMS spectra were taken by El ionization at 70 eV on a HeRbatkard 5971 with GC
injection. They are reported as/z (rel. intense). L&€lectrospray ionization mass spectra
were obtained with Agilent Technologies MSD1100 siggledrupole mass spectrometer.
Chromatographic purification was done with 2400 mesh silica gel. Other anhydrous
solvents were supplied by Sigma Aldrich in Suresedat®@dand used without any further
purification. Commercially available chemicals were purchased from Sigma Aldrich, Stream
and TCI and used without any further purificatioAnalytical high performance liquid
chromatography (HPLC) was performed on a ¢iguiromatograph equipped with a variable
wavelength UV detector (deuterium lamp 19D0 nm), using a Daicel Chird¢@DH,

(0.46 cm 1.D. x 25 cm Daicel Inc). HPLC grade isopropanotemdine were used as the
eluting solventsMelting points were determined with Bibby Stuart Scientific Melting Point
Apparatus SMP 3 andre not correctedAgilent Technologies LC/MSD Trap 1100 series
(nebulizer: 15.0 PSI, dry Gas: 5.0 L/min, dry Temperature: 325 °C, capillary voltage positive
scan 4000 mA, capillary voltage negative scan: 3500 mA).

The Xray intensity data foH 2were measured on a Bruker Apex Il CCD diffractometer. Cell
dimensions and the orientation matrix were initially determined from a leagtares
refinement on reflections measured in three sets of 20 exposures, collected in three
different w regions, and eentually refined against all data. A full sphere of reciprocal space
was scanned by 0.& steps. The software SMAR@s used for collecting frames of data,
indexing reflections and determination of lattice parameters. The collected frames were
then processed for integration by the SAINT program, and an empirical absorption
correction was applied using SADABShe structures were solved by direct methods (SIR
97)¥ and subsequent Fourier syntheses and refined by-nfigltrix leastsquares on ¥
(SHELXTLY using anisotropic thermal parameters for all nbpdrogen atoms. All the
hydrogen atoms were located in difference Fourier maps. The aromatic, methyl and
methylene hydrogen atoms were placed in calculated positions and refiigdisotropic
thermal parametersU(H)= 1.2UeqC) orU(H)= 1.5UeqC) (methyl H), respectively and
allowed to ride on their carrier carbon¥he molecular graphics were generated by using
ORTEP! Color codes for the molecular graphics: red (0), grey (C), white ¢tystal data
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and other experimental details far 2ae reported in Table S3 whereas bond lengths [A]
and angles (deg) are shown in Table S4.CABE5784 contains the supplementary
crystallographic data for this paper. These data can be obtained freehafge at
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; Faxt223i336-033; email:
deposit@ccdc.cam.ac.uk).

Computational Methods

Throughout this work the Densityunctional Theory has been empéalin its KohrSham

formulation® The meta-GGA exchangeorrelation functional, M08, by Zhao and TruHfar

was used with the doubke ljdzZ £t AGeé 5SFu{xtt olaira aSiod ¢KA
balanced and densely populatevhich, in terms of size and number of Gaussian functions,

makes it comparable with popular triple  lj dzI £ A (& 2-BIl+GR3YTAp) hadis]s& G KS ¢
by Pople. This model chemistry has been tested in a through benchmark focused on
[Au())/alkyne chemisy and renders improved results with respect to other density
functional/basis set combinatior8 All geometry optimizations have been carried out using

tight convergence criteria in order to obtain accurate stationary points. Such accuracy in the
geometies also required a pruned grid for numerical integration with 99 radial shells and

590 angular points per shell. In diffictdit-converge cases the discretization of the numerical

integration grid was further improved to 175 radial shells and 974 angudants per shell

for first-row atoms and 250/974 for atoms in the second and later rows. Analysis of the

normal modes obtained via diagonalization of the Hessian matrix was used to confirm the
topological nature of each stationary point. The wave funcstability for each optimized

structure has also been checkEdThe ACID surfaces and vectorial field were computed

using the continuous set of gauge transformations, (C8% Rl the calculations reported in

this manuscript were performed with Gauss 09.*

t NB LJ NJ -faptehgls(NM™#, propargyl bromidéAl), ™ propargyl bromidegA2/A3),
propargyl bromide@\4/A5)™! and 6-bromohex1-en-4-yne(A7¥*® were accomplished
following the reported procedures.3-Bromopropl-yne(A6) was purchased from
SigmaAldrich
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Synthesis of 4(naphthalen2-yl)oxy)but-2-yn-1-ol derivatives 1ao

OTBDMS

Ry Br
OH
R, _,(\:C[ + |l KO3 TBAF
Z R, DMF rt THF, 1t
OTBDMS
N

la-1l

OH

To a flamed twenecked flask was added DMF(15ml), the desiredaghthd
N(Immol) andA1(1.5 mmol, 1.5 equiv.). Then®Q(2 mmol, 2 equiv.) was addacder
N, atmosphere and keep stirring at room temperature. After the reaction was
complete(monitored by TLC), the solution was quenched with water and extracted with
EtOAc three times. Then the combined organic layers were washed with brine, dried with
NaSQ, filtered and concentrated by rotary evaporation. The residugvas directly
hydrolyzed by tetrabutylammonium fluoride (TBAF, 1.5mmol) in reagent grade THF at
room temperature for 2h. Afterquenchingwith water,the solution was extracted with
EtOAc hree times. Next the combined organic layerswere washed with brine, dried with
NaSQ, filtered and concentrated by rotary evaporation. The residue was purified with
silica gel column chromatography to afford the

Me O\/OH 1a. Lightyellowoil,cHex:EtOAc = 20:18:1, yield = 83%H NMR
(400 MHz, CD@ { ' J8.OHE/MAH)ATYE (@:4.0 Hz, 1H),
Me 7.51 (s, 1H), 7.47.38 (m, 2H), 4.57t,0=2.0Hz 2H), 4.32
(t,J22.0Hz 2H), 2.63 (s, 3H), B4, 3H)*C NMR (100 MHz, CRCI + ' Mpo®ndX MO H
131.14,130.98, 127.57, 127.49, 125.23, 125.13, 124.87, 123.92, 85.33, 81.19, 60.82, 51.01,

17.42, 11.99.G®IS (M/z2): 24Anal. Caldor (GeHi160o: 240.12): C, 79.97; H, 6.71; found: C,
80.03, H, 6.59.

O/\OH 1b. Light yellowoilcHex:EtOAc = 20:18:1yield = 73%H NMR
(400 MHz, CD@l  + 0[d, JB.0Hp, 1H), 7.3(d, J8.0Hz, 1H),

. 7.53 (s, 1H), 46-7.37 (m, 2H), 4.57 (t)13.2 Hz, 2H), 4.32 (t,
JE3.2Hz, 2H), 2.86 (GE72 Hz, 2H), 2.63 (s, 3H), 1.33X76 Hz, 3H):*C NMR (100 MHz,
CDGL + T 136@4, ®8H.A3T 131.22, 127.77, 125.67, 125.23, 125.07, 124.81, 123.83,

85.22, 81.32, 61.26, 51.12, 23.67, 14.54, 12.06MSdm/z):254. Anal. Caldor (G7HisOz:
254.13): C, 80.28; H, 7.13; found: C, 80.11, H, 7.21.
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Me O/OH 1c.Light yellowoilcHex:EtOAc 20:1- 10:1, yield = 68%H NMR
(400 MHz, CD@ll  + ' F8@HEMH)O7RVE (d=8.0Hz, 1H),
Bu 7.52 (s, 1H), 764¢ 7.38 (m, 2H), 4.57 (s, 2H), 4.32 (s, 2H$0Z,
2.84(t, F16.0Hz,2H), 2.63 (s, 3H), 1.7466 M, 2H), 1.51¢ 1.36 (m, 2H), 0.97 (=72 Hz,
3H).®C NMR (100 MHz,CRCI + I mMpo®dngX mMopdcyI MoOHDPOPI MOM
125.12, 124.80, 123.84, 85.25, 81.32, 61.36, 51.11, 32.70, 30.60, 22.75, 14.01, 1MS. GC
(m/z): 282 Anal. Caldor (GgH.0»: 282.16): C, 80.82; H, 7.85; found: C, 80.65, H, 7.70.

o = “oH ldLight yellowoilcHex:EtOAC = 20:18:1, yield = 65%H NMR
OO (400 MHz, CD@H = 7.92 (d,E80Hz, 1H), 7.6(d, =8.0 Hz, 1H),

h 7.53 (s, 1H)7.487.39(m, 2H),6.146.04 (m, 1H), 5.8-5.14 (m,
2H), 4.58¢, 2H), 4.2 (s, 2H), 3.63 (d}8.0Hz, 2H), 2.6(s, 3H)**C NMR (100 MHz, CRGI
= 152.67, 137.06, 133.01, 132.61, 131.11, 127.87, 127.09, 125.51, 125.38, 124.93, 123.88,
116.26, 85.48, 81.09, 61.44, 51.01, 34.91, 12.1MSQm/z)266.Anal. Caldor (GgHsOx:

266.13): C, 81.17; H, 6.81; found: C, 81.01, H, 6.70.

NMR (400 MHz, CRGI + T %=8apiH), 3. Id}ES.0, 1H),

7.50¢ 7.36 (m, 3H), 7.34 7.17 (m, 5H), 4.45 (16, 2H), 4.30

(t, F16, 2H), 4.22 (s, 2H), 2.64 (s, 3. NMR (100 MHEDG) + ' MpH®Pdhc X mnnadcc
132.72, 131.02, 129.02C) 128.412C) 127.94, 127.78, 126.09, 125.54, 125.42, 124.91,

123.83, 85.34, 81.30, 61.41, 51.12, 37.00, 12.18MSGm/z):316.Anal. Calfor (GaHxiOs:

316.15): C, 83.52; H, 6.37; found: C483H, 6.21.

Me . . . _ i . . _ 1
OO O/OH le. Light yellowoil,cHex:EtOAc = 20:18:1, yield =63%. H

Bn

M 1f. Light yellowoil,cHex:EtOAc = 20:110:1, yield = 80%H
“G:O/OH NMR§(14OOyMHz, CRGI 7.91E 7.95 (m, 2H), ;/.70 (d=8.0 Hz,

OO Br 1H), 7.52 (t38.0 Hz, 1H), 7.3 (t, 4.0 Hz, 1H), 4.73 (s, 2H),
4.31 (s, 2H), 2.70 (s, 3HC NMR (100 MHLDGD + I MndpPcMI MOHDCYy I M
128.18, 127.40, 126.44, 125.83, 124.31, 116.93, 85.64, 80.94, 61.29, 51.16, 12M3. GC

(m/z): 304/306.Anal. Caldor (GsH13BrG: 304.01): C, 59.04; H, 4.29; found: C, 58.89, H, 4.12.
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O/OH 1g. Light yellowoilgHex:EtOAc = 20:110:1, yield = 76%H NMR
(400 MHz, CDGll  + ' F8@HEJH)O7R8Z (d=8.0Hz, 1H),
Ph 7.69-7.66(m, 3H), 7.8-7.50(m, 1H), 7.Z ¢ 7.43 (m, 3H), 7.8 ¢
7.36 (m, 1H), 4.18 (4.0 Hz, 2H), 4.15 (tF4.0 Hz, 2H), 2.72 (s, 3HCNMR (100 MHz,
CDGL + I MpM®HANI Moy ®T I (TP I28MB,MI8.3BC) 2B3IBM S Mo M DN

126.38, 126.11, 125.14, 124.09, 84.96, 81.23, 60.68, 50.98, 12.19SE@/z):302Anal.
Calctor (G1His0,: 302.13): C, 83.42; H, 6.00; found88.31, H, 6.89.

yield = 77%H NMR (400 MHz, CRE&I + T X18OMzr1HY R =

7.80 (d,J=80 Hz, 1H), 7.65 (s, 1H), 2.6 7.59 (m, 2H), /B2 ¢
7.48(m, 1H),745 ¢ 7.41(m, 1H),7.0-6.9(m, 2H),4.184.17 (m, 4H), 3.86 (s, 3H), 2.71 (s, 3H).
BCNMR (100 MHz,CREI + I mMpdPnnE MpMDPHDPEI MONDPHCI MOHDTY
127.91, 126.30, 125.89, 125.06, 124.06, 113.81, 84.85, 81.36, 60.48, 55.29, 51.04, 12.17.
GCMS (m/z):332 Anal. Calfor (GxHx00s: 332.14): C, 79.50; H, 6.07; found: C, 79.31, H,
6.00.

O O/OH 1h(Ar = pOMe-GH,).Light yellowoil,cHex:EtOAc = 20:110:1,
Ar

Me O/OH Li(Ar =pFGH,).Light yellowoilcHex:EtOAc = 20:110:1, yield =

73%'H NMR (400 MHz, CR)3I = 7.98 (d,E80Hz, 1H), 7.81 (d,
Ar JF80 Hz, 1H), 7%¢ 7.62 (m, 3H), 7.6 ¢ 7.54 (m, 1H), 7.47¢

7.43 (m, 1H), 7.6 ¢ 7.10 (m, 2H), 47 ¢ 4.16 (m, 4H), 2.71 (s, 3HIC NMR (100 MHz, CRCI
1 =163.56, 161.11, 151.01, 134.65, 133.67, 133.03, 130.96, 130.88, 128.36, 128.15, 126.53,
126.19, 125.24, 124.09, 115.36, 115.15, 84.98, 81.091661602, 12.17-°F NMR (377 MHz,
CDG)t =-115.06 (n).GCGMS (m/z):320.Anal. Caldor (G1H,7FQ: 320.12): C, 78.73; H, 5.35;
found: C, 78.61, H, 5.14.

Me O/OH 1j. Light yellowoil cHex:EtOAc = 20:1 10:1, yield =65%.

'H NMR (400 MHz, CRE&I + T J8& yH), 7.48R< 1H),
Bu Me 7.44 (s, 1H), 7.29 (dd&84, 16, 1H), 4.55 (t}=2.0, 2H), 4.31
(s, 2H), 2.8% 2.68 (m, 2H), 2.61 (s, 3H), 2.46 (s, 3H), &.ZB0 (m,2H), 1.37 ifh, 2H), 0.93
(t, 72, 3H)*C NMR (100 MHz, CRCI + T Mp H ®p mMS 13Mm84 180078, 126.850 M O H
126.79, 126.04, 124.90, 123.80, 85.12, 81.41, 60.76, 51.12, 35.51, 33.51, 22.32, 17.39, 13.95,
11.96. GEMIS (m/z):296,Anal. Caldor (GoH240:: 296.18): C, 81.04; H, 8.16; found: C, 81.21,
H, 8.01.
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Me O/OH 1k. White solid cHex:EtOAc = 20:110:1, yield =60%. 'H
NMR (400 MHz, CRGI + [ ¥=8.61H) ¥ RZ(d=1.2,
Ph Me 1H), 7.72 7.63 (m, 3H), 7.57 (s, 1H), 7.47J47.6, 3H), 7.36
(t, 6.8, 1H), 4.59 (d1.6, 2H), 4.33 (tE1.2, 2H), 2.65 (s, 3H), 2.49 (s, 3MNMR (100
MHz, CD@b ¢ r MPODPHHZE MNMPANHZ MO TRA)IRZ74MD/RHCHZ MOM

127.242C) 125.41, 125.07, 124.83, 124.51, 85.22, 81.33, 60.79, 51.14, 17.45, 12M03.GC
(m/z):316.Anal. Caléor (G,HxO»: 316.15): C, 83.52: H, 6.38und: C, 83.35, H, 6.18.

Me. Me1l.Light yellowoil cHex:EtOAc = 20:18:1, yield = 69%H NMR
*o Z % (400 MHz,CD@ { ' JB@HEMH)OTTE (d=8.0Hz, 1H),
OO Vo 7.51 (s, 1H), 7.41n( 2H), 4.57 (s, 2H), 2.63 (s, 3H), 2.48 (s, 3H),
1.49 (s, 6H)**C NMR(100 MHz, CD@ + I mMpo®mM®dE MO F
131.12, 131.09, 127.52, 127.35, 125.15, 125.11, 124.77, 123.86, 91.61, 77.61, 65.12, 60.82,

31.14, 17.49, 12.06.G&S (m/z)268Anal. Caldor (GgH0O:: 268.15): C, 80.56; H, 7.51;
found: C, 80.42, H, 7.38.

NMR (400 MHz, CRGI + T E80HpIH), B7R(E, 1H),
Me 7.51 (s,AH), 7.46-7.37 (m, 2H), 4.54 (tJ24 Hz,2H), 3.69 (t,
JF8.0 Hz, 2H), 2.62 (s3H), 2.83-2.49 (m,2H), 2.48 (s3H). **C NMR(100 MHz, CDgi + T
153.11, 132.43, 131.13, 131.07, 127.53, 127.36, 125.17, 125.13, 124.79, 123.86, 84.29, 77.46,
61.03, 60.86, 23.19, 17.44, 11.98.-®S (m/z):254Anal. Caldor (G/HisO: 254.13): C,
80.28; H, 7.13; found: C, 80.35, H, 7.05.

Me OH ; ; . - . . ; — 1
OO O/V 1m. Light yellowoilcHex:EtOAc = 20+l 10:1, yield =70%.H

NMR (400 MHz, CQGI + T #=8@ptH), §. RS (d=8.0, 1H),

7.51 (s, 1H), 7.40 (m, 2H), 4.59%16, 2H), 4.34 (tE16, 2H),

3.15 (9,72, 2H), 2.48 (s, 3H), 1.30 (576, 3H)*CNMR (100 MHz, CQRGI + ' MpHPCcHZI
131.57, 131.55, 131.42, 130.90, 127.84, 127.76, 125.20, 124.73, 123.87, 85.28, 81.27, 61.17,

51.13, 19.21, 17.44, 15.42.@4S (m/z):254Anal. Caléor (G:H,s0,: 254.13): C, 80.28; H,

7.13; found: C, 80.31, H, 7.00.

Et : : — 20 1 vield = 1
OO O\/OH 1n. Colorless ojlcHex:EtOAc = 20:1 10:1, yield =65%. "H

Me

NMR (400 MHz, CRGI + [ =8apiH), 3. RIdE7O, 1H),

Bu ; . — . . ; — 1
OO O/\OH lo. Colorless ojlcHex:EtOAc = 20:1 10:1, yield =61%. "H

Me
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7.51 (s, 1H), 7.4 7.34 ¢, 2H), 4.58 (t}2.0, 2H), 4.3 (t, 2.0, 2H),3.1 ¢, 8.0, 2H), 2.47(s

3H), 1.69¢ 1.61 (m, 2H), 1.56 1.45 (m, 2H), 0.98 (872, 3H)X3C NMR (100 MHz, CBCI 1

= 152.94, 131.68, 131.50, 130.83, 130.33, 127.80, 127.72, 125.13, 124.69, 123.97, 85.21,
81.34, 61.11, 51.16, 33.15, 25.96, 23.27, 17.46, 13.97M&Cm/z):282 And. Caldor
(GisH20»: 282.16): C, 80.82; H, 7.85; found: C, 80.70, H, 7.72.

Synthesis of 4(naphthalen2-yl)oxy)but-2-yn-1-ol derivatives 1p,q

S ST el

A2/A3
(R OMe)

To a flamed twenecked flask was added DMF(15ml)}(1mmol) and bromide&2 or A3(1.5
mmol, 1.5 equiv.)Then KCQ(2 mmol, 2 equiv.) was added undes &tmosphere and kept
stirring at room temperature. After the reaction was complete(monitored by TLC), the
solution was quenched with water and extracted with EtOAc three times. Then the
combined organic layswere washed with brine, dried with M2Q, filtered and
concentrated by rotary evaporation. The residue was purified with silica gel column
chromatography to afford.o and 1p.

Me O/\o@ 1p. Light yellowoil, cHex:EtOAc 80:1- 15:1, yield =
80%'H NMR (400 MHz, CREl + I X8O®Hwmi 1H) RX
7.72 (d E80Hz, 1H), 7.52 (s, 1H), 7.4 7.33 (m, 2H), 7.36
¢ 7.26 (m, 5H), 4.64(t)F2.0 Hz, 2H), 4.54 (s, 2H), 4.23X%]1.6 Hz, 2H), 2.65 (s, 3H), 2.50 (s,
3H)¥*C NMR (100 MHz, CBELI + I mMpo®mnI Mo IBLWMIRSIAD H Pny =
128.0Q2C) 127.82, 127.55, 127.45, 125.17, 125.15, 124.80, 123.90, 83.09, 82.05, 71.57,

60.82, 57.37, 17.48, 12.05. &S (m/z)330.Anal. Caldor (GsH,.0;: 330.16): C, 83.60; H,
6.71; found: C, 83.51, H, 6.58.
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Synthesis o#l-((naphthalen2-yl)oxy)but-2-yn-1-ol derivatives 1,s

R
O “
Me

A4/A5 r (R =Me)
1s (R= OMe)

To a flamed twenecked flask was added DMF(15nN), (Immol),A4 or A51.5 mmol, 1.5
equiv.). Then, ¥CQ(2 mmol, 2 equiv.) was added undes &mosphere and kept stirring at
room temperature. After the reaction was complete(monitored by TLC), the solution was
guenched with water and extracted with EtOAc three times. Then the combined organic
layer was washed with brine, dried with }Q, filtered and concentrated by rotary
evaporation. The residue was purified with silica gel column chromatograptex (EtOAC =
80:1) to afford thelror 1s

Me 1r.Light yellowoil, yield = 751 NMR (400 MHz, C&l + T
7.9 (d, E80 Hz, 1H), 7.72 (dE8.0 Hz, 1H), 7.3 (s, 1H),
0 =& Me 7.46-7.37(m, 2H), 7.03 (s, 2H), 6.95 (s, 1H), 4.77 (s, 2H), 2.68
(s, 3H), 2.53 (s, 3H), 2.26 (s, 6f0.NMR (100 MHz, CRCI 1
Me = 153.36, 137.82C) 132.49, 131.26, 131.12, 130.42,
129.332C) 127.52, 127.38, 125.26, 125.0024.72, 123.92, 122.05, 87.24, 83.90, 61.49,

21.042C) 17.53, 12.11. GNIS (m/z):314.Anal. Caldor (G3H»,0: 314.17): C, 87.86; H, 7.05;
found: C, 87.71, H, 6.90.

OMe 1s.Light yellowoil, yield = 7095 NMR (400 MHz, CREI ¢
= 7.92 (d,E80 Hz, 1H), 7.72 (d8.0Hz, 1H), 7.53 (s, 1H),
fe .~ ove 7.46¢ 7.37 (m, 2H), 6.55 (dE24 Hz, 2H), 6.43 (t£2.0 Hz,
1H), 4.78 (s, 2H), 21s, 6H), 2.68 (s, 3H), 2.53 (s, 3F0.
Me NMR (100 MHz, CRGI + [ Mcn®ncoH/ 0=
131.21, 131.13, 127.53, 121, 125.27, 125.13, 124.77, 123.92, 123.70, 109.40(2C), 101.99,

86.95, 84.20, 61.32, 55.36(2C), 17.52, 12.11-MSC(m/z):346. Anal. Caldor (GsH0s:
346.16): C, 79.74; H, 6.40; found: C, 79.69, H, 6.29.
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Synthesis o#}-((naphthalen2-yl)oxy)but-2-yn-1-ol derivatives 1i,v

R
/
' i :OH . i o Z
. R/\Br KZCO3 O ‘ \/
‘ DMF

N, A6/7 1u(R=ally)
1v(R=H)

To a flamed twenecked flask was added DMF(15nN), (Immol), A6 or A7(1.5 mmol, 1.5
equiv.). Then, ¥CQ(2 mmol, 2 equiv.) was added undes &mosphere and kept stirring at
room temperature. After the reaction was complete(monitored by TLC), the solution was
guenched with water and extracted with EtOAc three times. Then the combined organic
layer was washed with brine, dried with }Q, filtered and concentrated by rotary
evaporation. The residue was purified with silica gel column chromatograptex(EtOAc =
80:1) to afford thelu or 1v.

Me 1u. Colorlessoil, yield = 70%H NMR (400 MHz, CRE&I + I T ®ddo O R
O/// JF80Hz 1H), 7.73 (dJ}8.0Hz 1H), 7.53 (s, 1H),48 ¢ 7.40 (m, 2H),
Me 4.57 (d,x28, 2H), 2.66 (s, 3H), 2.51 (s, 3f0. NMR (100 MHz,

CDGD ¢ ' Mpo®HOZX MOH®PNTIEI MOMPMCIEI MOMPAMI MHT PpPT

79.23, 75.15, 60.57, 17.45, 12.02:8IS (m/z):210. Anal. Cécfor (GsH140:21010): C85.68
H, 671; found: C, 85.76, H, 6.48.

=
o ”
OO 1v. Colorlesil, yield =75%H NMR (400 MHz, CRQGI = 7.90 (d,

J8.0, 1H), 7.71 (dJ80, 1H), 7.51 (s, 1H), B4 7.36 (m, 2H),
5.84-5.75(m, 1H), 5.28 (d, =173, 1.6, 1H), 5.09 (dq,=10.0, 1.6,1H), 4.56 (tJ=20, 2H),
3.03 ¢ 3.00(m, 2H), 2.63 (s3H), 2.48 (s3H). **C NMR (100 MHz, CRI=153.32, 132.47,
131.97, 131.19, 131.07, 127.50, 127.34, 125.12, 125.07, 124.69, 123.88, 116.34, 84.17, 77.83,
61.18, 23.13, 17.42, 11.9GGMS (m/z):250. Anal. Caldor (GsHy40: 250.33: C,86.36 H,
7.25;found: C, 86.02, H, 7.12.
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Generalprocedurefor Goldcatalyzedintramolecular dearomatization reaction of
naphthol derivatives:

R\ R"
R' J
o. Z YH  LAux
OO (2.5 mol%)
—_—
X R toluene, open air

25 °C/10 min

Ascrewtop viawas chargedwith reagent gradeluene (1 ml), substratela-s(0.05nmol)

and cat 242.5mol%,0.9 mg). Thenthe reactionwaskept stirring at room temperaturefor
10min (unless otherwise specified) when judgemmpleteby TLC.To the mixture 2 mL of
water were added, the layers separated and the amusphase and extracted with three
times EtOAc. The combined organic layer was washed with brine, dried wiBQNéltered

and concentrated by rotary evaporation. The residue was purified with silica gel column
chromatographyHex:EtOAc = 20:115:1) to afford thedearomatized compounds

(+/-)-2a.Lightyellowoil, yield = 97%H NMR (400 MHz, CR&I ¢ K T®doo

7.24 (m5H), 5.76 fn, 1H), 468 ¢ 4.64 (m, 2H), 430-4.26(m, 1H), 4.5-4.11

(m, 1H), 1.98 §,3H), 1.63 (s3H).*C NMR (100 MHz, CRCI + [ wHAn®dn
143.22, 142.14, 141.53, 131.97, 129.43, 129.13, 128.60, 127.34, 127.14,

123.13, 75.68, 74.41, 51.72, 26.26, 15.95:\M82(m/z)240.Anal. Caldor (GeHi6Oz: 240.12):

C, 79.97; H, 6.71; found: C, 79.88, H, 6.65.

(+/-)-2b.Light yellowoil,yield 82%.'"H NMR (400 MHz, CRE&I 1 4I¢ T ®o

7.25 (m, 4H), 7.19 (s, 1H), 5.835.72 (m, 1H), 43 ¢ 4.62 (m, 2H),

4.33-4.27(m, 1H), 4.5 ¢ 4.10 (m, 1H), 2.40 (q)=3.2 Hz, 2H), 1.63 (s, 3H),

1.12 (t,33.2Hz, 3H}3C NMR (100 MHz, CRCl + I HAn®MHI mMnodno
139.75, 137.48, 129.52, 129.11, 128.79, 127.34, 127.07, 123.13, 75.67, 74.40, 51.88, 26.09,

22.47, 12.52. GBIS (m/z):254.Anal. Caldor (GH:1s0x: 254.13): C, 80.28; H, 7.13; found: C,

80.20, H, 7.01.

Et

(+/-)-2c.Light yellowoil, yield =97%H NMR (400 MHz, CRCI = 7.32¢
7.25 (m, 4H), 7.19(1H) 5.77 ¢ 5.75 (m, 1H) 4.68 ¢ 4.61 (m, 2H), 4.3 ¢
4.26 (m, 1H), 4.5-4.09 (m, 1H),2.37 (t, 7.6 Hz 2H), 1.62 (s, 3H), 1.§

1.44 (m, 2H), 140-1.30 (m, 2H), 0.91 (t3.2 Hz, 3H)*C NMR (100 MHz,
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CDG) + = 200.16, 143.09, 142.12, 140.58, 136.20, 129.52, 129.10, 128.74, 127.34, 127.06,
123.14, 75.67, 74.40, 51.92, 30.54, 29.18, 26.08, 22.46, 13.81S5(n/z):282 Anal.
Calcfor (GoH,0,: 282.16): C, 80.82; H, 7.86und: C, 80.55, H, 7.72.

(+/-)-2d.Light yellowoil, yield =809 NMR (400 MHz, CRQl = 7.3 ¢

7.25 (m, 4H), 7.22 (s, 1H), ®5.83 (m, 1H), 5.B ¢ 5.75 (m, 1H),
5.15-5.10(m, 2H), 467 ¢ 4.61 (m, 2H), 4.3 ¢ 4.27 (m, 1H), 4.6-4.09(m,

1H), 3.13 (d,18.0 Hz, 2H), 1.63 (s, 3C NMR (100 MHz, CRQGI =
199.66, 143.19, 142.01, 141.31, 134.89, 134.06, 129.39, 129.31, 129.00, 127.39, 127.13,
123.27, 117.14, 75.67, 74.38, 51.93, 33.34, 26.184SGm/z):266.Anal. Caléor (GgH10x:
266.13): C, 81.17; H, 6.81; found: C, 81.09, H, 6.75.

(+/-)-2e.Light yellowoil, yield =85%H NMR (400 MHz, CREl + 3l T do
7.14 (m, 9H), 7.07 (s, 1H§,71¢ 6.70(m, 1H), 4.0 ¢ 4.59 (m, 2H), 4.8 ¢
4.22 (m, 1H), 41-4.05(m, 1H), 3.71 (s, 2H},61 (s, 3H)*C NMR (100 MHz,
Bn cbagb ¢ ' MmopdPTmME MnodMoI MNnMPycSI mMnmdc
129.11, 129.08, 128.48, 127.37, 127.08, 126.32, 123.35, 75.66, 74.33, 52.06, 35.51, 25.89.
GCMS (m/z):316.Anal. Caldor (GH0O:: 316.15): C, 882; H, 6.37; found: C, 83.35, H,
6.29.

(+/-)-2f.Light yellowoil, yield =73%H NMR (400 MHz, CRE&l + I T ddn 064z
7.43¢7.39 (m, 1H), 7.8 ¢ 7.28 (m, 3H), 5.7-5.75(m, 1H), 4.2 ¢ 4.61 (m,

2H), 4.3-4.30 (m, 1H), 420-4.14 (m, 1H), 1.69 (s, 3HYC NMR (100 MHz,

CDGL ¢ ' MOHPPPE MNcPpTI MNODMYI MOMODMHS?S
127.52, 124.17, 120.97, 75.70, 74.24, 53.54, 26.43/SQm/z):304/306.Anal. Caldor

(GsHi13BrGs: 304.01): C, 59.04; H, 4.29; found: C, 58.99, H, 4.18.

(+/-)-2gLight yellowoil, yield =809%1 NMR (400 MHz, CR&I + I T ®po 06&x
7.50 ¢ 7.47 (m, 2H), 741-7.35(m, 4H), 7.3 ¢ 7.30 (m, 3H), 5.2 ¢ 5.80 (m,

1H), 4.B ¢ 4.64 (m, 2H), 4.8 ¢ 4.39 (m, 1H), 4.8-4.20 (m, 1H), 1.75 (s,

3H)®C NMR (100 MHz,CRC + I MdppdPnoIX mMnodnnI mnmdd
134.82, 129.92, 129.74, 129.52, 12§55) 128.213C) 127.60, 127.11, 123.71, 75.73, 74.49,

52.96, 25.86.G®IS (M/z):302 Anal. Caldor (GiHis0:: 302.13): C, 83.42; H, 6.00; found: C,

83.31, H, 5.85.
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0 (+/-)-2h(Ar = pOMe-GH,).Light yellowoil, yield 20%'H NMR (400 MHz,

CDGD 1t 48E 7.48 (t, 3H), 738¢ 7.29 (m, 4H), 6.9¢ 6.90 (m,2H), 5.4.¢

22 580 (m, 1H), 4.5 ¢ 4.64 (M, 2H), 4.8 ¢ 4.37 (M, 1H), 4.2+ ¢ 4.19 (m, 1H),

Ar 3,82 (s,3H), 1.73 (s3H).”*C NMR (100 MHz, CRCI + I mMdpdhdnnI wmMpd
143.21, 141.89, 140.68, 134.27, 1292@) 129.72, 129.61, 129.52, 127.82, 127.56, 127.03,

123.62, 113.7(RC) 75.72, 74.50, 55.31, 52.96, 25.89:@8 (m/z):332 Anal. Caldor

(GoH200s: 332.14): C, 79.564, 6.07; found: C, 79.25, H, 6.19.

(+1-)-2i(Ar =pFGsHj).Light yellowoil, yield =80%1 NMR (400 MHz, CRRI =

7.50 ¢ 7.45 (m, 3H), 7.8 ¢ 7.37 (m, 2H), 7.8-7.31(m, 2H), 7.0 ¢ 7.00 (m,

2H), 5.2-5.80(m, 1H), 4.B ¢ 4.64 (m, 2H), 4.8-437(m, 1H),4.25 ¢ 4.19 (m,

1H), 1.74 (s, 3HJ*C NMR (100 MHz, CRGI = 199.02, 163.97, 161.51,
143.41, 141.88, 141.73, 133.75, 130.37, 130.29, 130.03, 129.76, 129.34, 127.65, 127.15,
123.78, 115.27, 115.06, 75.72, 74.45, 52.93, 253%INMR (377 MHz, CRQI = -113.49
(m).GGMS (m/z)320. Anal. Caldor (G1H/FQ: 320.12): C, 78.73; H, 5.35; found: C, 78.51, H,
5.21.

(+/-)-2j.Light yellowoil, yield = 73%4 NMR (400 MHz, CR)GI = 7.22 (s,

1H), 716-7.10(m, 2H),7.05 (s, 1H), 54¢ 5.73 (m, 1H), 4.2 ¢ 4.60 (m,

2H),4.31¢4.25 (m, 1H), 4.164.10 (m, 1H), 2.59 (8= 8.0 Hz, 2H), 1.97,(s

3H), 1.66¢ 1.51 (m,2H),1.61(s, 3H), 1.39-1.30 (m, 3H), 0.92 (88.0Hz,
3H).®*C NMR (100 MHz, CRECI + I' HAn®TYy S MANHDPOPE MONHPAOSE MOMOD
129.23, 128.53, 127.06, 122.81, 75.68, 74.43, 51.43, 35.00, 33.38, 26.17, 22.28, 15.98, 13.89.

GCMS (m/z):296.Anal. Caldor (GoH:40:: 296.18): C, 81.04; H, 8.16; found: C, 80.85, H,

8.00.

(+/-)-2k.Light yellowoil, yield 87%."H NMR (400 MHz, CEk B¢ T ®p

7.57 (m, 2H),7.8-7.52(dd, J8.0 Hz J4.0 Hz, 1H), 78l¢ 7.43 (, 3H),

7.38-7.32 (M, 3H), 5.8 ¢ 5.80 (m, 1H), 4.2 ¢ 4.63 (m, 2H), 4.3&; 4.30

(m, 1H), 4.2 4.16 (n, 1H), 2.0Xs, 3H), 1.67 (s, 3HJC NMR (100 MHz,

CDGhL ¢ r HAN®PnNNnXZ MAOH®PAPE MOHPAcXZ mMnmMdnyxX wMmMnnanod
127.76, 127.6,127.65, 127.19, 126.94(2C), 123.22, 75.71, 74.44, 51.56, 26.21, 16-M6 GC
(m/z):316.Anal. Caldor (G,H0,: 316.15): C, 83.52; H, 6.37; found: C, 83.41, H, 6.21.
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(+/-)-21.Light yellowoil, yield = 85%H NMR (400 MHz, CR&I + T'T1 ®dpn O RX
JF80, 1H), 7.71 (d}8.0, 1H), 7.51 (s, 1H), 7.4m(2H), 6.45 (s, 1H), 4.39 (s,

2H), 2.58 (s, 3H), 2.43 (s, 3H), 2(883H), 1.99 (s, 3HJC NMR (100 MHz,

CDGD °C NMR (100 MHz, CREI + I wMdppPpoI MpHPPMOI M,
131.03, 130.60, 127.54, 125.18, 124.74, 124.51, 123.80, 119.39, 77.71, 28.10, 21.37, 17.19,

11.54. GEMS (m/z):268 Anal. Calcfor (GgH200.: 268.15): C, 80.56; H, 7.51; found: C, 80.68,

H, 7.41.

K(Q (+/-)-H Y.@lorlesmil, yield = 85%H NMR (400 MHz, CREl + I T ®dpm 0 R
i JE8.3 Hz, 1H), 7.71 (&7.9 Hz, 1H), 7.51 (s, 1H), 7.402H), 5.05 (t,
JE2.5 Hz, 1H), 4.46 9.5 Hz, 2H), 4.35 (0.9 Hz, 2H), 2.62 (s, 3H),
Me 2.47 (s, 3H). GRIS (m/z)254Anal. Caldor (G:HisOy: 254.13): C, 80.28;
H, 7.13; found: C, 80.13, H, 7.25.

(+/-)-2n.Colorlessoil, yield = 48%H NMR (400 MHz, CRE&I + 4{7128b o
(m, 5H), 5.-5.66 (m, 1H), 4.8 ¢ 4.5 (m, 2H), 432-4.26 (m, 1H),
4.16-4.10(m, 1H), 2.%-2.46(m, 1H), 2.D ¢ 2.00m, 1H), 1.97 (s3H), 0.51

(t, E76,3H). GEMS (m/z):254.Anal. Caldor (G/H1s0,: 254.13): C, 80.28; H, 7.13; found: C,
80.10, H, 6.99.

Me

(+/-)-H1 Y White solid, yield = 28%:H NMR (400 MHz, CR&l + T
7.17 (dt,J21.2 Hz, 7.2 Hz, 2H), 7.04 (@t1.2 Hz, 7.2 Hz, 2H),6.79

(d, E7.2 Hz, 2H), 6.58 (&7.2 Hz, 2H), 4.95 (&1.2 Hz, 2H),

4.50 (d,J=15.6 Hz, 2H), 4.38 (@15.6 Hz, 2H), 1.75 (&1.2 Hz,

6H), 173 (s, 6H), 1.29.20 (m, 4H), 0.60 (t£7.2 Hz, 6H}*C NMR (100 MHz, CRELI + T
142.43, 139.40, 145.10, 135.82, 128.53, 127.71, 126.75, 126.59, 125.24, 121.50, 111.95,
90.94, 77.16, 57.31, 32.03, 25.90, 16.91, 8&%al. Caléor (G4HsOs: 508.26):C, 80.28; H,

7.13; found: C, 80.41, H, 7.12.

(+/-)-20.Colorlessoil, yield =22%.'"H NMR (400 MHz, CRECI + 4E7.24 do
(m, 5H), 5.6 ¢ 5.65 (m, 1H), 4.6 ¢ 4.55 (m,2H), 432-4.26 (m, 1H),
4.16-4.10 (1H), 2.4-2.42 (m, 1H), 210 ¢ 1.9 (m, 1H), 1.97 (s3H), 1.2 ¢
1.09 (m, 2H), 089 ¢ 0.80 (m, 2H), 0.72 (tE786, 3H), 1.74 (d,E1.2 Hz, 6H),
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1.72 (s, 6H), 1.08.00 (m, 8H), 0.69 (tE7.2 Hz, 6H).GEIS (m/z):282Anal. Caldor
(GioH220»: 282.16): C, 80.82; H, 7.85; found: C, 80.9%, H,.

(+/-)-1 2White solid, yield = 29%4 NMR (400 MHz, CR&l + T

7.18 (dt,E1.2 Hz, 7.2 Hz, 2H), 7.04 (@1.2 Hz, 7.2 Hz, 2H), 6.78

(d, E7.2 Hz, 2H), 6.56 (&7.2 Hz, 2H), 4.93 (1.6 Hz, 2H),

4.49 (d,>16.0 Hz, 2H), 4.37 (&16.0 Hz2H),."*C NMR (100

MHz, CD@b ! ' MOH®DPCcNYE MOPPTPEI MopdPApI Moodn I MH
121.37, 111,92, 90.55, 57.33, 39.14, 26.49, 25.93, 22.85, 17.05, 1832. Calcor

(GgHusOx: 564.32): C, 80.82; H, 7.85; found: C, 80.75, .

(+/-)-2p.Colorlessoil,cHex:EtOAc 40:1- 20:1yield = 86%H NMR (400

MHz, CD@b + 3 7.26 (o 2H), 7.2 ¢ 7.16 (m, 6H), 708 ¢ 7.06 (m,

2H), 5.9 ¢ 5.17 (m, 1H), 5a.¢ 5.07 (m, 1H),4.21d,>12.0 Hz,2H), 4.07
(d,JF12.0Hz,2H),3%6 ¢ 3.76 (M, 2H), 1.87 (s, 3H), 1.45 (s, 3f0.NMR (100

MHz, CD@b 1 ' HATPTTIE HAndPyoSX mMnndnyI MnandPToI MO
127.982C) 127.7%2C) 127.33, 127.24, 126.90, 105.52, 78.90, 71.59, 69.21, 51.71, 28.93,

16.06. GEMS (m/z):330. Anal. Caldor (G3H».0.: 330.16): C, 83.60; H, 6.71; found: C, 83.75,

H, 6.51.

(+/-)-2r.Colorles®il, cHex:EtOAc #40:1- 20:1, yield =80%. 'H NMR

(400 MHz, CDgI = 7.39¢ 7.29 (m, 3H), 7.2§ 7.21 (m, 2H), 6.62 (s,

1H), 6.45 (s, 2H), 5.40 (dd, J=16, 11.6, 2H), 2.05 (s, 6H), 2.02 (d, J=1.2,

3H), 1.48 (s, 3HJC NMR (100 MHz, CRCI + THmMn®onEX HAM®PTp =
140.73, 137.34, 134.28, 132.43, 129.33, 129.16, 1288825, 126.87,

126.63, 124.5@C) 80.53, 77.16, 53.73, 31.37, 21(2C) 16.03.MS (m/z314.Anal. Calc.for

(GsH20: 314.17): C, 87.86; H, 7.05; found: C, 87.77, H, 7.18.

(+/-)-2s lorlesil, cHex:EtOAc #0:1- 20:1, yield =87%. 'H NMR
(400 MHz, CDgIt =7.38 (s,1H), 7.35 (dd k5.7, 3.3,1H), 7.31 (dd,
F6.2, 2.7, 2H), 7.2@7.22 (m,1H), 6.12 (tJ2.2 Hz2H), 6.03 (d,=2.2,
1H), 5.44 (9 F12.0 Hz2H), 3.52 (s2H), 2.02 (s3H), 1.49 (s3H).°C
NMR (100 MHz, CBfhk =210.37, 201.54, 160.33, 146.18, 140.79,
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136.64, 132.43, 129.48, 129.05, 128.72, 127.04, 126.63, 109.83, 104.68, 99.39, 80.97, 54.94,
53.75, 31.37, 16® GGMS (m/z)346. Anal. Caldor (GsHxyOs: 346.16): C, 79.74; H, 6.40;
found: C, 79.60, H, 6.22.

(+/-)-2u.Colorleswil, cHex:EtOAc #0:1- 20:1, yield =91%'H NMR (400
MHz, CD@J{ = 7.38 (d =80 Hz 1H), 7.3 ¢ 7.29 (m, 1H), 7.2% 7.20 (m,
Me 4H), 5.25 (68 Hz 1H), 4.99.79 (, 2H), 1.99 (s, 3H), 1.8, 3H):*C
NMR (100 MHz, CQI = 208.03, 202.04, 144.53, 141.21, 131.85, 129.51, 128.74, 128.40,
127.52, 127.03, 96.13, 78.55, 51.06, 26.22, 163EMS (m/z):210.Anal. Caldor (GsH.O:
210.2%: C,85.68 H,6.71; found: C, 85.51, H, 6.50.

(+1-)-2v. Wlorleswil, cHex:EtOAc 40:1- 20:1, yield =96%'H NMR (400
MHz, CDG)+ =7.% ¢ 7.24 (m, 5H), 565-5.54 (m,1H), 5.0 ¢ 5.00(m, 2H),
4.84 ¢ 4.74 (m, 2H), 2.4% 2.30 (m, 1H), 2.2§ 2.13 (m, 1H), 2.00 (s, 3H),
1.42 (s, 3H}*C NMR (100 MHz, CR)GI =207.38, 202.35, 144.95, 141.37,
135.39, 132.53, 130.07, 128.98, 128.38, 127.30, 127.01, 115.66, 106.86,
79.55, 54.29, 34.24, 28.85, 15.96CMS (m/2: 250.Anal. Caldor (GsH,50:250.14): C86.36;

H, 7.25; found: C, 86.15, H, 7.09.

Me
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Interrupted dearomatization process

[Au]-1

Ny
O\/\OH (2.5mol%) Meo
e wws (L

toluene, rt, 5h
1a 2a'

Ascrewtop vialwas chargedwith reagent gradeluene (1 ml), substratela (0.05mmol), cat
2(2.5mol%,0.9mg) and4 AMS Thenthe reactionwaskept stirring at room temperaturdor

6h.To the mixture 2 mL of water were added, the layers separated and the aqueousphase
and extracted with three times EtOAc. The combined organic layer was washetrinih

dried with NaSQ, filtered and concentrated by rotary evaporation. The residue was purified
with silica gel column chromatographycHex:EtOAc = 20:110:1) to afford
thedearomatized compoun@sQ

(+/-)-2aQ White solid cHex:EtOAc 40:1- 20:1, yield =33%*H NMR (400

MHz, CDG) = 7.3 ¢ 7.25 (m,5H), 5.2 ¢ 5.11 (m, 2H), 387-3.70 (m,2H),

2.00 (d,J1.2,3H), 1.45 (s, 1HFC NMR (100 MHz, CRG1=206.65, 202.77,

144.37, 141.38, 132.14, 129.85, 129.08, 128.69, 127.18, 127.09, 108.64,
Me 80.50, 61.64, 52.91, 29.00, 16.@GMS (m/z):240.Anal. Caldor (GeHisOs:
240.30: C,79.97 H,6.71; found: C, 79.85, H, 6.85.
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Table S1: Enantioselectivdearomatization of 1%

~Q
“/\Mi -0~ g (2 g‘:\';%) | o \L/M"O
\/‘a\ Mo conditions "\/-;;aL»"'/"’\p.qe
A . AuCHDMS)
oy /0.;P—N": catd ..:::'--j"-\,-.::'--[\ .-.gjp N’ .
['*r:.. \j AuCI(DI‘:;S) ’ ) W Cat3i688
Run LAuX Conditions Yield (%5 | Ee (94
1 Catl AgNTS (5 mol%), toluene, rt 89 0
2 Cat2 AgSbE(5 mol%), toluene, rt 88 0
3 Cat2 AgSbE(5 mol%), toluene, 15 °C 75 0
4 Cat3 AgSbE(5 mol%), toluene, rt 74 0
5 (R-xylyl-BINAP(AuUC}) AgNTS (5 mol%), toluene, rt 72 50
6 (R-xylyl-BINAP(AuUC}) AgNTS (5 mol%), dry toluene, rt 69 52
7 (R-xylyl-BINAP(AuUC}) AgNTS (5 mol%), ClEL, rt 49 36
8 (R-xylyl-BINAP(AuUC}) AgNTS (5 mol%), CkCh, rt 60 43
9 (R-xylyl-BINAP(AuUC}) AgNTS (5 mol%), GEHs, rt 82 58
10 (R-DTBMMeO-biphep(AuClh AgNTS (5 mol%), GEHs, rt 67 20
111 (R-xyl-SDP(AuC) AgNT} (5 mol%), GFEsHs, rt 65 5
12 (R-Josiphos(AuG)) AgNT} (5 mol%), GFEsHs, rt 33 13
13 (R-xylyl-BINAP(AUC)) AgNT$ (5 mol%), GFEsHs, - 20 81 65
141 (R-xylyl-BINAP(AUC)) AgNT} (5 mol%), GFEgHs, rt, 4A MS 66 50
15 (R-xylyl-BINAP(AuC)) AgNT$ (5 mol%), dry GEsH, rt 79 56
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Al the reactions were carried out in reagent grastelvent and 10 min reaction time,
unless otherwise specifiéfilsolated yield after flash chromatograplfyDetermined by
chiral HPLC analysfsChiral gold chloride precursor was prepaiadsitu ¥ Reaction time 3
h. "Referred to the allenybli 2@ h reaction time).

2a-(Entry 13)Yield = 81% e 65%. HPLC: Chiral@DH: eluent:nHex:IPA = 90:10, flow =
0.5mL/min, T = 30 C, R§o(12.3 min), Riino(12.9 min). &]p=-35.7° (= 0.35, CHE)I
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Table S2Crystal data and structure refinement for compoun@ Q

Compound HZ2Q
Formula GagHi404
Fw 564.73
T,K 293
1, A 0.71073
Crystal symmetry Triclinic
Space group P-1
a,A 11.317(3)
b, A 11.631(2)
c,A 13.464(3)
a 107.861(4)
b 90.899(5)
g 112.091(4)
2 1545.7(6)
Z 2
s 8 1.213
mMo-K,), mm* 0.077
F(000) 608
Crystal size/ mm 0.30 x0.27 x 0.25
g limits, ° 1.607-24.704
Reflections collected 14840
Unigue obs. Reflections 5169 [R(int) = 0.0854]
[E> 4s(R)]
Goodnessf-fit-on 1.029
R(F}, wR (F) [I > 3(1)] 0.0782,0.1681
Largest diff. peak and hole, €3/ 0.285 and-0.275

a) R=S|R R/ SRl WRe =
[SW(R2-F2)% Sw(R2)*Y?where w = 1/%(R2)+@PY+ bP]
where P = (£ + F)/3.

Table S3Selected bond lengths (A) and angles (degy far Q

o(1)Cc(1) 1.408(4) C(1)C(12) 1.503(4)
O(1)C(26) 1.412(4) C(11)C(12) 1.316(4)
O(3)C(13) 1.416(4) C(24)C(25) 1.310(4)
O(3)C(14) 1.416(4) C(25)C(26) 1.485(4)
0(2)C(1) 1.424(4) C(1)C(12) 1.503(4)
0(2)C(2) 1.433(4) C(12)C(13) 1.474(4)
O(4)C(14) 1.415(4) C(14)C(25) 1.494(4)
O(4)C(15) 1.429(4) C(5)C(4) 1.444(5)
C(1)O(1)C(26) 116.1(2) C(13)0(3)C(14) | 115.7(2)
0(3)C(13)C(12) 113.3(3) O(1}C(26)C(25) | 113.8(3)
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| c(yc@ac(Ld) | 1225(3) | ca4c@s)cee)| 123.1(3) |

Figure S4. Molecular structure ofi 2 ydrogen atoms have been omitted for clarity.
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Cartesian Coordinates

Aromaticity governing regioselectivity

Figure S5 illustrates the reaction profilesomputed for the pathways leading to
regioisomericnaphthalenones via [3;8pgmatropic rearrangement of the propargyl alcohol
attached to the oxygen in position 2. It can be observed that the pathway involving position
3 (red in Figure S5) is consistertilgher in energy and renders a very unfavourable product
devoid of aromaticity in the entire structure. On the contrary, dearomatization through
position 1(blue in Figure S5) does not affect the aromaticity of half of the naphthol system,
and renders a prduct that is more stable (by more than 20 kcal/mol) before

protodeauration.
Me
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FigureSBAlternative regioisomeric profiles for the gold mediated dearomatization of

naphthols.

These findings are compatible with results obtained with the ACID métHodhis
methodology reveals regions of delocalized electron density, and it is particularly sensitive
for aromatic areas, where diotropic currents can be observed through a vectorial field of flux

(Figure S6).
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FigureSEACID isosurface (0.05 au) for two slmmphenols dearomatized at positions 1 (left)
and 3 (right). The flux field shows clear aromatic currents in one (left) whereas currents
vanished in the second (right). The external magnetic field is directed down into the paper

plane.

Table of Energies

Table S4. Computed energies for the competing reactions

Structure Methyl Ethyl i-Propyl

Expect. prod. Unexp. prod. Expect. prod. Unexp. prod. Expect. prod. Unexp. prod.

Minl 0.0 0.0 0.0

TS1 14.1 12.4 12.4

Min2 1.9 2.9 -2.8

TS2 11.7 9.3 7.6

Min3 -2.9 -2.8 -6.2
TS3alb 9.0 12.0 7.5 10.8 10.6 5.8
Min4a/b 0.0 -0.4 -2.3 =548 -1.4 -7.6
TS4alb 12.1 13.4 10.2 8.9 8.0 -0.1
Min5a/b 0.0 -20.8 -1.9 -30.1 -4.1 -35.4

TS5a 10.2 8.1 8.0

Min6a 7.0 5.4 5.8

Min7a -23.9 -26.8 -26.5

Free energies in kcal/mol computed at the M06/Def2SVPP level with toluene parameters in the PCM solvation model

(1 atm, 298 K). For a detailed description of the computational methodology see the SI.

C2NXI GA2Y 2F HYQ
We decided to also explore the formationofY, @Qbtained when homopropargyl alcohtin

is used. In this case the reaction pathway bifurcation occurs right at the beginning of the
computed mechanism.TS1 initiates the sigmatropic rearrangement and, due to the
extended chain, another transition statdS1¢ is associated with the direct nucleophilic

attack of the homopropargyl alcohol onto the activated alkyne. Satisfyingly, when we
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computed both alternative transition states for this system, we observed that the activation
energy to reaciTSlavas 1.3 kal/mol lower than that to reaci'S1 Due to the comparable
ring strain and electronic stability of the rings being formed in both alternatives (a
dihydrofuran ring) the explanation for the favoured formatiorHolY ust reside elsewhere.

It seems reasond® that, again, the partial loss of aromaticity required in the sigmatropic
rearrangement is the reason for the formation 2 via a direct nucleophilic attack that
maintains the entire aromatic character of the naphthol ring intact
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Kinetic simulation

To simulate concentratiorvs time in the dearomatization reaction and identify which
intermediates may be detectable in the experiment we computed rate constants, using
activation free energies derived from the values in Table S4 and applying the Eyratigequ
Then we used these rate constants as inputs in a stochastic kinetic simulator. Due to the
limitations of the numerical integrator we had to multiply all the rate constants by6.0E
The reaction is artificially slowed in this way, however, the redatconcentration of
productsvstime is maintained since the ratio between each pair of rate constants is held
constant with this operation. The mechanism therefore used as input is as follows:

kkkkkhkkkkkkhkhkkkkkkhkhkhkhkhkkkhkkhkhkhkkkkkkhkhkkhkkkkkkkkkkx

Minl <=> Min2 k1=0.000283 -1k0.007
Min2 <==> Min3 k2=0.43-2k0.000122
Min3 <==> Min4 k3=0.0116-3k1.56
Mind <==> Min5 k4=0.00829-4%0.00829
Min5 -> Min6 k5=0.205

[Min1]=1

kkkkkkkkkkkhkhkkkkkhkhkhkhkkkhkkhkhkhkkkkkhkhkhkkhkkkkkkkkkkkkx

The last step was considered to be irreversible since it involves protodeauration and,

! . ‘ : : ;

= Minl

Min2
0.8 I\ﬁn]
Mind
Min5

— Min7

0.6 —

0.4 |- -

Concentrution (mol/L)

i | y
0
0 5000 10000 15000 20000

Time (s)

according to our calculations, the final product is stable with respect to the reactant by more
than 20 kcal/mol. Theesults of this simulation confirm that the key allene intermediate
(Min3) is accumulated before product formation occurs, and could be detected
experimentally FigureS7Kinetic simulation for the dearomatization bfinl.
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