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Extevi|C tepiAnym)

Ymv  mopoboa  ddoktopikny  SaTpiPn  EmEpeitor M UEAETN  aVTIOPAGEWDV
KOTOADOUEVOV OO KOTOAVTEG YPLGOV He TN xpnon vroroyicpumv DFT (Oswpiog
[Muokvottog  Zovapmotoewovg). O  okomdg g pelémg eivar 1 eEayoyn
CLUTTEPOCUATOV Y10l TOV UNYXOVICUO Kol GAAWV KPIGUHL®YV YOPOKTNPIOTIKOV TV
avTOpdoewy.

310 TPOTO UEPOC EMUYEPEITOL 0L CUVOYN TMOV KOTOAVOUEVMV OVTIOPACEWY OO
YPLGO TOL  TWEPLAAUPAVOUV  T-CLGTNUATO, HECH TOPASELYUAT®OV, TO  Omoio
TAEIVOLOVVTOL LLE XOAOPE KPLTHPLOL.

Y10 devtepo kepdAao e&etalovpe Tov pOAO NG OEEWBMTIKNAG KOTAGTAONG TOV
YPLGOV TNV KaTaAVTIK ToL dpdor). T[T cuykekpyéva, ta. GOUTAOKE TOL YPVGOVL TOV
TUTTOV YPLVGOG — KOPPREVIO, T-0AKEVIO, T-OAKIVIO KO TO 1010{TEPOL YOPOKTNPLOTIKE KAOE
evoc. H dwapopetikn o&edwtikr katdotacn tov ypvcov (I) v (III) aviavokhid ot
OLYYEVELDL TOL KATOAVTY Yo TO T-cVvotnpae. OAo To Topamdve Tapouctaloviot LE T
HOpeN  TOPAOEYHAT®Y  omokAivovoag  katdAvong  eoutiog NG OSEWMTIKNG
KOTAGTOONG TOL Y PLGOV.

¥10 1tpito KEQPEAMIO TAPOVGLALOVTOL Ol 101HTEPES WOOTNTEG TOL YPLCOD OV TOV
KaO1oTOOV (PLOTO KATAAVTI O GYEON LE TOLG KOTAAVTES TV OAAAWDV UETAAAWV.

210 TéTOpTO  KEPAAOMO, eEgTalovpe (ol wOowAMo  wopapétpomv  Omwg ot
VIOKATOGTATEG TOV YPLCOV, TPOGHETO Kot OlADTNG, KaBADG Kol TOV pOAO TOLG OTN)
PUOLOT TOV EVOALAKTIKOV LOVOTTOTIV TOV UNYOVIGHLOD TNG OVTIOPAONG. ZVVETMS, 1
OTTOKAIVOUGO KATAALOT €VAL EPIKTT AOY® TOV OVOTEP® TAPOYOVTMV.

To méumto kepdAoto eivor ewooywyn otig PeBodove mov €PAPUOCTNKAV GTO
TEPOUOTIKO PEPOC. [MveTon por GvvToun mEPLypapn TV VITOAOYICTIKOV HEBOOWV TOV
YPNOUOTOM|ONKOV GTO TEPAUOTIKO PEPOC.

¥10 k10 KeEPAAoO mopotifevtal ot KatoAvopeveg amd Ypucd AVIOPAGES TOV
eMAEEQE VO HEAETOOLLE, Ol ToPOUolEg pe avtés cuvletikég pébodol mov Eyovv
onpoctevtel, kabmg Kot ot Adyotl Tov eMALEANE VO ECTIACOVIE GE OVTEC.

210 KEQAAQLO ENTA £MC EVVEN TEPLEYOVTOL TO TEPUUATIKE OTOTEAEGLOTO KOl O
OXOMOGHOG TOVG Yo KAOE avTidpoon Tov EMAEEAE VAL LEAETT|GOVLLE.

210 KeQAAOO €mTO peAeTnoape TV kKatoivouevn amnd ypvod (I) aviidpoaon

ovvbeong tov 4,7-01-vmokatectnuévon  vooriov/kappfaloriov. H emhoyn g
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avtiopaong Paciomnke oto yeyovog OTL TO WOOAMO givarl ToAD cuvnBicuévn dopr| ota
aAKOAOEWN Kol KATola amd ovtd mopovotdlovy BloAoykn dpdot. Ady® TOL GYETIKOD
TOL POAOL OTN POPUOKELTIKN ¥Nuelo kot T Propnyovio eoapudkov, ToAAES pébodot
ovvbeong Tov wooMov €yovv  avomtuyBel, oAAd  pdvo Alyeg omd  avTég
EKLETOAAEVOVTOL o TTPOGEYYIon Tov TOmov [4+2]. Tlpocedtme, por emttuynuévn
nmpoonddeia Yo tn ovvBeon woorwv kot kKapPaloriov pe dapecordfnon ypucol
[4+2] mpocbnknc duviov ce mvpoAo 1| wddMo avaeépdnke amd tov Ohno. ‘Eva
OUVOAO OO EVOLOPEPOVTA YOPOKTNPLOTIKA Topatnpndnkay oty avtidpacn mov
éueve va pedetnBovv. Meletovpe tov UNYOVIGHO TNG KOTOAVOUEVNG OmO (PLGO
avtidopaong tov 1,3-duviov pe doktvAiovg mupoAiov Kol tvOoAlov Tov 0dNyolV GE
vrokateoTnUéEVa voola kot kapPBaldia avtiotoyya. Ta povomdtio g avtidpoong
Bpénkav mepiocdtepo mepimAoka amd OtL eiyape vrobéoel, yioo mapdostypa, otov
oynuotiopd tev KopPaloAiwv, &va avIoy®VIoTIKO HOVOTATL TOL TEPIAAUPAVEL TOV
oYNUOTIOUO  €VOG  OmPOGLEVOD  GREPOVIKOD  EVOLUUEGOL TOL  TPOYWPE UHEC®
petabeong 1,2-odkwviov. Aveapmnto omd TV TOPUTAVEO TEPITAOKN, 1 TAPOVGO
peAétn egumnpetel 610 va OMOCEL EUPACT] OTI ONUAGIOL TOL £(OVV TO. GTOLYELDON
frinata €vog UnxavicHov, Tov cvyvl TapdPAETovIol MG AoYETO PE TNV KVNTIKY,

Om®S M AmOoTACT) TPMTOVIOV/KATIOVTOS YPLCOV OTO TOL EVOLAUEST, TO OLVTIOPACTC.

PN BrettPhosAu(MeCN)SbFg (5mol%)

R——==R * ([ \ DCM, 80°C ! |

Iz

1b 1c
Yyquo 1. Koatodvopevn arnd xpued tomikn avtidpoon [4+2] peta&y 1,3-6uviov kot
moporiov (Ohno 2015)

To 6yd600 ke@dAalo TG STpPrg omotedeiton omd TN UEAETN TNG KOTOAVOUEVIC
and yxpvcd (I) avtidpaong ocbvBeong vmokoteotUévey vooAMmv  Eavd, oAl pe
UNYXOVICUO HE 1010iTEPA  YOPOKTNPIOTIKA, ONAadN HE €va EVOLOUESO YPLCOV-
kopPeviov. Amogacicape vo eotidoovpue ot pedétn pebddwv obvbeong Tov
wooAiov, e€artiog ™G VmapENG TOL VOOAMKOD OOKTUAIOL GTO OAKOAOEWDN Kol GTNV
a&loonUEl®TN 16TOPiO TOV GTN POPUOKEVTIKY Bropnyavia. XN cvveyn avalnmon yo
O GUECT KOl ATOd0TIKY TPOGPaoN GE QTG TIG TOAVTIUEG OOUEG, Lol VEX KOl APKETEL
Kopyn mpocéyyion Ppébnke omd Tovug Jin KAl TOLG GULVEPYATES, OTNV OmOiM
nepthapfaveror po emoryopevn and ypvcso (I) mpoobnkn aikiviov oto avOpoviorio.

H mpocéyyion avt odnyel otov oynUATIGHO 7-0KLAO-WVOOMOL HE €va  apKETO



Extevic mepiinym viii

ypnyopo Tpdmo, mov Exel omodeyBel Ot elvar ocvpPotdc pe peydAo  €vpog
avVTOPAOVTOV, KOl OO TNV TAELPA TV OAKWVioV OAAG kol omd Tnv TAEVPd TV
avOpavoriov. Melemqoape Tov  UNYovViopd TG aviidpaong o€ €vo cOVOAO
SLLPOPETIKOV  OAKIVIOV, TEPIAAUPAVOUEVOV KOl TV Ol-DTOKATECTNUEV®Y, Yo Vo
Bpovpe Tig petalh Toug opotdtnTeg Kot O10popes Kot va fondfcovpe 6Tov EVIOTIGUO
TV KopPwav Pnudteov oto povomdtt tng aviidpacns. H moapoatnpodpevn tomo-
EKAEKTIKOTNTO. QOIVETOL VO CULVOEETOL HE TOV W1 OVTICTPENTO OYNUOTIOUO TOL
KopPikng onuociog evOLLUESOV a-IVO-YpLooy KopPReviov, HEC® TS apy KNG TOmO-
EKAEKTIKNG TUPNVOPIANG TPOSPoAnG Tov atdpov Tov N Tov avOpavuriov 6to TURHO

TOL OAKLVIOU.

R4(H)
Ry(H
_ 2 )PG
Rs <\ Rs Ny
5mol%|PrAuCI/AgNTY, N R
+ —_— H
PG PhCF3, -20 °C, 1h HR Y0
N———"Ry(H)
Ry
R4(H)

: { Re(H)
O

5mol%IPrAuCI/AgNTf, N
- . H

PhCF3, -20 °C, 1h (H)R; o)

+

Rs—=—=—Rg(H)

Yyquo 2. Kataivopevn amd ypvod (I) C-H wvkhomoinon tev avOpavodiov pe
akpaio aAkivio, wvapidio pe Bevoh kot péBvAo-coviApovor vrokataotdteg (Hashmi

2016).

210 £vato KeQAAMO, TO €VOLLPEPOV HOG HeTATOmMICETOL OTOL  O-ULVO-YPVGOV
KapPévia. Ta a-tuvo-ypucod kapPévia €xovv avayvoptotel g KouPtkng onuociog
evoldpeca o€ TANOOP SodKACIDY, TEPIAMAUPOVOLEVNG KAl TNG EVEPYOTOINONS TV
aAkwviov amd xpucd. IV TOpoUGO £PYOCio, UEAETNOOUE TO LOVOTATIOL TNG
KkotaAvopevng amd ypucd (I) [3+2] aviidpaong peta&d tov Amiev mTupnvoeilmy
avOpavoriov, 1,24-o&adaloriov 1 4,5-6wdpo-1,24-0&adtaloriov kot Tov tvapdiov
PhC=C-N(Ts)Me, mov mpoympd HEG® TOL GYNUOATIGHOD TOL TPOAVAPEPHEVTOS -
vo-ypucol kapPeviov, To omoio HETE amd evOOUOPlOKY)  KOKAOTOINGT, TTapiyEL
TOMO-eKAEKTIKG  2-aptvo-3-@oivoro-7-0kvAo  tvoOAa, N-akvAO-S-apuvo-tudaloMa 1
N-dAxvro-4-apvo-yudalora, avtiotoyya. Xe OAeG TG TEPUITAOOCES, T TOMO-

EKAEKTIKOTNTO, TV VITOKOTOOTATOV OTIS 0éoelg 2,3 ot0 7-0KLAO-IVOOMO Kol OTIC
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Béoelg 45 otov VIOKATESTNUEVO SOKTUAO0 TOL YdaloAiov kabopileton 610 TPMOTO
petafotikd otadlo, mepthappovopévne g mposPoing tov aldtov otov Cl v C2
dvBpaka Tov evepyomoimpévon vopdiov. H akdAovdn amdtoun ntdon e evépyElog
oynuotiCet to wouPikng onuaociag KopPévio TOL  a-VO-xpvcod. Avtd  Tta
YOPOKTNPIOTIKE €Vl 1O £VIOVO GTIC TEPUTTMOOELS TV OVTIOPAGEMY TOL 0VOPaVUAIOL
Kot Tov  4,5-6100po-1,2,4-oEadaloriov. Eviumwookd, ommv avtidpacn tov 4,5-
owodpo-1,2,4-0EadtalOMOV 1 ONUOVTIKY] TTOON TNG EVEPYEWS OPEIAETOL  GTOV
oxnuatiopd evog aoctabovg a-1pvo-ypucov KapPeviov to omoio petd amd avbopunt
andomacn PevioAdedong petatpémeror oe €va otabepd. ZvykpvOUEVO HE  TO
avBpavorlo, to povomdtio Ttev avitwpdcewv yuo 1o 1,24-oadaldho N 10 4.5-
dodpo-1,2,4-oadtaldMo Bpédnkay va elval onuavtikd o mepimioka and Ot elyape
Bewpnoel oty apykn épevva. o Tapddslypia, 6E GUYKPLON LE TO CYNUATICUO EVOG
TEVTAUEAODS  OOKTUAIOL 0omd TO  KapPEVIO TOL  a-lvo-ypvocov, Ppébnke £éva
OVTAYOVIOTIKO  HOVOTATL  7ov  meptlapfPdvel  Tov  OYNUOTIOUO  EVOLOUECOV
OTOTELOVUEVAV OO €V TETPOUEAT] OOKTUAIO0 GUUTLKVOUEVO HE EVOV TPULEAR, TO
onoio petd amd petdbeon Kot SvolEn tov SOKTLAIOL 00MYNoe GTOV OALOAKS

OOKTOALO.

AN
Ts 0
Cf\o | IPFAUCI/AgNTF, (5mol%)
+ ~ N—H
~ 7/ /
N Ph/ PhCFj, -20°C, 18h o/ X viela=8ac.

N—Ts
/

Ph )\ Ph
N4< Ms O N,/
o] IPrAUCI/AgNTf, (5mol%) N

|
\N/ + /N\ \N \Ms
o PhCF;, 80°C, 18h
yield=90%

Ph

A Ms ‘BuXPhosAu(MeCN)SbFg ph
HN ‘ 0 HN /
/L\ /O + /N\ (5mol%) /L\/\ng\
ph” N o DCE, 80°C, 48h N
yield=80%

Yyfuo 3. Kataivouevn amd ypvod (I) avtidpaon tov avBpavoriov, 1,2/4-

o&adwaloriov 11 tov 4,5-6wodpo-1,24-o0Eadtaloriov pe wapidio mov oynuatilovv 2-
OLULVO-3-QOVUAO- 7-0KLAO-IVOOM,  N-akvio-S-apvo-tudaloma 1 N-aikvAio-4-

apvo-yudaoha, avtiotorya (Hashmi 2017 - Liu 2017).
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Extended Abstract

In this thesis we study, with the help of Density Functional Theory computation,
series of gold catalyzed reactions. The aim of the study is to elucidate the mechanism
of the reaction and other crucial traits.

In the first chapter it is attempted an overview on gold catalyzed reactions with -
systems via examples in which a loose classification is carried out.

In the second chapter we examine the role of oxidation state of gold on its catalytic
activity. To be more precise, gold complexes of the type gold-carbene, n-alkene or x-
alkyne exist and each one has special traits. The difference of oxidation state (I) or
(111) of gold reflects on the affinity of the catalyst for m-systems. All the above are
presented via examples of divergent catalysis due to the oxidation state of gold.

In the third chapter, gold and its special traits that render gold as an excellent
catalyst comparing with other metal catalysts are presented.

In the fourth chapter, we examine a variety of parameters, like gold ligands,
counterions, additives and solvent and its role on regulation of the alternative paths of
the mechanism of a reaction. As a result, divergent catalysis due to the above factors
is feasible.

The fifth chapter is an introduction to the methods applying on the experimental
part. It is a brief presentation of the computational methods that were applied on the
experimental part.

In the sixth chapter are presented the gold catalyzed reactions that we chose to
study, similar synthetic methods that have been published and the reasons we decided
to focus on them.

Chapters seven to nine contain the experimental results and discussion on them for
each reaction we have study.

In chapter seven we studied the gold(l) catalyzed reaction of the synthesis of 4,7-
disubstituted indoles/carbazoles. The choice of the reaction was based on the fact that
indole is a very common structural motif in alkaloids, and a number of them feature
remarkable bioactive properties. Due to its relevant role in medicinal chemistry and
the pharma-industry, many methods for indole synthesis have been developed, but
only a few of them exploit the [4 + 2] approach. Recently a successful attempt at

indole and carbazole formation via a formal gold mediated [4 + 2] addition of a diyne
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to pyrrole and indole rings has been reported by Ohno. A number of intriguing
features observed in this reaction are however left to be resolved. We study herein the
mechanism of the Au-catalyzed reaction of 1,3-diynes with pyrrole and indole rings
leading to substituted indoles and carbazoles, respectively. The reaction pathways are
found to be significantly more complex than we had anticipated; for example, in the
case of carbazoles formation, one competitive route involves the generation of an
unexpected spirane intermediate evolving via a 1,2-alkenyl migration. Beyond this
complexity, the current study also serves to highlight the importance of fundamental
steps that are often disregarded as kinetically irrelevant, such as the protodeauration of

reaction intermediates.

PN BrettPhosAu(MeCN)SbFg (5mol%)

R——==R * ([ \ DCM, 80°C ' |

Iz

Scheme 1. Gold catalyzed formal [4+2] reaction between 1,3-diynes and
pyrrole(Ohno 2015)

Chapter eight deals with the study of a gold(l) catalyzed reaction for the synthesis
of substituted indoles again, but with a mechanism with special traits, that is, a gold
carbene intermediate. We decided to focus on the study of synthetic methods of
indole, due to the presence of the indole structural motif in alkaloids, with a
remarkable history in pharma industry. In the continuous search for more direct and
efficient access to these valuable structures, a new and rather elegant approach was
found by Jin and coworkers, involving a gold(l)-mediated addition of alkynes onto
anthranils. This approach selectively furnishes 7-acylindoles in a rather expeditious
way, and it has been shown to be compatible with a large range of decorated reactants,
both at the alkyne side and at the anthranil side. We studied the mechanism of this
reaction with a set of different alkynes, including disubstituted ones, to establish
similarities and differences between them and to aid in the elucidation of key steps in
the reaction pathway. The observed regioselectivity seems to be connected to the
irreversible formation of a key a-imino gold carbene intermediate, common to all
reaction profiles, through the initial regioselective nucleophilic attack of the anthranil

N atom onto the alkyne fragment.
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R4(H)
Ry(H
_ 2( )PG
Rs Jo N
=N Rs3 N
5mol%IPrAUCH/AgNTY, NOR,
+ —_— H
PG\ PhCFj3, -20 °C, 1h (H)R )
N—=—R,(H) 4
R4

5mol%IPrAuCI/AgNTf, N
S H

PhCF3, -20 °C, 1h

Rs—=="R(H)

Scheme 2. Gold(l)-catalyzed C-H annulation of anthranils with terminal alkynes,

ynamides with a benzyl and mesylate substituents (Hashmi 2016).

In chapter nine, our interest is displaced to a-imino gold carbenoid species. a-imino
gold carbenoid species are recognized as key intermediates in a plethora of processes,
involving gold activated alkynes. Here, we explored the pathways of the Au(l)
catalyzed [3+2] reaction between the mild nucleophiles anthranil, 1,2,4-oxadiazole or
4,5-dihydro-1,2,4-oxadiazole and an ynamide, PhC=C-N(Ts)Me, proceeding via the
formation of the aforementioned a-imino gold carbene intermediate which, after
intramolecular capture, produces regioselectively 2-amino-3-phenyl-7-acyl indoles,
N-acyl-5-aminoimidazoles or N-alkyl-4-aminoimidazoles, respectively. In all cases,
the regioselectivity of the substituents at 2, 3 in the 7-acyl-indole ring and 4, 5 in the
substituted imidazole ring is decided at the first transition state, involving the attack of
nitrogen onto the C1 or C2 carbon of the activated ynamide. A subsequent and steep
energy drop furnishes the key o-imino gold carbene. These features are more
pronounced for anthranil and 45-dihydro-1,2,4-oxadiazole reactions. Strikingly, in
45-dihydro-1,2,4-oxadiazole reaction the significant drop of energy is due to the
formation of an unstable a-imino gold carbene which after a spontaneous
benzaldehyde elimination is converted to a stabilized one. Compared to anthranil, the
reaction pathways for 1,24-oxadiazoles or 4,5-dihydro-1,2,4-oxadiazoles are found to
be significantly more complex than anticipated in the original research. For instance,
compared to the formation of a five-member ring from the a-imino gold carbene, one
competitive route involves the formation of intermediates consisting of a four-
member ring condensed with a three-member ring which after a metathesis and ring

expansion led to the imidazole ring.
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Scheme 3. Au(l)-catalyzed reaction of anthranil, 1,2,4-oxadiazoles or 4,5-dihydro-
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1,2,4-oxadiazoles with ynamides forming 2-amino-3-phenyl-7-acyl indoles, N-acyl-5-

aminoimidazoles or N-alkyl-4-aminoimidazoles, respectively (Hashmi 2017 - Liu

2017).
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Chapter 1

An overview on gold-catalyzed reactions with x-systems

1.1 Reactivity of gold with a-systems

Homogenous gold-catalysis blossoms year after year because of its beneficial traits
like the mild reaction conditions and easiness of use. Thus, it is a powerful tool on the
hands of synthetic chemists who work on organic and bioorganic synthesis or material
science. A major part of homogenous gold catalysis is related to activated alkynes,
allenes and alkenes. Gold complexes with the carbon =-system (double or triple C-C
bond) are exposed to the attack of nucleophilic moieties. In the cases that an
asymmetric and polarized substituted n-system is involved in a gold-catalysed
reaction, the transformation reveals regio-, stereo- and chemoselectivity.

Regio-, stereo- and chemoselectivity are related to the nature of the substituents and
orientation of the carbon w-system. Substituents can be divided to electron donating
groups (EDGs) and electron withdrawing groups (EWGS).

In the case of an activated alkyne, under gold(l) catalysis, there are two carbons o
and B (Scheme 1.1) where a nucleophile could attack. Due to EDGs and EWGs gold-
alkyne complex is polarized and nucleophile prefers the more electron deficient

Nu
R’ “( \ﬁ Nu®
B o R\%\[5
R——FR

R [AU] [Au]©

center. !

Scheme 1.1 Nucleophilic functionalization of alkyne under gold catalysis.
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1.2 Gold-catalyzed functionalization of activated =a-systems with electron

donating group

1.2.1 Functionalization of ynamides

A. General reactivity profile of ynamides

Ynamides are classified as particularly activated alkynes bearing an electron
donating group. The activation process of the ynamides follows a first step of
activation by gold that forms a keteniminium intermediate. In contrast to ynamide that
is a nucleophile, the keteniminium intermediate is a polarized and electrophilic
species. At the second step, variable nucleophiles can approach and attack
regioselectively at a carbon (Scheme 1.2).

@
Nu
EWG  , EWG m Ewe. R
\ \ ~
N——r —A . g\ { — Nu N
/ /o B I )
R R [Au] R [Au]

keteniminium
polarized

Scheme 1.2 General mechanism of a nucleophilic attack to an activated alkyne
bearing an electron donating group (EDG) e.g. an ynamide.

Examples of the reaction of ynamides, allenamides with nucleophiles are included.
B. Functionalization with N-based nucleophiles
Some examples of the reaction of ynamides with N-, O- and C-based nucleophiles

are commented. The mechanism of the reaction between an oxazole and ynamide is

shown in Scheme 1.3. 2
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N Rs  ((ArO);P)AUNTH, Rs Ry Rs
4 R
A N L B N
Ri N, — 2 12DCE, 80°C . N

3 EWG gy~ N 60-96% R, R,

a

3b  Ar=24-di-(t-Bu)-Ph N—gwe N—gwe
R2 R,
R4=H 3c R4 otherthan H  3d

R3
o) Rs R4 other than H Rs
~ O\ Ra=H Y —_—
~ e
Ry
R
N—ewc N\EWG N\EWG °
3c R R4
2 —_—
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~ /
Ry N
/R2 3b
R4 _c_: \ R Rs
AuL EWG S o
e © !
N
o Q R& A JEwG
N
R Ri—7 N
LAu Ev R A?uL R
2@ EWG a-acyl-imino
gold carbene o
N
\?\ /EWG

\
A3L R, 3e
@hu

Scheme 1.3 Formal [3+2] cycloaddition between ynamides and isoxazoles (Ye 2015).
2
The first step of the mechanism of the reaction is the activation of ynamide 3a by
gold(l) catalyst. Accordingly, isoxazole’s 3b nitrogen attacks to the a-carbon of the
activated complex, forming a-imino gold carbene intermediate. Cyclization of a-
imino gold intermediate 3e and protodeauration leads to 2-amino pyrroles 3c/3d.
Isoxazoles can be replaced by various nucleophiles including anthranils, * imines, *

sulfoximines ° etc. These reactions are shown in Schemes 1.4-1.6.

. iPrAuCI .

oo Rs ¢ (5mol%) Rs ' -
I = ANTR, N\ L/
L ~ /O o N\
R, N PhCF; -20°C N R,
4a 4b 50-88% e

R4 o

Scheme 1.4 Formal [3+2] Cycloaddition between ynamides and anthranils catalyzed
by IPrAUCVAgNTf, (Hashmi 2016). *
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Ph3PAuCl  (5mol%) H EWG
R2 O 0, |
/ NP L AgOTf (10mol%) N
Ri———N + R /S\R > RO \R2
ewe 3 4 1,2-DCE, 40°C
N O
5a 5b 47-91% 5c /\\S/<
R3 R4

Scheme 1.5 Synthesis of vinyl sulfoximidoyl derivatives by hydrosulfoximination of
ynamides with sulfoximines catalyzed by PhsP AUCVAgOTF (Wang and Chen 2016). °

f}l(iPr)z
N Rs3
SN R ] JohnPhosAuCl N
. \L_ 2 AgNTf, (10mol%) // =N,
= N
[ . 1,2-DCE, 60°C Re [N NPD:
32-94%
6a R 6b 6¢c R

1

Scheme 1.6 Synthesis of 1,3-diaminopyrazoles from 1-alkynyltriazenes and imines
catalyzed by JohnPhosAuCVAgNTf, ( (Severin 2017). *

C. Functionalization with O-based nucleophiles

Activated ynamides can react with O-based nucleophiles such as pyridine N-oxide
and derivatives and sulfoxides forming an intermediate a-oxo gold carbene

intermediate after the cleavage of the bond between oxygen and leaving group X.*

[Au]
( |I /R2 RZ\N/EWG X R2\N/EWG
\
) ewe [Ael\%odf [Au]
@ o, o
®X R1 R1
X=8SRjy or NR3 a-oxo-gold carbene

Scheme 1.7 a-Oxo gold carbenes from ynamide substrates. *

R, R, PR Ry O\\ R,
>;N/ + ®/ )%:A N/
-\ N™  A: [Au]"'=(Pic)AuCl,, 1,2_DCE, 70°C \

R, EWG ' R; EWG

8a 8b % B: [Au]"'=AuBr3, THF, rt 8c

Scheme 1.8 Au(lll)-catalyzed synthesis of o,f-unsaturated carbonyl derivatives by
oxidation of ynamides (Martin 2011). °
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In Scheme 1.8 is shown the synthesis of a,B-unsaturated carbonyl derivatives from
the reaction of pyridine N-oxide and ynamides catalyzed by Au(lll) .

Ynamides react with alcohols and ethers either intramolecularly or
intermolecularly, forming fused imidazole heterocycles or diaminofurans according to
Scheme 1.9. It is noteworthy that the reaction of Scheme 1.9 follows an opposite
regio- selectivity. The formation of the six member ring, versus five member ring, is
favored possibly due to the easier approach of OH group to the B-carbon of alkyne

giving a 6-endo-dig attack. ’

Rs Ra R; Ra
OH (0]
AuCls (2mol%) ) R,
N=— N=
N—== g, MeCN,82°C N
16-100% "
Ri 92 Ri gp

Scheme 1.9 Au(lll)-catalyzed S}/nthesis of O-heterocycles from ynamides via
hydroalkoxylation (Kerwin 2009).

2,5-Diaminofurans can be formed by the reaction of water with diynamides
catalyzed by PhsPAUNTT,.

Ts
Ph3PAuUNTf, (2mol%) |

S N
e — H,0 (1.4 equiv.) R” 0 5
M= - [ )
R R 51-85% \
10a H R

10b H

Scheme 1.10 Gold(l)-catalyzed synthesis of 2,5-diamino furan from diynes and water
(Skrydstrup 2010). ®

In the synthesis of dihydrobenzoxepines 11c by the formal [4+3] cycloaddition
between ynamides 1la and epoxides 11b catalyzed by iPrAuNTf,, a retention of

stereochemistry is observed (Scheme 1.11). °
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R
She EWG o)
1 0,
<\ /> N\ + Rs :{ 5—/ Re iPrAuNTf, (5mol%) N
11a R1 11b R\4 R5 CH2C|2, 28 OC
| | 42-85%
® _
AuL
—

Scheme 1.11 Au(l)-catalyzed synthesis of dihydrobenzoxepines by the formal [4+3]
cycloaddition between ynamides and epoxides (Liu 2012). °

Moreover, the reaction proceeds under a wide variety of substituents not only on
ynamide 11a but also on epoxide 11b. The proposed mechanism of the reaction is that
an initial nucleophilic attack of the epoxide 11b onto the activated ynamide leads to
oxonium intermediate 11d. Possibly, the orientation of the attack is very strict due to
the conformation constraint that aryl group induces to the oxiranyl ring orientation. In
addition, a synchronous breaking of the bond C-O in the oxirane 11d and the
formation of the bond C-C between aryl group and oxirane contributes to the

conservation of the stereochemical conformation. °

D. Functionalization with C-based nucleophiles

In gold(l)-catalyzed reactions an activated ynamide can participate to
cycloisomerizations, formal cycloadditions or hydro/hetero arylations with aryl or
alkene groups. These reactions can be either intramolecular or intermolecular.

An example of gold(l)-catalyzed cycloisomerization is the reaction of the ynamide
in Scheme 1.12. For the activation of ynamide either (ArO)sP)AuClVAgOTf or
[(JohnPhos)Au(NCMe)]ShFg is used as gold(l) catalyst. The nucleophilic attack by
C2 indole carbon at a-carbon of the activated ynamide forms regioselectively a fused
six member ring with indole. At the second step, a 5-exo-dig or 6-endo-dig cyclization

leads to the formation of the two types of fused indole N-heterocycles. The role of the
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R; alkyl group is crucial. A sizeable Rz group favors 5-exo-dig attack while a small
one urges the 6-endo-dig path.

[JohnPhosAu(NCMe)]SbFg R, 0
(8mol%) N N
THF rt N\
R,=Bn, R3=bulky N\
R
o) Ry 12b 3
R4 N —
N\ // AN o
N / Ry (ArO)3P)AUCI/AgOTf R N
\ 12a o,
R, (10mol%) _ AN \ p
Ar=2,4-(di-t-Bu)-Ph N
CH2C|2, rt \R2 R3
12¢

R,=Boc, Rz=small

Scheme 1.12 Gold(l)-catalyzed cycloisomerization of tryptamine-derived ynamides
(Liu 2019). *°

A variation of the previous reaction is the synthesis of pyrrolo[2,1-a]isoquinolines
13d from diynamides 13a using iPrAuNTf,. * The nucleophilic attack to the activated
ynamide group is succeeded not only by benzene (Scheme 1.13) but also by
heterocyclic arenes, e.g. an indole ring. An electron donating group on the phenyl ring
(Scheme 1.13) or otherwise an heterocyclic arene increases the yield of the reaction.
At the first step of the reaction, the activated ynamide 13b is attacked at the a-carbon
by the benzene ring forming a C-C bond. At the second step, the activated second
alkyne moiety reacts intramolecularly through a 5-endo-dig cyclization with the
nucleophilic N. Mechanistic studies, including DFT calculations, support that the path
to the formation of pyrrolo[2,1-a]isoquinolines 13d passes through a two-step
[1,2]sulfonyl shift. **
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iPrAUNTY, (5mol%) GWE
CH,Cl,, 30°C R, [\
42-89% l\\ NT R
13d U
A
LA®
u
1,2]-shift @
.2 “LAu
concerted C-N bond
_ ® and [1,2]-shift _
auL ¥
| /o)
N Rq

GWEI/ |

Schemti1 1.13 Synthesis of pyrrolo[2,1-a]isoquinolines from diynamides (Huang
2019).

E. Intramolecular hydride shifts of keteniminium intermediates

Functionalization of ynamides by an electrophilic gold(l) complex may be used for
the formation of polycyclic compounds via an allene intermediate or can lead directly
to an allenamide in the case that cyclization is not feasible.

In case that an allenamide is the final product, as is shown for the reaction in
Scheme 1.14 catalyzed by [(JohnPhos)Au(NCMe)]SbFs, *? the presence of a
benzyloxy group is necessary to act as a hydride donor. Transformation proceeds
through a [1,5]-hydride shift from the benzylic group to the keteniminium. An
unstable intermediate intervenes between allenamide and keteniminium. A concerted

elimination of a molecule of benzaldehyde and catalyst forms the allenamide product.
12
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H
EWG OB (XPhos)Au(NCMe)ISbF, EWG
/NTéRg (5-10mol%) \l}l R3
R Ra 1,2-DCE or CHCl, R
14a 20-60°C 14d Rz
@ 35-98% ®
LAu LAG
B—fragmentation
-PhCHO

Ph
s Rs _ _ <
EWG_ H ?4 Ry [1,5]-hydride shift EWG H o N O@
AN

;\l N\ Rs
R4 1ab AuL 14c Ry Adl R2
Scheme 1.14 Gold(l)-catalyzed formation of allenamide via intramolecular [1,5]-

hydride shift (Gagosz 2017). *?
1.2.2 Functionalization of ynol derivatives

Although ynols are sensitive to nucleophilic attack at a-carbon (Scheme 1.15),
similarly to ynamides, there are fewer methods in the literature compared ynamides.
Often, most of examples include ynols derivatives, like alkynyl-silyl-ynol ethers or
alkynyl-aryl ethers. Functionalization of ynols can be succeeded with C-, N- and O-

based nucleophiles according to Scheme 1.15.

Nu
(" 0
/Rz [Au] R4 Nu

Ri—=——0 = Ri—=—gOR o )—
[AILI] [AU] OR2
R2: Al"-, SiR3> I
R1 @
@>:l:OR2
[Au]

Scheme 1.15 Ynol derivatives employed in gold catalysis and their generic reactivity.
1

Phenol derivatives can be formed by the gold(l)-catalyzed reaction of terminal
arylalkynyl ethers (ynols) 16a with 25-substituted furans 16b (Scheme 1.16)
catalyzed by iPrAuCl/NaBArF (BArF is a non-coordinating anion, i.e. the

tetrakis[3,5-bis(trifluoromethyl)phenyl]borate). ** This reaction is sensitive to steric
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and electronic effects associated with the ynol adduct. Also, in the case of aliphatic
ynol ethers the reaction proceeds in low yield. **

OH

iPrAuCI/NaBArF
Me\lo>7 (3mol%) RO Me
RO———  + Me >
| Y CH,Cl,, 45 °C
16a Me
16b 12-48 h
25-79% 16¢c

Scheme 1.16 Gold(l)-catalyzed reaction of alkynes with furans to phenols (Hashmi
2015). **

The synthesis of the benzo-furano-quinoline 17c¢ was carried out by the reaction of
aryl-ethynyl ether 17a, an ynol with an electron donating group, and anthranil 17b
using JohnPhosAuCl/AgSbF6 as catalyst (Scheme 1.17). ** The reaction proceeds via
an o-amino gold carbene intermediate 17d which is then subjected to an
intramolecular nucleophilic attack from aryloxy group to carbene. Next, an

intramolecular condensation leads to the benzo-furano-quinoline 17c.

R3 - RZ
R3

N JohnPhosAuCl/AgSbFg — y/

| / + o _1omo%)  aams A/
// ~ ~ / 0 ’ N
R; o) P N 1,2-DCE, 80 °C

Rz 42-76% Z 0
17a 17b R 17¢c

a-iminogold carbene

Scheme 1.17 Annulation of the anthranils with aryl-ethynyl ethers (Liu 2019). **
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1.2.3 Functionalization of allenamides and allenyl ethers

A. General reactivity profile

Synthetic methods using allenyl derivatives are less abundant than methods using
alkyl-derivatives because of the unstable nature of the former and the difficulties of
manipulation. However, allenyl derivatives offer interesting chemical characteristics
when are used as substrates for gold(l)-catalyzed reactions. There are two available
positions on allenes, a central and a terminal one (a and y) for the formation of a new
C-C, C-N or C-O bond. A generic approach of the reactivity of the allenes with
gold(l) catalyst is based on the presence of a N-, O-, S-, electron donating ligand that
transforms the allene to an aurated alkenyl-indermediate. The latter is sensitive
enough to intermolecular or intramolecular nucleophilic attack on positions o or vy
(Scheme 1.18).

NU@X Rs3
® [ RS
X/\’_'_<R3 - J /R.3 Sl R118c [Au] ;
Ry Rz R4 R, — Products
18a [Au] X Rs g
18b o R4 TR
18d [Au]

X= OR4, SR4, NR4R5 _ -

OR4=0SiR3, OAlkyl, OC(O)R, OC(O)OR
SR,=SAryl
NR,4R5=N(SO,R)R’, NC(O)OR

Scheme 1.18 Mode of react'wig/ of allenes substituted by a O-,S-N-based electron
donating group (Krause 2011). *

B. Functionalization with C-based nucleophiles

Benzyloxy group can be part of an allene following an Au(l)-catalyzed
intramolecular cyclization. In Scheme 1.19 the activation of allene 19a by AuCl leads
to a cyclopropyl intermediate 19b. Next, C-C bond rearrangement and deauration
leads to the cyclohexadiene derivative 19c¢ which is easily aromatized to the

benzyloxybenezene derivatives 19d by means of the leaving group R,OCO. *°
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R
o
Rs3 OC(O R2 R; OC(O)R, Rs3

O Rs

AuCl

OBN 5 10mol%) R
B e 1 ﬁ’
R1 CH2C|2, rt
53-99% [A“] -R,CO,H

19a

Scheme 1.19 Gold catalyzed synthesis of benzyloxybenzenes (Zhang 2007). *°

Another example of Au(l)-catalyzed functionalization with C-based nucleophile is
the formal [4+2] cycloaddition between an allene 20b and 2-alkenylindoles 20a
leading to the formation of tetrahydrocarbazole derivatives 20f-20g (Scheme 1.20). A
suggested mechanism starts with the nucleophilic attack by the electron rich C-3
carbon of the indole ring at the terminal position y-carbon of allene 20b, that is
activated by JohnPhosAuNTf, catalyst. The second step is the nucleophilic attack
between the alkenyl side chain group and the B-carbon of the allene which leads to the
cyclization product 20d.

Both experimental conditions and Au(l) catalyst are crucial factors for the direction
of the reaction and subsequently for the kind of its product. For instance, usage of
AuCl; at low temperature (-70 to -50 °C) with substoichiometric amount of
allenamide produces indole 20g as the main product. On the contrary, higher
temperature (-20 °C) and JohnPhosAuNTf; urge the reaction to the formation of the
isomer 20f. Excess of allenamide gives the disubstituted product 20f due to one more

nucleophilic addition at y position of another gold(1)-activated allenamide. *’
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R
N/ 5
Rz Rs
A\ / /A
N H K» [Au] © R
\ [Au] Ry R3 9 2
R, T - / JohnPhosAuNTf, (5mol%),
20a ) n=0.9 equiv., CH,Clp, 20°C
. Rs N2
/ j
\
Ry
nequiv. 20b

[(JohnPhos)AUINTf, (5mol%),

n=2.5 equiv., CH,Cly, -20°C 20e AuCls (5mol%), n=0.9 equiv.,

CH,Cly, -70°C to -50°C

R
/ 5
N
\
/R
R, R3
N
N\
209 R, 3799%

Scheme 1.20 Alkenylindoles as gold-catalyzed reaction partners in formal [4+2]
cycloadditions with allenamide (Vicente 2013). '

C. Functionalization with O-, N-based nucleophiles

Most common Au(l)-catalyzed functionalizations with O- and N- nucleophiles are
the intramolecular ones. Typical examples are the formation of the dihydro-furan 21c
or compound 22c in which a pyrrole ring has been constructed starting from allenes
21a *® or 22a *° with a vicinal hydroxyl or amino group, respectively. The first steps
of both reactions probably are similar.

In the first case (Scheme 1.21) a nucleophilic attack of the hydroxyl group to the a-
carbon of the activated allene with PhsPAUCIVAgBF, forms the intermediate 21b.
After protodeauration, the dihydrofuran 21c is formed in good yields within a short

reaction time (e.g. 5 min).

TMS TMS ™S
R AuL (o)
1 H PhsPAUCI/AgBF, |R; S o —
S (5mol%) < JJ\ J\
OH . - O = OH Q@ o — Ry o N o)
OQ\/ .Ph CH,Cly, rt \& L/
o) ; 78-87% 21b Ph\\\ ”/Ph 21c Ph Ph

21a ’/Ph L _

Scheme 1.21. Synthesis of dinydrofuran derivatives (Hegedus 2006). *°
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The second PhsPAuUNTf,-catalyzed reaction (Scheme 1.22) follows a differentiated
path after protodeauration. Thus, after the nucleophilic attack of the amino group to
the a-carbon of allene 22a, and protodeauration, concerted steps of elimination of

phosphate group and aromatization lead to the formation of pyrrole derivatives 22c.

R, - -
R Re
Ph R, PhsPAUNTY, A T\
(5-10 mol%) —\ Ri
/NH e ——»» Ph N R4
Boc o © toluene, rt -70°C Ph N OP(0)(OMe), |
~P< o | Boc
\~OMe 78-87% Boc
22a OMe 22b 22¢

Scheme 1.22 Synthesis of pyrrole derivatives (Terada 2018). *°

Example of intermolecular N-, O- and S- functionalization reactions by N-, O-, S-
based nucleophiles are not very common. For example, a reaction can proceed with
the regioselective addition of pyrazole, triazole or benzotriazole to allene under
heating and microwave irradiation and catalyzed by PhsPAUNTf,. The presence of co-
catalyst PtCl, and the excess of the N-base nucleophile lead to double hydroamination

products as it is depicted in Scheme 1.23.

; . - H H H
without PtCl, N\N\ Ar 7 f N N N
52.90% G 23c v-¢ A= N Y N
Fo Ph3PAUNTf, c N7 NNy /4
/I + ZAr > (2.5mol%) N
¢ N T adioxane | " A
-di 1 \
23a H X 0|oxane (A
23b 100°C, MW with PtCI, N7
(10 mol%) )\/\ Ge R o P e
57-90% G N”\ 1 N\ o s
23d A, Ry

Scheme 1.23 Hydroamination of N-,0- and S- allenyl derivatives (Mufioz 2019). %

1.3 Gold-catalyzed functionalization of activated n-systems with a withdrawing

group
1.3.1 Activated w-systems
Compared to the m-systems with EDGs discussed in the previous Section, the -

systems connected with electron withdrawing groups (EWGs) — see examples for

alkynes, allenes and alkenes in Scheme 1.24 - show different chemistry. For example,
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for alkynes, an EWG can be a carbonyl group directly connected to a-carbon. Thus,
the alkyne derivative can be a ketone, a carboxylic acid, an ester or an amide.
Alternatively, if the EWG is an imine group, instead of a carbonyl, the substrate
should be an imine, an hydrazone or an oxime. The EWG can be a halogen, a
boronate, a sulfoxide-sulfone or a fluorine group. Polarized n-systems, activated by
electrophilic gold(l) catalyst present regioselectivity on the reaction with
nucleophiles. Alkynes, allenes and alkenes bearing EWGs are rendered susceptible to

nucleophilic attack at p-position of the n-system. *

C=N

A=Alkyl,Alkenyl,Aryl,Alkynyl, C(O)R o] a B A 8 A= Alkyl
A=NRRy, N(OR1)Rz, N(NR4R2)R >%R' R A=NHR
A= OH, OR A 2

A=0OH, OR

—N o
\> _—
R4
Boronates
Halogens
a B —

a B o—I1——R Ri—O e F
X——~R' B R,

X=Cl, Br, | O%\(j T / -

EWG on m-systems

/ \ Fluorinated groups
Sulfoxides/sulfones

F, a B
o RIF—C—=—R, FsS—=——R,
o v P F
@8 R, O=S—=—R,
R4 R4

A Rs 0
A %—<R3

R4 Ra

Ry Rz
A=Alkyl, Alkenyl, Aryl A=Alkyl, Alkenyl, Aryl
A=OR A=OR

Scheme 1.24 Alkyne, allene and alkene derivatives with electron withdrawing
substituents.

1.3.2 Alkynyl-carbonyl derivatives

A. Generic reactivity profile

Alkynyl-carbonyl derivatives are susceptible to Au-catalyzed nucleophilic attack at
the B-position of the m-system. The carbonyl EWG renders alkyne B-carbon electron
poor so as a nucleophile may attack easily furnishing a large variety of products. C-,
N- and O- based nucleophiles can be applied to regioselective reactions with alkynyl-
carbonyl derivatives (Scheme 1.25).
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X=0OR polarized

NR,

CR;

Scheme 1.25 Generic mechanism of a nucleophilic attack to an activated alkyne group
of an alkynyl-ester derivative. *

B. Functionalization with C-based nucleophiles

Alkene or alkyne groups are used as C-based nucleophiles to electron deficient
activated alkynes. There are several intramolecular or intermolecular cyclizations,
cycloisomerizations and cycloadditions. Few examples are shown below.

The Au(l)-catalyzed cyclization of 1,6-enyne 26a that bears as an EWG an ester or
amide group tethered to the alkyne is presented (Scheme 1.26). First, the activated by
PhsP AuSbFs alkyne is subjected to a nucleophilic attack by the adjacent alkene to the
electron deficient B-carbon. After a 6-endo-dig cyclization and the formation of the
intermediate 26b, 1,2-carbon shift leads to the cyclobutane condensed bicyclic
compound 26d.

0
PhsPAUSbF ¢ Ar
X % (10mol%) X X
Ri A CH,Cly, 1t,12h R

| 70-919 26d Ry "2
X=0,NTs 0-91% L

26a

\

R
® ®
-LAu
+LAu Aul A QAL Ar
6-endo-dig | r
1,2-shift ®
R, —> H
R
R1 R1 2
26b 26¢

Scheme 1.26 Cyclization of 1,6-enynes (Kang and Chung 2009).

On the other hand, an intermolecular nucleophilic attack to the Au(l)-activated
electron deficient alkyne is shown in Scheme 1.27 between a propiolic acid 27b and

an alkene 27a leading to the unsaturated o-lactones 27d. This is a [4+2] annulation
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reaction that proceeds with a step of nucleophilic attack to the B-carbon of activated
JohnPhosAuCl/AgSbFs-alkyne forming a cyclopropyl gold carbene 27c. Then the
nucleophilic carbonyl oxygen of the intermediate 27c attacks cyclopropyl ring which

opens forming the unsaturated 6-lactone 27d.

® 0
JohnPhosAuCI/AgSbFg AuL ®
j\ (5mol%) H OH -AulL O
3 — |l
CHCl, rt N “—~5 \''Rs
R1 R3 R2

R2 R1
(5 equiv.) L ]
27a 27b 27c 27d

Scheme l 27 Gold(l)-catalyzed reaction between propiolic acids and alkenes (Shin
2012). 2

Gold(I)-catalyzed functionalization of alkynes with carbonyl group as EWG can be
succeeded via the formation of enols or enol derivatives; enol group is acting as EWG
as a tautomeric form of ketone group. Enol or enol derivative can be composed in situ
unless it exists in a native form when is more stable than the ketone tautomer. One
method to synthesize an enol or enol ester is the attack of an oxygen group to the
gold(l)-activated terminal alkyne. In Scheme 1.28 is shown the synthesis of a-pyrones
28e as an example of functionalization of an alkyne bearing an enol group as EWG in
28c. % Gold(l) catalyst PhsPAUCVAgOTS activates the alkyne that accepts at C2
carbon the nucleophilic attack of the carboxylic group of the propiolic acid forming
the enol 28c. An intramolecular nucleophilic attack of the enol carbon to the activated
-carbon of the alkyne moiety and protodeauration of the intermediate 28d leads to a-
pyrone 28e. %

0 selective cross-addition _ 6-endo-dig cyclization

o ® o
HO

28a A PhsPAUCIAGOTf CAuL (g AuL _A%)L o

Ry (5mol%) (0 — P | —_— |

/& Ry A

Ry—=— CH,Cly, rt Ry Ry O R Ry R

28b 28c 28d H 28e
(5-6 equiv.) L .

Scheme 1.28 Synthesis of a-Pyrones from enol esters (Schreiber 2011). *°
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A variation of the previous method is based on the replacement of enol ester with
allenol ester moiety. *? The first step of the mechanism of this reaction is a gold(1)-
catalyzed [3,3]-rearrangement to form the allenyl ester 29b from 29a using
PhsPAUCI/AgSbFe. In the next step, gold(l) catalyst activates the triple bond of the
alkyne while the p-carbon of the allenyl group carries out a nucleophilic attack to the
B-carbon of alkyne moiety. After the formation of the cyclic product 29c, reaction
may follow different paths depending on the conditions. The presence of an alcohol in
the reaction mixture urges the reaction to the formation of esters 29d. If alcohol is
substituted by aromatic system, arylation takes place instead of esterification, forming
the compound 29e. In the absence of a nucleophile, the alkenyl-a-pyrone 29f is
formed due to the redistribution of the r-electrons and deauration of intermediate 29c.

[3,3]-rearrangement — 6-endo-dig cyclization —

R3 3&\\(7AUL® ® AL
/|L —

PhyPAUCI/AgSbFg Q TR, (OI |
o (5mol%) _ -
CH,Cl, R Rz | Ry
& (0] R,

esterificatio

RO \ © o |
(e} NS
R4 Ry R4 R, N R1
29d
29e
Rz \ Rs Ar R3 AN

Scheme 1.29 Synthesis of a-pyrones from allenol esters (Schreiber 2007, 2011). %%

C. Functionalization with O-based nucleophiles

Many applications have been developed using O-based nucleophiles, like alcohols,
ketones and aldehydes for the functionalization of alkynyl-carbonyl derivatives. These
transformations can be hydrofunctionalizations, cyclizations, isomerizations, cascade
reactions and oxidations. Typical example of intramolecular cyclization through a O-
based nucleophile to the gold(l)-activated alkyne moiety of an alkynyl carbonyl
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derivative is the reaction of hydroalkoxylation of alkynyl ester or alkynones for the
formation of oxygen containing heterocycles as depicted in Scheme 1.30. Thus, the
formation of oxazepinone 30b proceeds via the activation of alkynone 30a by the
gold(l) catalyst (PhsP AuCI/AgOTf) following an 7-endo-dig nucleophilic attack of the
hydroxyl group to the B-carbon of the bond. The combination of gold(l) catalyst
PhsPAUCI with AgOTf gives excellent yields. However, PhsPAuCI alone can catalyze

the reaction.

R
/N/RZ PhsPAUCIAGOTS (Smol%) N
R HO\)\ CHCls, 25°C | fRs
Rs 73-96% Ri™ "o
30a 30b

Scheme 1.30 Synthesis of oxazepinones by intramolecular hydroalkoxylation (Van
der Eycken 2015). %

Similar to the above method is the Au(lll)-catalyzed synthesis of 5-, 6- and 7-
member ring cyclic acetals 31e and exocyclic enol ethers 31b-31d ?’ (Scheme 1.31).
Despite the E-isomer is favored, a mixture of E- and Z-isomers is received. According
to the proposed mechanism, after the nucleophilic attack of the hydroxyl group to the
Au(l)-activated alkyne, the Z-enol ether 31b is formed. Isomerization of the Z-enol
ether 31b to the intermediate oxocarbenium 31c is the path that leads to the formation
of E-isomer 31d, while isomers 31b, 31c are in equilibrium. Both of the two
structures are the substrate for the nucleophilic attack of an alcohol furnishing the
acetal 31e. %" When the alcohol is absent the cyclic acetals bearing enol ester groups
32b are obtained (Scheme 1.32).


https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=van+der+Eycken%2C+Erik+V
https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=van+der+Eycken%2C+Erik+V
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Ry
R4 1. AuCl3 (2mol%) R3
AN ReOH, rt - Ry n
Rs OH “COORs 2. NaHCO, (0) R0 ORs
R4 31a 31e
[Au]
ReOH
R R
R3 4 R 4
R, R3 R4 R2 R2 3
) )n —_— In
R n R4 ® O/ R4 \
1 ®0 N\ Ay [Au] o COOR;
31b 31c  Rs00C _ 31d
R500C Z M=Au or H E

Scheme 1.31 Gold(111)-catalyzed synthesis of cyclic acetals and exocyclic enol ethers
via an intramolecular hydroalkoxylation of alkynyl esters (Ley 2009). '

R4
Ry AuCly
N (2mol%) Rs n
R3R OH ~COORg THF, rt R X COOR;
> 60-93% R O
R1
32a 32b

Scheme 1.32 Gold(l1I)-catalyzed synthesis of cyclic acetals 32b bearing enolester
groups via an intramolecular hydroalkoxylation of alkynyl esters (Ley 2009). '

Some O-based nucleophiles like pyridine N-oxide, quinoline N-oxide, nitro and
sulfoxide groups (see ‘O-LG" in Scheme 1.33) can oxidize the alkynyl-carbonyl
substrate 33a deriving the reactive intermediate 33D, since they can attack from O-
nucleophilic atom at the p-carbon of the activated alkyne moiety of the alkynyl-
carbonyl derivative 33a. According to the proposed mechanism the intermediate has
two alternative paths. The first one is the cleavage of the bond O-LG forming an a,o-
dioxo gold carbene 33c. The alternative path is that of a synchronus nucleophilic
attack at a-carbon of the alkyne with O-LG bond cleavage, forming the 1,3-diketo
compound 33d. A very interesting point of the reaction is that the nature of the
catalyst favors one path or the other. That is, the first path is favored by electron rich

gold(l) catalysts. The second path is feasible with gold(I11) catalysts.
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0] O
® Path A a,0'—dioxo gold carbene
LGj Au(l)
[CHC) "0 o Ay 33c gold carbene reactivity
(o) O0—LG —
/\/< \Y
[Alu} (FA\U] Nu Path B 33d
33a _ ) S Au(lll) . _ _
LG=Leaving Group 33b (ALl Nu direct trapping of nucleophile

Scheme 1.33 Prevailing mechanism in gold-catalyzed oxidative functionalization of
alkynyl-carbony! derivatives. *

Extension of the above mechanism is the intramolecular C-H functionalization of
aryl groups. According to the method, N-alkynoyl anilines 34a under the action of 2-
bromopyridine N-oxide are transformed to 3-acyloxindoles 34d (Scheme 1.34). The
mechanism consisted of a first oxidation step to a a,0’- dioxo gold carbene, followed
by an electrophilic aromatic substitution to the adjacent aromatic ring of aniline.
Finally, protodeauration and aromatization of the condensed rings lead to 3-
acyloxindole 34d. The method is tolerant to a variety of substituted anilines and

several alkynamides.

R OH
3 Q\ (1.3 equiv.) /
ll Br o
((2,4-di-t-Bu-PhO)3P)AuCI/AgNTf,
(5mol%) R, N
R N (0] R1
2 'IQ CH,Cly, rt, 2-24h 34d )
34a 50-95%
® ®
[O]|| LAu -LAu
_ Rs _
® H °
MO electrophilic aromatic AuL
substitution
o —1
N O N
Ra | R, \
Ri  34b 34c Ry

Scheme 1.34 Gold(l)-catalyzed intramolecular C-H functionalization of aryl groups
(Zhang 2012).
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D. Functionalization with N-based nucleophiles

Many synthetic methods have been developed with a variety of N-based nucleophiles
functionalizing the alkynyl-carbonyl derivatives. The utility of these methods is owed
to its application on compounds with industrial interest and synthesis of natural
products.

An example of Au(l)-intermolecular functionalization of alkynyl esters or
alkynones 35b by N-based nucleophiles (e.g. aliphatic amines) in the presence of a
aldehyde 35a is the synthesis of 14-dihydropyridines 35f. The proposed mechanism
consists of the following steps. Methylamine carries out an 1,4-addition to alkynyl
ester (or alkynone) 35b forming the enamine 35c¢. Enamine 35c¢ reacts with one more
molecule of alkynyl ester (or alkynone) 35b with the aid of PhsP AuCl/AgOTT catalyst
to afford dienamine 35d which reacts with aldehyde 35a to afford 35e which after
redistribution of n-electrons furnishes dihydropyridine 35f (Scheme 1.35).

The pros of the method are the plurality of the substrates that can be used.
Aldehyde can bear an alkyl, alkenyl or aryl group. Additionally, the reaction is

feasible either with alkynones or alkynyl esters.

o)
R3
o)
)J\ * / / 35b Ph3PAUCI/AgOTf
0,
R H CHsNH, Re (10mol%)
0
1.6 equi (2.4 equiv.) 1-4-dioxane, 100 °C, 12h
(1.6 equiv.) e
° 35f &y
35a ,

-H

35e R
@ R3CO 35d COR3 R30C . _COR;
35¢c COR3 LAuU ]\ | R1CHO
_— ,—3/
| - N~ R, -Hy0
h |

R2

64 ®

I
| condensation

Scheme 1.35 Gold(I)-catalyzed synthesis of 1,4-dihydropyridines (Liu 2013). %

Anilines provide another case of a N-based nucleophile that can functionalize both
alkynones or alkynyl esters or alkynyl amides. ** The method allows the use of a large

variety of anilines including a-keto anilines 36a (see Scheme 1.36) that provide a
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carbonyl group instead of the aldehyde molecule in Scheme 1.35. In the variation of
the method, PhsPAUCI/AgOTf-catalyzed reaction of a-keto anilines 36a with
alkynones 36b, the 3-acyl-kinolines 36¢ are produced in good yields *° (Scheme 1.36).

o)
(0] R R1 (@]
*  PhsPAUCI/AgOTf
X Ry 4+ / (10mol%) TN S R4
A = DMF, 1000c 2 LA~
’ N~ R
NH, Rs  36b 38.93% 3
36a . 36¢c
(1.5 equiv.)

Scheme 1.36 Gold(l)-intermolecular condensation of ortho-acyl anilines with
alkynones (Liu 2012). ¥

1.3.3 Allenyl carbonyl derivatives

A. Functionalization with O-based nucleophiles

Allenyl-carbonyl derivatives are very useful adducts for the formation of furans 37d
and butenolides 37e. The gold-catalyzed cycloisomerization of allenones 37a
(Ry=alkyl group) forms 37b which after deauration produces furans 37d, while the

gold-catalyzed cycloisomerization of allenoates 37a (Rji=alkoxy group) forms

butenolides 37e after fragmentation and deauration (Scheme 1.37).

R4=alkyl or Ar _ i —
R:® and Ry=H 0 \ SN~
4 ® [Aul

R4
37a R
O/ 0 R
R,=OR RN 2
—_—
g\ g )
[Au]
R4 R3 R4 R3
L 37¢c — 37e

Scheme 1.37 General gold-catalyzed activation models of allenyl-carbony! derivatives
37a(Krause 2011).
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Gold(l11)-catalyzed furan synthesis from allenones 38a starts with the activation of
allenyl group by AuCl; (Scheme 1.38). The carbonyl oxygen of allenone 38a acts as
nucleophile and realizes a 5-endo-trig cyclization to form an oxonium intermediate
38b. After an aromatization step followed by a protodeauration step 2-alkyl furan 38c
is formed. However, the main disadvantage of the method is that the reaction can go
further with an 1,4-addition step from furan 38c as nucleophile resulting to an o,-
unsaturated ketone 38d. *' The mechanism of the reaction was studied with the use of

DFT calculations not only for a variety of allyl-ketones ** but also for gold(1)

catalyst. 3*
R N2

\H/\/H __AuCl3 (Imol%) D AuCls_ \

] H MeCN rt 7
54-94%

38a ° 38d
e protodeauration
38b  AuCls
AuCls [>= -AuCls
< H |——

@

Scheme 1.38 Gold(11)-catalyzed furan synthesis from allenones (Hashmi 2000). **

More sophisticated methods have been developed that avoid by-products. A method
for synthesis of the multifunctionalized 3-alkynylfurans 39d from allenones 39a and a
hypervalent iodine reagent (TIPS-EBX) is based on a possible Au(l)/Au(lll) redox
cycle (Scheme 1.39). % According to DFT calculations, * at the first step of the
proposed mechanism allenone 39a Au(l)-cyclization takes place using AuCl and 2-
pyridine carboxylic acid forming the intermediate 39b. Accordingly, gold is oxidized
from (1) to (Il1) state by the oxidizing reagent TIPS-EBX forming the intermediate
39c where an alkynyl-TIPS moiety is connected to gold(I1l). Finally, a reductive
elimination step leads to the transfer of alkynyl-TIPS moiety on the furan ring
forming the 3-alkynylfuran 39d (Scheme 1.39). ¥%
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Scheme 1.39 Gold-catalyzed furan synthesis via gold(l)/gold(111) redox cycle (Waser
2013, Ariafard 2017). *%

The synthesis of y-butyrolactones derivatives can be performed via the action of
various reagents on the intermediates of gold(l)-butenolides 40c. The latter is formed
by the cyclization of allenoates 40a through intermediate 40b in the presence of
transition metals or electrophilic reagents, e.g. the gold(l) phosphine complex with
AgOTf mixture in stoichiometric amounts (Scheme 1.40). The R3;PAuUCVAgOTf
catalyst renders the reaction feasible at room temperature. DFT calculations support

the proposed mechanism. *’

R4
1o R4 AUPR;
R,  RsPAUCVAgOTf /A)—_j(
> Rs3
(6] 40a R3 CH2C|2, rt (0] 0 R
46-85% 2
® 40c
AuPRj;
R4 AuPR;
Et\o [ R,
®~o R,
40b

Scheme 1.40 Formation of gold(l)-butenolides and their reactivity (Hammond 2008,
2009). %%
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Gold(l)-butenolides are valuable substrates because the gold(l) complex can be
substituted with various ligands leading to many different products as is shown in
Scheme 1.41. Not only iodination and protodeauration can be applied but also

dimerization via a redox process with the use of SelectFluor. **

Protodemetallation
» O
TsOH H
toluene, 80 °C, 66%
lodination o
I2
R CHoCly, 1t, 72%
(0]
Ny AuPPh;
(0]
R
[0)

R4
N
o
41b R
R4
Ny
(¢}
41c R,
Rz R4 2
41a . L o)
Dimerization AN S
Selectfluor (o) 0
MeCN, rt, 69-719
exm % 4d R Ri
e

Ry

O
Transmetallation N__F
-~ e
[(Cp)(CO)zFe]l 410 oc Co
e
CDCly, t, 75% R,

Scheme 1.41 Reactivity of gold(1)-butenolides (Graf 2010, Molinari 2011). 34

Moreover, transmetallation is another useful feature of gold (I)-butenolides 42a
either with palladium(ll) complexes, e.g. dppfPdClL, ((dppf=1,1"-bis(diphenyl-
phosphino)ferrocene). The palladium(ll) complex intermediates, e.g. 42b, provide the
mean of cross coupling reactions introducing a variety of aryl, alkenyl, allyl and
benzyl groups to the position of gold, either via an intramolecular or to an

intermolecular reaction leading to 42c.
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LPd®©
R3X (1.2-1.5 equiv.),
dppfPdCl, (1 mol%), MeCN, 60°C l R3-X R3= aryl, allyl, alkenyl, alkynyl, benzyl

1 X\ '3 (”) R1 R1
o) Fl)d 0] Rs reductive 0
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A\ L A\ Pa(”) € AN R
AuPPh3 o : - 5 3
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42a R (PhsP)AuX 42p R 42¢ R,

transmetallation

Scheme 1.42 Palladium(I1)-transmetallation studies of gold (1)-butenolides (Rominger
2009, 2010, 2012). “+*°

B. Functionalization with other nucleophiles

Compared to the typical cyclization of allenyl butenoates 40a to lactone derivatives,
e.g. 41lb-c, 42c, allencate esters with a second functional group which can be
nucleophilic, e.g. 43a could give an alternative gold(l)-catalyzed intramolecular
nucleophilic addition (Scheme 1.43). Nucleophilic addition can proceed to a- or B-
position of the allene moiety depending on the nature of the nucleophilic group and
the size of the formed ring. As shown in Scheme 1.43, the reaction can furnish
dihydrofurans 43c, pyrroles 43d or tetrahydropyridines 43e using PhsP AuCl/AgOTT,
PhsPAUNTT2, CysPAUNTT,, respectively, facilitating the intramolecular nucleophilic

attack in the allenoate ester molecule 43a. Methyl or ethyl esters are commonly used.
44-48
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Scheme 1.43 Gold(l)-catalyzed intramolecular additions of O- and N- based
nucleophilic group present into allenoates (List 2016, Raven 2013, Xu 2015, Terada
2019, Sun 2015). ““

Haloalkynes are a category of alkynes with unique features due to the highly
polarized carbon-halogen bond which implies stronger regioselectivity, compared
with other alkyne substrates, for the gold(l)-catalyzed reactions of haloalkynes.
Additionally, redox reactions and [1,2]-X rearrangements are very rare on all other
types of alkynes. Haloalkynes give inter- and intramolecular functionalization with C,
N- and O-based nucleophiles as has been thoroughly studied. Special emphasis is
must be given for the case of alkynyl iodoniums that operate as excellent alkynyl
transfer agents. In Scheme 1.44 is shown the alkynyl iodonium complex reagent
TIPS-EBX and its relevance to the functionalization via gold(l)-catalyzed C-H

reactions. 4%
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Scheme 1.44 Gold(1)-catalyzed C-H functionalization with TIPS-EBX (Waser 2010,
2012, 2013, Li 2016, Patil 2017, Xia 2018). ***°
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Gold-carbene or —m-alkene or —mw-alkyne complexes in gold

(1) or (I11) oxidation form in catalysis

2.1 Gold-carbon bond in gold(l)- and gold(I11)-carbene complexes

Year after year, the number of publications on the homogenous gold catalysis
increases. ' Different types of gold catalysts are invented. Both oxidation states of
gold, gold(l) and gold(lll) are catalytically active. As regards the case of gold(IlI)
many uncertainties exist regarding the structure and the oxidation state of actual
catalytic species. >° For example, experimental data have showed the reduction of

6

gold(l11) to gold(l) during catalytic cycle. In some cases, more suspicious for

catalytic activity remains gold(l) than gold(l11), ® while in other cases the opposite.
In the case of gold(l), other species that are present in the reaction mixture with
catalyst, like counterions can interfere to the mechanism ® of the reaction or finally the
cofactors can provide the hidden catalyst. °

Comparing the electron distribution, gold(l) behaves like a main group element
while gold(111) displays all of the characteristics of a transition metal. Thus, gold(l)
forms linear, two-coordinate complexes because of the filled 5d-shell, while gold(I11)
adopts almost exclusively the square-planar coordination geometry because of the d®
electron distribution. Moreover, the intensive relativistic effects on gold(l) that are
diminished on gold(Ill), contract the bonds’ length of the gold(l) complexes. The
experimental proof is the comparison of bond length metal-ligand of the pairs
Ag(D)/Au(l) pair versus Ag(l11)/Au(lll). The relativistic Au-L bond length contraction
IS much diminished for gold(l1l) so as Ag(lll) and Au(lll) have closely similar
covalent radii. *®™* The covalent radius of Au(lll) bonded to alkyl or aryl ligands is
about 1.27 — 1.30 A, while the ionic radius is taken as 0.85 A, which enables
accommodation in the plane of porphyrins. 2
Additionally, gold(l) shows a tendency to form multi-metallic aggregations, even

with other gold(l) ions, a phenomenon known as aurophilicity. 3
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Many experimental data on catalysed reactions by both oxidation states of gold
exist where in many cases the same reactant leads to different products depending on
oxidation state of the gold. The divergent catalysis between gold(l) and gold(l1l) and
the mechanistic explanation is a topic of interest. **** According to the suggested
mechanisms on gold-catalysed reactions, carbene transfer reactions are very common.
Regarding this, we intent to compare the stability and the traits of carbenes formed by
gold(1) and gold(lI1). The bonding in these AuL" species is resulted (a) from the lone
pair of the carbon ligand forming a strong o bond with an orbital of appropriate
symmetry of gold to form a carbocation like structure (b) from the n-back donation of
the metal d-orbital to an empty p-orbital of carbon to form a singlet carbene like
structure. Thus, the stabilization of the carbene-like structure is related to the =-
backdonation from gold(l). ****> Consequently, in a gold carbene intermediate, the o-
and m-bonding ranges from a gold stabilized singlet carbene to a gold-coordinated
carbocation depending the substituents in the carbene as is described in Scheme 2.1.
Thus, the ancillary ligand has a critical role on the stability of the carbene regulating
the reactivity profile of the catalyst via the control on the n-backbonding. Strongly o-
donating and weakly w-acidic ligands are expected to improve the carbene-like

17,18 or

reactivity. Ligands like N-heterocyclic carbene (NHC)
cyclic(alkyl)(amino)carbenes (CAAC) *° reveal an enhanced o-donor character of
gold-carbon bond . The bulky 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene (1Pr)
2021 represents the most important NHC ligand throughout the field of homogeneous
catalysis. The replacement of one of the electronegative amino substituents of
NHCs by a strong o-donor alkyl group makes the CAAC ligands even more electron-
rich. * In contrast, phosphines which are weak o-donating and m-acidic ligands
enhance the carbocation-like character of the intermediates. ®> Experimental evidence
was sought for the transition from the HOMO character in the carbene to the LUMO
character in the carbene. The first directs an anti-bonding o interaction of the fully
occupied sp? orbitals in the singlet carbene with an empty gold(1) 5d orbitals while the
latter directs the interaction of the empty p orbital of the carbene with a doubly

occupied gold(l) 5d orbital.
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Scheme 2.1. Resonance forms of a gold-carbene complex.

An experimental evidence on the nature of the gold(l)-carbon bond, i.e. a strong
Au-C o bond vs a significant Au=C backbonding, was provided by Straub, ** in which
the gold(l) carbene complex in Scheme 2.2 was synthesized. The strong Au-C ¢ bond
and the significant Au=C back-bonding is consistent with a major impact of
relativistic effects on gold’s valence shell, that is, higher energy for gold’'s 5d orbitals
and a lower energy for gold’s 6s orbitals. This gold(l)—carbene complex, with the IPr
as NHC ligand, was the first metal complex without heteroatom donor substituents
linked to the metal and with high carbenoid (Au=C) character, in contrast to other

complexes with predominant ammonium ylide or oxonium ylide ligand character.

MeSZCNz
CH2C|2, r.t.
2a 99%

(IPr)AuNT,

Scheme 2.2. Synthesis of the first gold carbene derivative without heteroatom donor
substituents connected with the metal (Straub 2015). %

On the contrary, a gold(lll)—carbene has not only different reactivity compared
with a gold(l)—carbene, but also is synthesized differently as depicted in Scheme 2.3.
2324 According to DFT calculations on the gold(l11)—carbene complex in Scheme 2.3,
the Au-C bond has a single bond character and the carbene carbon has a nucleophilic

character. That is, it can react with electrophiles such as CS, and PhNCS. %
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Scheme 2.3. Synthesis of a gold(I11)-carbene derivative(Mézailles 2006- Bourissou
2017). 2%

2.2 Gold(I)- and gold(I11)-m-alkene and —zw-alkyne complexes

Gold activates m-bonds either in the form of gold(l) or gold(lll). The ability of
gold(l) to activate alkenes was demonstrated with the isolation of gold(l)-alkene
complexes. IPrAu(l) pre-catalyst forms complexes with alkenes like norbornadiene
and styrene have been isolated and characterized. *>?° Afterwards, many alkyl
phosphine—gold(l)-=-alkene complexes were synthesized, composed by various
alkenes (Scheme 2.4). ®%:2".2 ghortly after the first gold(I11)—n-alkene complexes
were synthesized (Scheme 2.4). %31 However, on the contrary to gold(I) complexes,
the gold(l11)-n-alkene complexes were not such stable and abundant. For some of
them, the efforts to be crystallized were proved to be successful, e.g. for Tilset’s

2 (Scheme 2.4), both X-rays and calculations revealed a weak metal

complex
d—n*(C=C) backbonding but significant enough to stabilize the Au(lll) bis(alkene)
complex. More recently, the isolation and characterization of the Bourissou’s complex
31 (Scheme 2.4) confirmed previous mechanistic proposals for its existence in various

works where that complex was formed. >2*%
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Scheme 2.4. Gold(l) *%#"% _and gold(111) %%*%' _z-alkene complexes.

Alkynes form with gold(l) also n-complexes similarly to alkenes. Not only stable
NHC-gold(l) complexes with alkynes are formed but also phosphine-type ligands

with gold(l). Some of the stable w-alkyne—gold(l) complexes structures are depicted at

33-36
Scheme 2.5.
Ar A
N/ Et /Ar Me Me_ Me / ' Et
[ P pS
el [ >nay| o]
N
‘ \
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Scheme 2.5. Cationic gold(l)-=-alkyne complexes containing either a NHC-ligand

33,34 d 35,36

or an alkyl phosphine ligan
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Comparison of the activation of alkynes by gold(l) and gold(lll) led to the
conclusion that back-donation is very weak in gold(111) complexes. Since the stability
of a gold(ll)-m-alkyne complex depends on m-donation from the triple bond, due to
the reduced back-bonding capacity of gold(l11), one of the alkyne-C atoms is charged
positive, so as it renders more susceptible to nucleophilic attack. The resulting
polarization of the C=C bond is much larger for gold(Ill) than for gold(I) alkyne
complexes. ¥"® Thus, the attempts for the isolation of similar to gold(l)-n-alkyne
complexes (Scheme 2.5) were unsuccessful since gold(lll) can’t form a stable

complex and is reduced to gold(l) or gold(0) spontaneously. Synthesis of gold(IlI)

alkyne complexes succeeded with the use of C™N and C~C donor ligands as depicted
6. 37,39

in Scheme 2.

7
Et——Et K—@H Et
- +

CD,Cl, c—Au’—| |
gy 193t 223 K CoFe
Z=H,N[B(CgF5)3l2 6b Et Et

| |
—__—

Scheme 2.6. Generation of a C*N chelated alkyne complex (Rocchigiani, 2017,2018).
37,39

2.3 Divergent catalysis for gold(l) and gold(l11) catalysts

Cycloisomerization of indole—tethered alkynes is example of a gold-catalyzed
regiodivergent reaction. “° The transformation proceeds on a first step with the triple
bond activation either by gold(l) or gold(ll1l) catalyst. However, gold(l)
JohnPhosAu(MeCN)SbFg catalyst, favours the 6-exo-dig cyclization while gold(I11)
AuCl; catalyst favours the 7-endo-dig cyclization via a nucleophilic attack by indole
C3 in both cases (Scheme 2.7). The spiro intermediates 7b/7d undergo a 1,2-alkyl
shift followed by a re-aromatization and protodeauration step, forming the
azepino[4,5-blindole 7c derivatives and the eight-member ring derivative 7e,

respectively *° (Scheme 2.7).
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Scheme 2.7. Regiodivergent cycloisomerization of alkyne-tethered indoles
(Echavarren 2006). *

Cycloisomerization of allenic hydroxylamines is another divergent catalytic
reaction, in which the choice of catalyst gold(l) or gold(lll) urge the reaction to the
formation of a five member or six member ring, respectively. ** Phosphine ligand-
gold(l) catalysts promote the 5-endo-dig cyclization to form dihydroisoxazoles 8b
while the 6-endo-trig cyclization is favoured by the use of AuCl; catalyst to furnish
3,6-dihydro-1,2-oxazine 8c as the major product. ** The alternative pathways of the

divergent catalysis were investigated by DFT calculations. 2

Rz

R
A 2 (2,4-tBu,CgH30)3PAU(PhCN)SbF g R /\rRs AuClj _ Rs
1 ’,, B —— e
/ml/g_Ra o. (5 mol %) W o

~g (5 mol %) H NH R; N
8b DCM, rt 8a DCM, rt H ge
yield: up to 87% 5-endo-dig dr=>99:1 6-endo-trig yield: 49%
dr:up to 100:0 ; dr=>99:1
R¢= H, alkyl Ry=Pr 8c:8b=77:23
Ro=H, Me Ro= Me ; :
R3= alkyl R3=-CH,0Bn

Scheme 2.8. Divergent catalysis in the cycloisomerization of allenic hydroxylamine

ethers with gold(1) or gold(111) complexes (Krause 2009). *

Gold-catalyzed cycloisomerization of 1,6-diyne esters 9a can lead either to 1H-
cyclopenta[b]naphthalene 9b after treatment with IPrAu(PhCN)SbFs catalyst or to
cyclopentenyl diketone 9c after treatment with PicAuCl, catalyst; ** possibly due to
the different Lewis acidity between gold(l) and gold(l11) catalysts (Scheme 2.9).
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Scheme 2.9. Divergent cycloisomerization of 1,6-diyne esters (Chan 2014). “®

According to the proposed mechanism supported by DFT calculations, ** the gold-

activated alkyne 9aundergoes a 1,3-acyloxy shift to 9d which after a 5-exo-dig

cyclization furnishes the intermediate 9e. From that point divergent catalysis begins.

41

Gold(1) catalyst urges the intermediate to an intramolecular Friedel-Crafts cyclization

* to furnish 1H-cyclopenta[b]naphthalene 9b “***while gold(I1l) catalyst induces a

1,5-acyloxy shift *, producing the cis-cyclopenten-2-yl §-diketone 9c without by-

products. >4

In Scheme 2.10 both gold(l) and gold(I11) catalysts bear NHC ligands and the same
counterions. Starting from ketene acetal 10a and cinnamaldehyde 10b, the NHC-
gold(l) catalyst IPrAuCl 10e, which is activated by AgOTTf, promotes the formation of
Mukaiyama aldol product 10c by a 1,2-addition. In contrast gold(l11l) complex 10f

leads to the products of 1,4-addition 10d, in a Mukaiyama-Michael reaction. *°
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Scheme 2.10. Different reactivity with NHC gold(l) and gold(I11) catalysts for the

reaction between a cinnamaldehyde and a ketene acetal (Toste 2015). *°
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Chapter 3

Traits of gold(l) as catalyst versus other metal catalysts

3.1 Differences between the electronic structure of gold and other metals

Gold has remarkable properties that set it apart from other metals. The noble metals are
best known for their inert character and resistance to oxidation and chemical attack and
have therefore long been regarded as unpromising for catalytic applications. Being the
most electronegative of metallic elements (2.54 on the Pauling scale), almost identical to
carbon, gold forms highly covalent, hydrolytically stable, Au—C bonds. This is also the
reason why the exploration of its organometallic chemistry has so long lagged behind
work on other noble metals. * This situation has now drastically changed.

Although many transition metals are commonly used as catalysts, gold reveals
divergent chemical properties. The unique catalytic properties of gold originate from its
electron structure and the relativistic effects that accompany electron distribution. More
than any other element gold is subject to relativistic effects. Relativistic effects are
present when particles move with velocity close to the velocity of light c. Then, the mass
of the moving particle, e.g. of an electron, increases. Moreover, the relation between
electron mass and electron orbit is inversely proportional. Consequently, due to
relativistic effect 1s orbital contracts, and so do all s and p atomic orbitals, reducing
atomic radius and increasing ionization energies. > However, for most of the elements
the contraction of the atomic radius is not as significant as it is for the elements with
filled 4f and 5d orbitals. Thus, for the elements like platinum, gold and mercury with
electron structure [Xe]4f**5d%6s!, [Xe]4f*5d™%6s' and [Xe]4f**5d'%s?, respectively,
relativistic effects have high impact on atomic radius due to contraction of 6s atomic
orbital.

In addition, the contraction of s and p atomic orbitals implies a better shielding for the
electrons of d and f orbitals. So, the nuclear attraction on the electrons of d and f orbitals
is decreased. Consequently, the d and f orbitals expand while s and p orbitals contract. In
the case of gold with electron structure [Xe]4f**5d*°6s', 6s orbital contraction and 5d

orbital expansion explain its catalytic properties.
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The position of gold in the Periodic Table is unique and gold exists as catalyst both in
gold(l) or gold(lll) forms. In the oxidation state I, with a filled d shell, gold behaves
rather like a main group element and forms linear, two-coordinate complexes which
show a marked reluctance to interact with donor ligands perpendicular to the molecular
axis. Gold in the oxidation state Ill, on the other hand, displays all the characteristics of
a transition metal, adopts almost exclusively the square-planar coordination geometry
that is so familiar from other heavy metal cations with d® electronic structure and is
distinctly different in terms of structure and reactivity from gold(l) compounds.

Catalytic activity of gold(l) is related with its Lewis acidity. The contraction of
valence s and p orbitals of gold(l) affect LUMO energy that decreases rendering gold a
stronger Lewis acid with higher electronegativity compared with copper or silver.

Gold(l) catalyst is abundant either as inorganic gold (AuCl) or in complex with
organic ligands. The ligand of gold controls its Lewis acidity. The contraction of 6s
orbital strengthens the Au-ligand bond. * According to NBO (natural bond orbital) °
calculations, a comparative study between gold(l) and silver(l) with phosphine ligand
revealed that the covalent character of the bond is stronger in Au(l) complex. ®’
Consequently, according to HSAB concept (“hard and soft (Lewis) acids and bases"), &°
Au(l) catalysts are soft acids due to its extended radius and diffused charge and form
bonds with more covalent character. Thus, these catalysts prefer reacting with soft bases
like m-systems, e.g alkynes, alkenes, allenes, and “soft” atoms like P and S. Whereas
gold(l) species [LAu]+ are known as a carbophilic electrophiles and bind preferentially
also to “soft” bases, gold(Ill) is a “hard” Lewis acid. This is reflected in the stability of
their OH and F compounds: whereas the first isolable gold(l) hydroxide and fluoride
complexes LAuX (X = OH, F; L = N-heterocyclic carbene NHC) ° were only reported

since 2005, examples of structurally characterized hydroxo ** and fluoro *4*3

complexes
of gold(111) have been known for several decades.

While gold(l) prefers reacting with alkynes and alkenes the formation of Au(l)-alkyne
is favored versus Au(l)-alkene complexes and consequently a variety of alkyne
catalyzed versus alkene catalyzed reactions exists. That trait of Au(l) is referred in
bibliography as “alkynophylicity”. A possible explanation of “alkynophylicity” of Au(l)
is that due to the lower energy of LUMO of Au(l)-alkyne complex compared to the
energy of LUMO of Au(l)-alkene, the addition of a nucleophile to the activated complex

is easier in the first case. 2


https://en.wikipedia.org/wiki/Lewis_acids_and_bases
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Of course, in the field of gold (I) catalysis, the type of ligand is a factor that affects
the selectivity of the catalyst not only due to the drift of Lewis acidity of catalyst but
also to its geometry. In the next chapter we will examine the impact of ligand on gold(1)
catalysis.

The reactivity of metal complexes is directed by the trend in metal-ligand bond
energies. For gold, depending on the nature of the O-ligand, the sequence is Au-H > Au-
O > Au-C or Au-H > Au-C > Au-O, whereas for other metals including its neighbor in
the Periodic Table, platinum(ll), the trend Pt-O > Pt-H > Pt-C is observed. ** Oxygen
and fluoride ligands tend to act as good leaving groups and are utilized with good effect
in ligand substitution and catalytic reactions. The bond dissociation energies of gold(l)
compounds tend to be larger than those of gold(I11) but follow the same trend.

Thus, due to the relativistic effect that is intense in gold(l), unique catalytic properties
are present in comparison with other transition metal catalysis. Thus, reactions using the
same starting material but a different metal catalyst can afford different products, since
each catalyst can activate selectively different functional groups leading the system to
discrete pathways. However, the prediction of divergent catalysis, due to different metal
catalyst, is still not feasible and remains empirical. *>*’

There has been a spectacular rise in the application of soluble gold(l) catalysts in

synthesis. Their development has been the subject of numerous reviews. 2422233031

29

Examples of divergent gold(l) catalysis are next presented with a mechanism

suggested often from quantum chemistry calculations.

3.2 Divergent gold catalysis — gold(l) vs other metal catalysts

3.2.1 Auvs Pt

The work of Lu and Ye 2 is an example of divergent catalysis between gold and
platinum. The reaction between isoxazoles la and ynamides 1b leads either to 2-
aminopyrroles 1g at the presence of gold(l) catalyst [(2,4-tBu,CsH30)sPAUNTT,)] or to
1,3-oxazepine 1i” at the presence of platinum(ll) (PtCl,) respectively. According to DFT
calculations and experimental data the first steps of the proposed mechanism of the
reaction are common. ¥ Thus, after the activation of ynamide 1b by the catalyst, is
following the nucleophilic attack of isoxazole 1a and the N-O bond cleavage, and then

the a-imino metal carbene intermediate 1d/1d” is formed (Scheme 3.1). From that step,
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divergent steps are observed through nucleophilic attack at the metal-coordinated
carbocation of 1d/1d” favoring a 1,5-cyclization forming 2-aminopyrrole 1g for the gold
catalyst while platinum prefers 1,7-cyclization forming 1,3-oxazepine 1i"(Scheme 3.1).
It was proposed that the observed regioselectivity of the reaction is controlled by
steric factor in nucleophilic attack at the metal-coordinated carbocation of intermediate
1d/1d’". The linear structure of gold(l) catalyst renders the intermediate 1d less sterically
hindered so as the nucleophilic attack by the carbon-carbon double bond is favored. On
the contrary, metal-coordinated carbocation in intermediate 1d” is more sterically
hindered due to the bigger size of platinum making feasible only the nucleophilic attack
from the more sterically exposed oxygen. Although platinum(ll) catalyst is harder Lewis

acid than gold(l), the steric factor plays here a dominant role.

+ Ry Ra<-Ra R3\ 4
PtCI, (10 mol%) R, N Rs N) - .
co (1atm) R )\EA
¢ N\ ey 2 0 —>

toluene, 60 °C AT ,
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R;=Me, Ph, CH,Bn, Bn 1c’ 2 R
Ro=Me, Ph A R
R3=nBu, Bn, Ph, PMB R4 formal [5+2] 1h
R,=Bs, Ms, Ts, SO,Ph Rs=Ny  [PY] -[Pt] Rs\N’R4 annulation Rg~ N "

/‘/ /\
ND (ArQ )\<Ar2 )\O

N Ar.
RZJSQ_(O | o e 4 7
R AT 2
Ary 2 AL R RZM Al R
I\< 1d' Ary Re !
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1 (0] yield: up to 87%
1a -
¥
_ Ra| (2,4tBuyCeH;0);PAUNTF, formal [3+2]
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1b 3 o R,
gC—EI\}ISO © Rs— N’WA [Au] Rs R3 R "
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LRe=Ms A N [Au] Rz 14 Ry Ar 2 R Ar; RICOOH| Ry H 44
R e Ar Ry 07 R, 07 Ry

yield: up to 95%
1,5-cyclization

Scheme 3.1 Formal [3+2] vs [5+2] annulation in the gold(l) vs Pt(Il) catalyzed reaction
between an isoxazole and ynamide (Lu & Ye 2015, 2017). 332

3.2.2 Auvs Ag

The cycloisomerization reaction of indolyl ynones 2a catalyzed by gold (1) or silver(l)
catalyst studied by Taylor and Unsworth is another example. ** Gold (1) catalyst
(PhsPAUNTT,) furnishes the carbazole 2e while silver catalyst (AgOTf) furnished the
spyrocyclic product 2¢” (Scheme 3.2). According to the proposed mechanism, both
catalysts, PhsPAUNTT, and AgOTH, activate alkyne group urging the system to a 5-endo-

dig cyclization to form spirocyclic intermediate 2b/2b’. In the case of silver catalysis the
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path is over with the desilveration and formation of the spyrocyclic product 2c’.
However, in the case of gold(l) catalysis the activation of the alkyne follows a cascade
of ring expansion, aromatization and deauration that leads to the formation of carbazole
2e (Scheme 3.2).

PhyPAUNTf, Re  PH
>
(2-5 mol%) O
R, DCM, rt @
N R
@ $ N LI
R4 - yield: up to 97%
N — 5-endo-dig
N g
Rq=alkyl, aryl (Ag]
Ry=H, Bn
AgOTf(1 mol%) R, -[Ag]
—_— —_—

DCM, rt

yield: up to 100%

Scheme 3.2 Regiodivergent cycloisomerization of indolyl ynones (Taylor & Unsworth
2016). **

3.2.3Auvs Pd

The Au(l) (MeDalPhosAuCl)-catalysed reaction of N-phenylpyrrole 3a with
iodobenzene 3b leads selectively to the C3 — substituted pyrrole 3c studied by Bourissou
in 2017. ** The Pd(Il) (PdCl,)-catalysed version of the same reaction, studied by
Yamaguchi in 2014, * furnishes selectively the C2 — substituted pyrrole 3d (Scheme
3.3). Noteworthy is the role of the MeDalPhos ligand in gold complex that enables gold
catalyst to oscillate during catalytic cycle between oxidation states | and 111 ** (Scheme
3.4), adding to the reaction traits of high reactivity and selectivity using variant aryl
halides as substrates as revealed in the works of Bourissou in 2019,%*® 2020,*” and Patil in
2020.
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PdCl, (5 mol%)
PIOCH(CF3),]5 (10 mol%) 7\
N

Ag,CO; (1 equiv.
0:CO4 (Tequiv) I

m-xylene, 140°C
3d Yield:63%

@ ! 3c:3d>99:1 NMe,
o Cr
Ph P

\
3a 3b Ad
MeDalPhos
MeDalPhosAuCl (5 mol%) // \ 3¢
AgSbFg (1.05 equiv)

N

| . .
KsPO, (1 equiv.) Ph  Yield:61%
DCB:MeOH (25:1), 75°C 3c:3d=9:1

Scheme 3.3 C2- vs C3- arylation of N-phenyl substituted pyrrole in the presence of

palladium(11) vs gold(l) catalyst, respectively (Bourissou 2017, ** Yamaguchi 2014 *).

I
AgSbFg
Q\N// —_— @\N// -
+ v/ SbFg
4a 4b 4c

Ad—P—Au—Cl -AgCl Ad—P—Au—I
Ad Ar

Ad
Scheme 3.4 Activation of phenyliodide by MeDalPhos gold(l) catalyst. MeDalPhos
ligand induces oscillation of oxidation state between Au(l) and Au(lll) during catalytic

cycle.
3.2.4 Auvs Rh

The alkynylation of isoquinolones 5a catalyzed by gold(l) or rhodium(ll)studied by
Patil in 2016 *° is another representative divergent gold(l) catalytic reaction due to the
chemoselectivity observed depending the metal catalyst applied. The reaction reveals a
regiodivergent to C4 or C8 C-H alkyne insertion when gold(l) or rhodium(ll),
respectively, is used. *
[(triisopropylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one  (TIPS-EBX) 5b, the latter
undergoes selectively carbophilic activation of alkyne group when gold(l) catalyst is

In the reaction between isoquinolone 5a and 1-

present. Then, a C-H insertion at C4 is favoured, and the o,B-elimination of gold is the
last step furnishing product 5e.

On the contrary, rhodium (I1) catalyst promotes C-H activation of the C8 position of
isoquinolones 5a. The activated complex undergoes the insertion of TIPS-EBX to form

the intermediate 5d°. Product 5e” is obtained after the reductive elimination of rhodium.
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Theoretical studies on the mechanism and regioselectivity of the reaction, as well on the

role of TIPS-EBX were carried out by Liu and co-workers. %

o
@ N/R‘\ o)
Ry
Au = N
AuCl (10 mol %) : 2 Ra @ -[Au]
o} TPS—== R,  COOH /B- eliminati
- elimination
R4 MeCN. 50°C nucleophlllc N olp
N o A
carbophilic addition TIPS or
= R activation 5d [Au]
5a |
+
TIPS———1—0
TIPS———I—0 |
[RhCp*Cl,], (2.5 mol /)
5b O | AgSbFs (10 mol%) o~ o -[Rh]
DCE 80 °C TIPS—=—[Rh]'""'0O _—
insertion R reductive elimination
™
R,=alkyl, Bn C-H activation ., 5d @ N
—h I =
R,=H, Ph, nBu, cPr Rz yield: up to 90%

Scheme 3.5 Regioselective C-H alkynylation of isoquinolones in the presence of gold(l)
or rhodium(11) catalyst (Patil 2016). **

3.2.5 Auvs Sc

The reaction between 1-(1-alkynyl)-cyclo-propyl-ketones 6a and nitrones 6b
furnishes either [4+3] cycloaddition products 6e or [3+3] cycloaddition products 6e”
depending whether the applied catalyst is Au(l) or Sc(lll) (Scheme 3.6) as studied by
Zhang in 2010. ** The Sc(OTf)s/Phen catalyst activates chemoselectively the carbonyl
group of ketone 6a facilitating the nucleophilic attack of nitrone 6b onto cyclopropyl
ring. Then, the intermediate 6d” undergoes a formal [3+3] cycloaddition to furnish a
tetrahydro-1,2-oxazine derivative 6e”.

On the contrary, PhsPAUOTT catalyst activates selectively the alkyne group in ketone
64, altering the mechanism of the reaction to a step of 5-endo-dig nucleophilic attack of
carbonyl oxygen on the activated alkyne group. Then a nucleophilic attack of nitrone 6b
on the cyclopropyl ring and finally a formal [4+3] cycloaddition furnishes a 5,7-fused
bicyclic furo [3,4-d][1,2]-oxazepine 6e (Scheme 3.6).

Noteworthy, according to the proposed mechanisms, both pathways, either [3+3] or
[3+4] cycloaddition steps proceed via a chair like transition state (Scheme 3.6). “
Mechanistic studies are available on the gold (I) catalyzed scale of the reaction.
Experimental work on the kinetics of the reaction shed light on the stereo selectivity *?

while DFT calculations supported a mechanism via the formation of an oxonium ion.
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Scheme 3.6 Regioselective Control in the Diastereoselective 1,3-Dipolar Cycloaddition

Reactions of 1-(1- Alkynyl)cyclopropyl Ketones with Nitrones (Zhang 2010). *

3.2.6 Auvs Cu

Nakamura in 2013 ** and 2015 *° studied the reaction of O-propargylic oximes 7b
with maleimides 7a in the presence of gold(l) (PhsPAuUNTf,) and copper(ll)
[CuCl(cod)], catalysts, respectively (Scheme 3.7). The reaction begins with the
activation of the alkyne group of O-propargylic oxime 7b, similarly by both catalysts
which follow the nucleophilic attack of nitrogen to the activated alkyne group to produce
via a 5-endo-dig cyclization the common intermediate 7c/7c’. The intermediate 7c/7c”
follows a different path regarding the applied catalyst. Copper(ll) catalyst lowers the
activation energy for the cleavage of C-O bond to form N-allenyl-nitrone 7d”. N-allenyl-
nitrone 7d” reacts with maleimide 7a through a [3+2] cycloaddition forming N-
allenylisoxazolidone 7e” which undergoes a 1,3-oxygen shift to the oxazepine derivative
7. 45

On the contrary, gold(l) catalyst maintains the energy barrier for the bond C-O
cleavage high. The reaction prefers an intermolecular methylene transfer to form diene

7d which reacts with maleimide 7a through to form isoxazole 7e.
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Scheme 3.7 Reactions between O-Propargylic-Oximes and Dipolarophiles catalyzed by
Au(l) or Cu(l) (Nakamura 2013, 2015). **
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Chapter 4

The effectof ligands and counterions in gold(l) complexes
and of solvent in gold(l) catalysis

4.1 The role of the ligand in gold(l) catalyst complex

Gold(l)-catalyzed reactions present sensitivity to various factors that can affect the
products formation. Factors like counterions and ligands in the gold(l) complex can
affect the reaction mechanism and consequently the type and yield of the products.
We will present few examples of divergent gold catalyzed reactions due to different
structure of ligands and counterions, accompanied by an attempt to provide
explanations of each factor role.

A reaction that showed the key role of the ligand in gold(l) catalyst complex is the
hydration-oxacyclization of skipped diynones. ' Depending the reaction conditions
and the ligand in gold(l) complex, a five or a six member heterocyclic ring can be
formed. The two pathways of the reaction are depicted to Scheme 4.1. According to
the first path, 5 mol % of PhsPAuUCIAgSbFs catalyst in dioxane/water at 100 °C,
leads to the formation of 3(2H)-furanones 1b as a major product. Ceteris paribus, a
change of the ligand of the gold(l) catalyst from PhsP AuCl/AgSbFs to IPrAuNTf,
urges the reaction to the formation of the 4-pyrones 1c as a major product. It is
proposed that the observed regioselectivity resulted as a combination of both, ligand
and counteranion type.

The suggested mechanism is consisting by two steps. * The first step is the
hydration of the one of two alkyne groups in diynone, and the second step is the
intramolecular endo-oxacyclization followed by protodeauration. The regioselectivity
of the reaction is controlled by the hydration step of diyne. Thus, using the IPrAuUNTf,
catalyst after a Michael addition of water at the terminal carbon of the activated
alkyne group, a 6-endo-dig cyclization leads to the formation of 4-pyrones 1c. On the
contrary using the PhsP AuCl/AgSbFs catalyst, a Michael addition of water at the other
carbon of the activated alkyne group, which is in a-position to carbonyl, urges the

transformation to the 3(2H)-furanone 1b.
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Scheme 4.1 Gold catalyzed regiodivergent hydration-cyclization of diynones (Sanz
2020). *

An example that reveals the key role of electron density of the ligand in gold(l)
complex is the cyclization reaction of N-(3-iodoprop-2-ynyl)-N-tosylanilines 2a
(Scheme 4.2). 2

Ts Ts Ts
| 2,4-tBu,CgH30);PAUCI (3 mol%) | |

N N N
AgBF, (3 mol%) /©/ IPrAuNTf, (3 mol%) /@;j\
R % DCE, rt R l DCE, 1t R AN

2b | 2a | 2c
up to 67% vyield _ up to 85% vyield
2b:2c=up to 7.9:1 R=H. Me, COMe 2b:2c=up to 1:23

Laqjitq

Scheme 4.2 Ligand controlled gold(l) catalyzed regioselective intramolecular
hydroarylation of N-(3-iodoprop-2-ynyl)-N-tosylanilines; in the case of (2 4-
tBu,CsH30)3PAUCI the AgBF, is used as CI scavenger (Gonzalez 2011).

Applying the electron deficient catalyst (2,4-tBu,CsH3O)3PAUCI in the cyclization
reaction of N-(3-iodoprop-2-ynyl)-N-tosylanilines 2a the expected product of
hydroarylation 2b is received as the major product. However, ceteris paribus,
substitution of (2,4-tBu,CsH30)3sPAUCI with the electron rich IPrAuNTf, catalyst
turns the balance to the formation of 3-iodide quinoline 2c derivatives instead of 4-
iodide quinoline derivatives 2b. That is, an isomerization step of 1,2-iodide shift
interferes before cyclization step. The reaction proceeds via the formation of a

gold(1)-vinylidine indermediate 2d. Moreover, the role of substituent in the R group
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attached with phenyl group is similar with the ligands in gold(l) complexes. Electron
rich substituents favor the formation of 4-iodide-derivatives 2b. On the other hand, if
R group is an electron-withdrawing substituent, the iodide migration path is favored.

The cycloisomerization of alkynones 3a (Scheme 4.3) is a case of a chemoselective
catalyzed reaction regarding the ligand of the gold(l) catalyst complex. * If IPrAu+
catalyst is applied, then benzofuran 3c is formed. Otherwise, the use of PhsPAu+
leads to the transformation of alkynones to 6,7-dihydrobenzofunan-4(5H)-ones 3b.
The difference between the two cases is the electronic properties of the ligand in the
gold(l) complex that affects the electrophilicity of gold. In general, electron rich
ligands like IPr favor the transformation of alkynones 3a to benzofurans 3c and
electron deficient ligands like PhsP favor the transformation of alkynones to 6,7-
dihydrobenzofunan-4(5H)-ones 3b.

R
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i R
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Scheme 4.3 Chemoselectivity control in gold-catalyzed transformation of 1-(alkynyl)-
7-oxabicyclo[4,1,0] heptan-2-ones (Hashmi 2013). *

For the first step of the divergent reaction, it is proposed that IPr ligand as an
electron rich group suppresses electrophilicity of gold center and transforms it to a
soft Lewis acid. Thus, only the alkyne moiety is activated by gold catalyst and
becomes susceptible to a nucleophilic attack by the adjacent carbonyl oxygen. After
deprotonation and protodeauration the intermediate 3j is obtained. A methanol
molecule contributes to the epoxide ring opening forming the intermediate 3k that
undergoes aromatization in the presence of HCI to benzofuran.

On the other hand, PhsP group is not as electron rich ligand as IPr. Thus, PhsPAu®
catalyst is a harder Lewis acid than IPrAu’. Consequently, gold(l) catalyst activates
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both alkyne and epoxy moiety. The nucleophilic attack of methanol to both carbons of
the epoxide ring leads to two isomers 3e/3f. Both of them after a 5-endo-dig
cyclization reaction, undergo elimination of water or methanol and protodeauration
furnishing 6,7-dihydrobenzofunan-4(5H)-ones 3b.

Normally, activation of alkyne moiety via m-complex formation is succeeded.
However, an alternative way of dual o,t-activation has been reported and supported
not only by experimental data, but also by mechanistic studies with NMR. * Thus, in
the gold(l)-catalyzed heterocyclization of 1-(orthoethynylaryl) urea 4a is a case that
ligand in gold’s complex determines also the activation mode of the alkynyl moiety
(Scheme 4.4). * The use of IPrAu* catalyst leads to the transformation of 1-
(orthoethynylaryl) urea 4a to quinazolin-2-one 4b. Steric crowding is the dominant
factor for which IPr ligand induces a m-mode activation of alkyne group. Thus, steric
hindrance between the bulky ligand of gold(l) complex and substrate, activates alkyne

group
consequently more susceptible to the nucleophilic attack of N-3 via a 6-exo-dig

unsymmetrically  rendering benzylic carbon more electrophilic and

cyclization furnishing quinazolin-2-one 4b. *
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_ph =Z
N o)
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_Ph
N7 o NT N
H H H
4b 4a
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4c CONHPh
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N = =4
iPr Au\ Au \tBu
/
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less bulky ligand

o,n—dual
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bond distance = Au-Ccarpene < AU-Pphoshine

Scheme 4.4 Ligand-dependent competitive activation modes of terminal alkyne
(Medio-Simon  2014). *
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The alternative path of this reaction is the transformation of 1-(orthoethynylaryl)
urea 4a to N-substituted indoles 4c. * The reaction proceeds via a dual o,t-activation
of triple bond. Due to the less sizeable ligand (tBu)sP the activation of alkyne moiety
IS symmetrical. The acidic proton is substituted by a molecule of the catalyst. Finally,
the dual activated intermediate furnishes via 5-endo-dig cyclization indole 4c.
Experimental data confirmed this mechanism. *

Ligands in gold(l) complexes may regulate the ability of the catalyst to activate =-
systems. ° A case of regulation of the activity of gold(l) catalyst is the divergent
cycloisomerization ~ of  ortho-(propargyloxy)aryl — methylenecyclopropanes  5a.
According to Scheme 4.5, ortho-(propargyloxy)aryl methylenecyclopropanes 5a can
be transformed to methylenecyclopropane 2H-chromene 5c derivatives using the
catalyst (4-CF3;CgH,)3sPAUSbFs or to cyclobutene-substituted 2H-chromenes 5b using
the catalyst IPrAuSbFe. Despite at a first glance it seems to be a dual path reaction, in
fact it is a one way reaction with an additional step of expansion of the cyclopropane
ring to cyclobutene. First, gold(l) catalyst activates alkyne group that accepts the
intramolecular nucleophilic attack of the tethered aryl group. Methylenecyclopropane-
2H-chromene 5c is formed after protodeauration of the intermediate 5e. After the
formation of 2H-chromene 5c¢ derivative the regulatory role of the ligand of gold(l)
complex begins. If the ligand is electron deficient, like (4-CF3CgHy4)3P, the reaction
stops at this step. But in the case that the ligand is electron rich, like IPr, the electron
rich complex IPrAuSbFs activates effectively the double bond of
methylenecyclopropane 5c. Due to activation of the double bond, a carbocation 5f is
formed that leads to tandem alkyl swift and 1,2-H swift furnishing finally a
cyclobutene-substituted 2H-chromene 5b. ° The suggested reaction mechanism was
confirmed experimentally. The methylenecyclopropane-2H-chromene 5c¢ transformed

to cyclobutene-substituted 2H-chromene 5b under the action of IPrAuShFs catalyst. °
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Scheme 4.5 Gold(l)-catalyzed transformation of ortho-(propargyloxy)aryl
methylenecyclopropanes (Shi 2016). °

A divergent reaction in which not only ligands, but also a combination of factors
like solvent, temperature and counterion affect the balance of products is presented in
Scheme 4.6. The 3-propargylindoles 6a can be converted according to Nazarov or iso-
Nazarov cyclization. ®’ After a first common step of 1,2-indole shift, 3-
propargylindole is converted to the gold(l)-carbene intermediate 6e. The
transformation can be carried out either using PhsPAUNTf, in dichloromethane at
room temperature or with (2,4-tBu,C¢H3s0)sPAUCVAgOTS in toluene at 0 °C. The
second step of the transformation is differentiated according to factors of the reaction,
like the nature of the ligand, solvent, counterion and temperature.
PhsPAUNTT,/DCM/rt turns the balance to the iso-Nazarov reaction and to 3-(inden-2-
ylindoles 6¢ formation. On the contrast, the mix of (2,4-tBu,C¢H30);PAUCIAgOTT
Jtoluene/ 0 °C favors Nazarov cyclization that furnish product 6b. ®" The divergent
nature of the reaction attracted the attention of chemists who investigated the

mechanism not only experimentally but with DFT calculations also.”®®
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Scheme 4.6 Gold (I)-catalyzed tandem reaction of 3-propargylindole initiated by 1,2-
indole migration (Sanz 2011). ®’

The regulating role of ligand is presented in the [5+2] and [5+1] annulation
reactions between 1,2-benzoisoxazoles 7b and ynamides 7a (Scheme 4.7). The [5+2]
annulation reaction is favored when IPrAuCIVAgNTf, catalyst is used. On the
contrary, JohnPhosAuCI/AgNTf, turns the balance to the [5+1] annulation. Thus, the
reaction between 12-benzoisoxazoles 7b and ynamides 7a is rendered
chemodivergent due to the ligands of the gold(l). *° Reaction initiates with a
nucleophilic attack of the N of 1,2-benzoisoxazole onto the activated alkyne moiety of
ynamide. Intermediate 7e may follow the path to 7c or 7d regarding the applied
catalyst. IPr ligand is more electron-rich than phosphine ligand in complex
JohnPhosAuCl. Thus, the first catalyst favors the path to 7c¢ due to its better ability to
stabilize the gold(l)-carbene intermediate 7f. The alternative path of the reaction starts
from the less sterically hindered conformation 7e” and includes a 1,2-alkene swift and
N-O bond cleavage, followed by a 1,2-sulfonamide swift. After deauration the
product 7d is formed. ° DFT calculations also support the assumed mechanism and
rationalize the product stereoselectivity.™
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Scheme 4.7 Ligand-dependent [5+2] vs [5+1] annulations between ynamides and 1,2-
benzoisoxazoles (Liu 2018). 1°*!

The gold(l)-catalyzed divergent reaction of cycloaddition of allene-dienes reveals
interesting findings about their mechanism using DFT calculations. Electronic
properties of gold(l) complex catalyst are regulated by its ligand. As a result, the
cycloaddition reaction of allene-dienes is related to the electronic properties of
catalyst and the products may alter related to this. Thus, [4+3] cycloaddition is the
result of the action of JohnPhosAuCl/AgSbFs catalyst on allene-dienes 8a. Allene’s
activation by gold(l) promotes the formation of cycloheptene gold(l)-carbene
intermediate 8e. Accordingly, 1,2-hydryd shift furnishes cycloheptadiene 8c (Scheme
4.8).

Changing the electron properties of gold(l) using (2,4-tBu,C¢H30)3sPAUCl AgSbFs
catalyst is rendered electron deficient and [4+2] cycloaddition is favored. * The initial
assumption that due to the lack of back-bonding ability of gold(l) center, the
formation of carbocation 8d is favored directly from the activated allene-diene 8a, did
not assured by DFT calculations. According to the DFT calculations, the potential
energy surface of the reaction to 8c is featured by low energy barriers for both of
catalysts. Then, a question arises on why different catalysts alter the products of the
reaction. The solution of the riddle is the ability of the electron deficient catalyst to
convert intermediate 8e to intermediate 8d via a 1,2-alkyl shift (ring contraction)
while JohnPhosAuClI favors the 1,2-hydrid shift to form 8c. **
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Schem?34.8 Gold(l)-catalyzed [4+2] vs [4+3] cycloaddition of allene-dienes (Toste
2009).

One year later, the regulating role of ligands was studied in a similar work on
gold(1)-catalyzed cycloisomerization reaction of allene-ene 9a '* (Scheme 4.9).
Formal [3+2] cycloisomerization is dominant when L2 ligand is present. On the
contrary, formal [2+2] cycloisomerization is favored by L1 ligand. After a first
common step of cyclization, the intermediate 9e is formed. Then, two divergent paths
are available. The first one is the 5-endo-trig cyclization to 9g intermediate which is
converted to 9h due to 1,2-Me-shift and finally to 9c / 9d after deauration.

Alternatively, cyclization of 9e to 9f intermediate and deauration leads to 9b.
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Scheme 4.9 Tuning m-acceptor ability of NHC ligands to control the reaction outcome
(Furster 2010). *

The key role of the ligands L1 and L2 to the mechanism of the reaction is possibly
related to the m-acceptor ability of NHC (N-heterocyclic carbene). ** Although both
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ligands (L1 and L2) featured by similar o-donor ability, L1 have higher m-acceptor
ability due to its lower LUMO energy. Consequently, Au(l)-L2 complex is electron
rich compared with the electron deficient Au(l)-L1 system. Thus, L2 favors [3+2]
cycloaddition and L1 [2+2]. **

4.2 The role of solvent, counterions and additives

Gold(l) catalysts are commercially available at an inactive form and afterwards get
activated in situ. The former are less stable but could be stabilized by the appropriate
counterions. Nowadays, a large variety of counterions are available such as halogen
anions (CI, Br,, I'), oxygen based ions (OTs, OMs), nitrogen based ions (NTf,),
carbon based ions (CN"), boron based ions (BF4) and fluorinated ions (SbFg’, PFg). *°

During a catalytic cycle the gold(l) complex dissociates to gold(l) cation and

counterion, and a complex with the substrate associates again with the counterion:

LAU'X +S  LAU'S + X

Consequently, the role of gold(l) affinity to counterion/substrate and the polarity of
the solvent are crucial. Solvents with low dielectric constant (benzene, toluene,
dichloromethane or dichloroethane) urge the system of catalyst/counterion to exist as
a contact ion pair. Then, counterion remains close to the reaction center and possibly
participates to the mechanism of the reaction. On the other hand, polar solvents with
high dielectric constant (alcohols, nitromethane, acetonitrile) dissociate the system of
catalyst/counterion, solvate the ions and keep the counterion away from the catalytic
center. As a result, the contribution of the counterion to the mechanism or the reaction
is minor. °

It is almost clear that in the case of polar solvent the role of counterion is out of
interest. However, for the case of non-polar solvents the examination of the role of
counterion could be presented through a case study. The gold(l)-catalyzed addition to
triple bond for an alkyne is divided to four steps: (1) catalyst activation; (2) alkyne
activation by gold(l) (3) nucleophilic attack to the activated triple bond and (4)

protodeauration.
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Scheme 4.10 Counterion effect in cationic gold(l) catalytic cycle; (a) no active proton
is involved (e.g. NuH=alkene); (b) an active proton is involved (e.g. NuH=RO-H,
RyN-H). *’

During the catalytic cycle (Scheme 4.10.a) the counterion is displaced from a

region close to gold(l) (inner sphere ion pair ISIP) to a region far away from gold(l)
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(outer sphere ion pair OSIP). The sooner the counterion passes from ISIP to OSIP the
higher is the catalyst activity. The energy barrier between the two states is related with
the affinity of the counterion to gold(l) cation. Counterions like CI' which bind
strongly with gold(l) reduce catalytic activity, impeding the formation of the complex
gold(l)/alkyne. Thus, the counterion affinity is inversely proportional to the catalyst
activity. '

The model becomes more complicated if an active proton is involved. The kind and
the intensity of interaction between counterion and the active proton (-OH, -NH;) of
the nucleophile may change the reaction rate. If the counterion could act as acceptor
to a hydrogen bond, then the nucleophilicity of the attacking nucleophile increases.
The interacting counterion with the active proton could orientate properly (Scheme
4.10b) the nucleophile at the outer sphere for the nucleophilic attack.

At the last step of a catalytic cycle, that of protodeauration, gold(l) must dissociate
from the substrate to be regenerated. A proton must replace it. The counterion can get
involved in breaking a bond X-H and transfer the proton. However, sometimes
counterions play an undefined role to the stability of gold catalyst.

To predict the chemical traits of counterions, the dissociation energy of counterions
from gold(l) catalyst have been calculated (gold affinity index). Moreover, a model of
hydrogen bond formation of counterion with phenol corresponds to the hydrogen
bond basicity index. Using these two indexes (Table 4.1), it is possible to predict how
the counterion could affect a gold(l) catalyzed reaction.

Table fg'l Gold(l) affinity related counterion effect on cycloisomerization of 1,6-
enyne.

X Gold affinity index Relative initial rate
AcO 6.1 0.0
TfO 24 1.0
BF, 0.5 7.1
SbF 0 21
CTfy 0.2 32
AI[OC(CF»)s]s ~0 42

For example, in the case of a reaction without active hydrogen (Scheme 4.11), a
counterion with low gold affinity index could be related with a high reactivity
catalyst. That is, the low affinity of counterion leads to the easier formation of gold(l)

— substrate complex and consequently to faster kinetics. 2
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Scheme 4.11 Gold (I)-catalyzed cycloisomerization reaction of 1,6-enyne. '8

On the other hand, the presence of an active proton makes the situation more

complicated (Scheme 4.12).

NHCAuX (0.1 mol%) _
— + Hzo
30°C
12a O 12b

R2
+ _.OH
NHC—Au | ™ v
\ OH ,’/ / R2
\ | H R
\ R, H \\\\11
12¢ N\ X--=" AU-NHC
X- - 12d
Nucleophilic attack Protodeauration

NHC=1,3-bis-(2,6-diisopropylphenyl) imidazol-2-ylidene

Scheme 4.12 Gold(l)-catalyzed hydration reaction of alkyne (investigation on
counterion effect) (Zuccaccia 2016). *°

Then, high gold(l) affinity index values are accompanied by low gold(l) activity but
high gold(l) affinity index values correspond to strong hydrogen bond ability of the
counterion. However, strong hydrogen bond ability is necessary for counterions that
participate to a reaction with active proton. The balance between these two contrasting
features is not so clear. A good yield is received as a result of a good balance between
basicity and gold coordination ability of the counterion (Table 4.2). *°

Table 4.2 Experimental data of counterion effect on the gold(l)-catalyzed hydration
reaction of alkyne. *°

X BF, ShFs BArF oTf NTf, OTs TFA
Ketone <1 <1 <1 >99 >99 <1 <1
yield/ %

The exact mechanism of counterions participation in asymmetric synthesis is not well
defined. However, from the existing data on the field, the researchers converge that a

chiral counterion (Scheme 4.13) can induce the asymmetric synthesis (Scheme 4.14).
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The reactions follow a mechanism including a dinuclear gold complex. Chiral
counterions could orientate the substrate at the right orientation to induce
enantioselectivity. Moreover, chiral ligands combined with chiral counterion can give

better results. %

(R)-TRIP

Scheme 4.13 Chiral counterion (R)-TRIP induce enantioselectivity. 2°

HO 2.5 mol% dppm(AuCl),
5 mol% Ag-(R)TRIP
benzene, 23 °C

14a 79%, 99% ee

Scheme 4.14 Chiral counterion strategy for enantioselective functionalization of
allenes ee=enantiomeric excess. %

In the previous section we referred to the role of ligands as a factor for divergent
reactions. In fact, counterions can play a similar role. Counterions can differentiate the
mechanism of the Au(l)-catalyzed reaction. There are several examples showing the
role of counterions.

A divergent cycloisomerization of homopropargylic ketones due to counterions
SbFe” and OTF has been reported (Scheme 4.15). 2 Noteworthy, the solvent also may
play a crucial role on the mechanism of this reaction affecting the activity of the
gold(l) catalyst.
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Scheme 4.15 Counterion directed divergent cycloisomerization of homopropargyl
ketones (Li and Gevorgyan 2010).

In the case of TfO™ counterion, the reaction starts with a first step of alkyne
activation by the gold(l) catalyst, follbwed by a 5-endo-dig cyclization. Carbonyl
oxygen nucleophilic attack to triple bond forms the intermediate 15i. Next, 1,2-
hydride shift leads to the product 15c. The 1,2-hydride shift consists of two steps; a
deprotonation and protodeauration step that both catalyzed by TfO". %

The second path of the reaction where ShFs" counterion is present, it is dominated
by 1,2-Si shift. Similarly, the reaction starts with the activation of triple bond by
gold(l) catalyst. However, an isomerisation step to form propargyl-allenyl
intermediate 15e is preceded to cyclization step. Possibly, due to SbFs" counterion and
water molecules this isomerization takes place. Next, a cyclization step leads to the
intermediate 15f and then to 15g. Finally, 1,2-Si shift and deauration lead to the
formation of the 3-silyl-substituted furan 15b. The 1,2-Si shift was suggested by DFT

calculations as the more favourable step kinetically. !
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Scheme 4.16 Counterion directed divergent dearomatization of indoles with
allenamides (Bandini 2014). %%

Another example of the critical role of counterions on the mechanism of the
reaction is the reaction of C3-alkyl indoles with allenamides. #*% According to
Scheme 4.16, 2,3-disubstituted indoles 16a react with allenamides 16b to form either
C3-alkylation product 16¢ or N-alkylation product 16d. The reaction proceeds with
the catalyst (2,4-tBu,C¢H30)3sPAUCI and an ion chloride scavenger, either AgOTf or
AQTFA. N-alkylation product 16d is favored by TfO™ counterion, while C3-alkylation
product 16c¢ and dearomatization of indole is favored by TFA™ counterion.

TFA™ counterion’s trait has much stronger hydrogen bonding ability than TfO"
counterion. Consequently, these two counterions present different coordinating
tendency, changing the mechanism of the reaction. The intermediate 16e is the
structure in which counterion reveals its regulating role. TFA™ counterion forms a
strong hydrogen bond with N-H, and by weakening the nucleophilicity of N the
reaction proceeds with the nucleophilic attack to the allene by C3 carbon of indole
forming the product 16c. On the contrast, TfFO™ with low ability for hydrogen bonding,
facility the nucleophilic attack to activated allenamide by the N of the intermediate
16e to form the N-alkylation product 16d. **?

Additives are compounds that accompany catalysts and increase its activity. The
role of the additives is not clear enough. It has been proposed that an additive can act
as:

a. hydrogen bond acceptor
b. gold(l) catalyst activator
c. acidic co-catalyst. *°

d. hydrogen bond acceptor.
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4.2.1 Additive as a hydrogen bond acceptor

Hydrogen bonding acceptors additives could act according to two possible models.
Thus, an additive, like pyridine N-oxide, can assist to the formation of a positive
charged intermediate due to its basicity. Afterwards, the intermediate undergoes

protodeauration as shown in Scheme 4.17. ©°

| X
®/ (additive)
I
00 o
L OTf
o) H®
P 1.5mol% PPhyAuOTf SN\ AuPPhs Nl//\:
Ph” N CDCly, rt )L - )\
H\ additve. P O H P O
17a 17b 17¢

Scheme 4.17 Hydrogen bonding acceptor (pyridine N-oxide) in gold(l) catalyzed
cyclization of propargyl amide (Hammond 2021).

Another possible contribution of a hydrogen bond acceptor additive is revealed
with triazole additives (Scheme 4.18). Triazole coordinates with PhsPAU” stabilizes

gold(1) cation and retards catalyst decomposition. *

Additive: Q oTf
1 mol% /y
o) \ =
N N X
\E}_\ — \N/+ AU_PPh3 /Qi/\ + (@] /
18a X 18b 18¢c X

= / MeNOy, rt, 3-24h OH

yield up to 95% of phenol product
selectivity >20:1

Scheme 4.18 Triazole-gold(l) complex catalyzed phenol synthesis (Shi 2010). 2
4.2.2 Additive as a gold(l) catalyst activator
In many cases, inactive gold(l) catalyst is used in its chloride form. Silver salts work

as chloride scavengers, releasing gold(l) cationic catalyst according to the following

reaction
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LAuCl + AgOTf — LAuOTf + AgCl |

Excess of silver salt increases the efficiency of catalysis. 2

Another category of catalyst activator are metals triflates like Yb(OTf);. Yb(OTf);3
is a Lewis acid that complexes with chloride anion of the catalyst, e.g. (PMe3)AuCl,
and releases the active gold(l) form of it. It is remarkable that the catalyst is more
efficient when it is activated by the additive than in its active form (PMe3)AuOTf . %

5 mol% Yb(OTf);
5 mol% (PMej3)AuCl

CH3NO,, 50°C

1,2-acyl-transfer

HO
Yb(OTf)3
——
o (PMe3)AuCI

X
19¢ n-Bu

Yb(OTf)3 Acyl [1 ,3]-migrationT
Protodeauration

Scheme 4.19 Yb(lllg activation of gold(l) in the rearrangement reaction of epoxy
alkynes (Shi 2010). 2

4.2.3 Additive as acidic co-catalyst

Acidic co-catalysts could have a synergistic effect in gold(l) catalyzed reactions,
assisting gold (I) at a still not defined mechanism.

An acidic co-catalyst can act as a Lewis acid or a Bronsted-Lowry acid to increase
cationic gold (I) acidity (Scheme 4.20).

Another way that an acidic co-catalyst can act as Lewis acid is revealed through
gallum salts that have a synergistic effect on the gold(l)-catalyzed reaction of
diketone with activated alkyne. A suggested explanation is that gallium cations

stabilize the enolic form of diketone via chealation and increase the nucleophilicity of
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diketone (Scheme 4.21). According to DFT calculations that verify the previous
assumption the energy difference between HOMO and LUMO reduces due to the
synergy of gallium with gold catalyst. %/

[—Au=OTf | L—Au—OTf
M—X H—X

Lewis acid Bronsted acid

Scheme 4.20 Two possible ways of action of acidic co-catalyst as a Lewis acid or

Bronsted-Lowry acid. *°

o) o) (0] (0]
0.05mol% XPhos-Au(triazole)OTf
+ — > D
Ri Rs Ph Additive: 5mol% Ga(OTf); R Rs
Ro DCM, RT Ph
93% yield
B
TfO. _OTf
/Ga\
0
NS
R Rs
R2

Scheme 4.21 A. Au(l)/Ga(lll) catalytic system in ambient Nakamura reaction. B.
Ga(lll) diketone complex as active intermediate formed during the catalytic cycle
(Petersen 2014). %

4.2.4 Additive as a hydrogen bond donor

An acid can facilitate a gold(l)-catalyzed reaction through hydrogen bonding donor
effect. ® The action of the acids is related to the protodeauration step of the gold(l)-

catalyzed reaction (Scheme 4.22).

(PPh3)Au H
— .
0 Acid = o
0 0

Scheme 4.22 Study of protodeauration using acids of different strengths.
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As the acid gets stronger the conversion gets faster. The relation between the strength
of acid and reaction rate is shown in Table 4.3.
Table 4.3 pKa values of various acids in relation to their catalytic ability on the

reaction of Scheme 4.22. %

Acid pKa Conversion

TTOH -14 100% In 5 min

TsOH -2 80% in 1h
CF;COOH -0.25 70% In 1h
CH3COOH 4.76 0% in 12h
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Chapter 5

Reaction Pathways Modeling Basics

5.1 Computational methods

Density functional theory is nowadays among the most widely employed electronic
structure models for molecular simulations. DFT combines the benefits of the low
computational cost of single determinant models with the recovery of electron
correlation comparable to higher order and more costly ab-initio methods. Thus,
throughout this work, the Kohn-Sham formulation of density functional theory was

employed. *?

5.2 Density Functional Theory - Kohn-Sham approximation

According to Kohn Hohenberg-Kohn theorems if we know the electron density
we can describe the state of a system and the electron density on ground state matches
to the minimum energy of the system. But there were not any manner to find them
without the use of wave function ¥ until Kohn and Sham ? introduced a functional
with the type below.

Flp(N]=Tlp(N]+&xclp(r)] (5.1)
Where T[p(r)] is the functional of kinetic energy of the many electron system and
Exc[p(r)] is the functional of exchange correlation.
So, the energy of a many electron system can be written as
Elp(NI=TIp(N1+Vielp(N1+Veel p(r)]+Exclp(r)] (5.2)

Where Vy[p(r)] is the functional of potential energy because of the interaction
electron- nuclei

Ve[p(r)] is the functional of potential energy because of the interaction electron-
electron

and Exc[p(r)] is the functional of exchange correlation energy. *

According to Kohn-Sham model, the kinetic energy term is divided in two parts.
The first term is the kinetic energy of a fictitious model system of non-interacting
electrons whose the kinetic energy is the sum of the individual electronic Kinetic
energies and is calculated exactly. The second term is the exchange-correlation energy
that includes all the interactions that are not described in the previews terms. We set

the total electron density in ground state ps equal to the demanding density p, of a
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interactive many electron real system. In this way the kinetic energy of non-
interacting electrons Ts can be expressed on relation of one electron orbitals. Finally,
the equation (5.2) transformed to

Elp(N1=Ts[o(N)]+Vielo(n]+Veelp(N1+Exclo(r)] (5.3)

The optimisation of the system can be succeeded by solving the one electron
equation Kohn-Sham. There is one KS equation for every electron. The KS equations
are similar to HF equations but KS include electron correlation effect. KS equations
are of the below type. * °

ths(ole:giKs wiKS (5.4)
Finally, it can be proved that electron density is given by the equation 5.5
p(N=Zlyi (N (5.5)

5.3 DFT Methods

Variable DFT methods have been developed with gradient complication. These
methods from the most simple to more complicated are the local density
approximation (LDA), the generalized gradient approximation (GGA), meta-GGA
(MGGA), hybrid GGA (HGGA) and double-hybrid density functionals (DH).

LDA
The main idea of LDA is that we suppose a homogenous electron density cloud.
At such a simple model it is feasible the elucidation of the form of exchange-

correlation energy functional.

ES2 1e1= Jork.c(e(r)ar 5 )

Where exc is the exchange-correlation energy for each particle in the homogenous
electron cloud. The term exc can be split into the term of correlation and to the term
of exchange.

Exc(P(M) =& x(R(F))+£c(p(F) (5,7)
The term of exchange is exact known and for the term of correlation there are

some different expressions '

GGA
In fact, the assumption of homogenous electron density is not realistic. New

functionals that contain derivatives of electron density to describe the heterogeneity of
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electron density and the solution to the problem of the holes of functionals led to

GGA functionals. GGA functionals are described as below

£ bur= ftbupsveue bt g o

The EXCGGA can be split into functionals, one of exchange and another of

correlation.
EESA =EEGA +ESGA (59)
The exchange functional can be expressed as below

ESGA =LA g .[F{Sa })?3 (Flr (510)

The term s, is a parameter of local heterogeneity. At a homogenous electron
density cloud the value of s, =0 at every point.

The factor F is crucial for the behavior of the exchange functional. The way that F
is calculated classifies GGA exchange functional. Two groups of GGA exchange
functional have been developed. At the first type of GGA exchange functional are
FT97, PW91, CAM(A) and CAM(B). %2

The second group of GGA exchange functionals consists of B86, P, LG, PBE and
later the PW91 and LYP, 101213614

Meta generalized gradient approximation (MGGA)

The MGGA functionals are functionals in which there is a term of Laplacian of
electron density (the second derivative of electron density). MGGA functionals are
the BB95, --HCTH, TPSS, M06-L, M11-L, MN12-L, VSXC 1>1617:18.19.20

Hybrid generalized gradient approximation (HGGA)

HGGA functionals are these functionals in which a part of the exchange energy is
calculated by HF. The part of correlation energy is calculated by various types of
functionals. The percentage of distribution of HF exchange energy as well the type of
functionals they are used define the HGGA. At the first HGGA functional which was
developed by Becke (1.29) the parameters o, b and ¢ are semiempirical and their
values after optimization are a=0.20, b=0.72 and c=0.81.

EXCB3PW91:(1-OC)EXLSDA+OCEXHF+bAEXB+ECLSDA+CA ECPW91 (511)

The HGGA functional B3LYP, that faces a widespread use, has the same values

of the coefficients o, b and c. The B3LYP model is describes by the equation (5.12)
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Exc™ P =(1-0)Ex- P +aEx T +bAE +(1-0) Ec- P +cAECHT (5.12)

For B3LYP the error for the energy bond calculated around 2kcal/mol.

Hybrid meta-generalized gradient approximation (HMGGA)

Following the same strategy with the production of HGGA functionals, the
addition of HF exchange functional to MGGA produces HMGGA. MGGA
functionals differ from GGA ones because they contain the Laplacian of electron
density. Representative HMGGA functionals are the Minnesota functionals (MO5,
MO05-2X, M06, M06-2X and M06-HF). 22223

Double hybrid density functional approximation (DHDFA)

Last, the most modern group of functionals are DHDFA. DHDFA introduced by
Grimme in 2006. ** The combination of exchange and correlation energies from
wavefunctions and DFT is the main idea of DHDFA functionals. %%

EpHora=Err+aiEx" +oEx O+ EcPT +b,EcPF (5.13)

Where Ex™"" and Ex”°°X are the exchange energies from DFT and HF methods

EcPFT and EcP™ are the correlation energies from DFT and post-HF methods.

Representative  DHDFA  functionals are B2-PLYP, B2GP-PLYP and
PWPBg5.24’28'29’30

Throughout this work, the Kohn—Sham formulation of density functional theory
was employed. The meta-hybrid density functional M06-2X has been used with the

extended double-C quality Def2-SVPP basis set for all the static calculations.

5.3.1 Functional M06

The functional of choice is MO06 because it is efficient enough to reproduce the
effect of the donor properties of gold’s ligand on the experimental barriers for bond
rotation in gold carbenoids. On the contrary, other popular functionals like B3LYP or
BP86 fail. ** The meta-hybrid density functional M06 ** has been used with the
extended double-{ quality Def2-SVPP basis set for all the static calculations. 3 This
combination of density functional and basis set has been found to provide good
performance in homogeneous gold catalysis.

For MO06, as a meta-hybrid fuctional, the hybrid exchange-correlation energy can
be described by the relation
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hyo X : X
Exp = @EQ} B (1 - @) EX™T + ERTT (5.14)

"F s the nonlocal Hartree—Fock (HF) exchange energy,

where Ex
X is the percentage of Hartree—Fock exchange in the hybrid functional,

Ex’"" is the local DFT exchange energy,

and Ec™" is the local DFT correlation energy.

All geometry optimizations have been carried out using tight convergence criteria
and a pruned grid for numerical integration with 99 radial shells and 590 angular
points per shell. In some challenging cases, this grid was enlarged to 175 radial shells
and 974 points per shell for first row atoms and 250 shells and 974 points per shell for
heavier elements. These challenging optimizations are usually associated with very
soft vibrational modes (usually internal rotations). Analysis of the normal modes
obtained via diagonalization of the Hessian matrix was used to confirm the
topological nature of each stationary point.

5.3.2 Minimization algorithm ** #

For the optimization of structures Gaussian09 software was used. Accordingly, it is
presented in brief the optimization algorithm either for the extraction of a minimum
either for a transition state structure. At the beginning, Berny algorithm was released
as “a modified conjugate gradient algorithm for geometry optimization is outlined for
use with ab iitio MO methods” but also is applied to DFT methods in our
calculations on Gaussian09. At each step, a one-dimensional minimization using a
quartic polynomial is carried out, followed by an n-dimensional search using the
second derivative matrix. By suitably controlling the number of negative eigenvalues
of the second derivative matrix, the algorithm can also be used to locate transition
structures.

For minimum, maximum and saddle point the first order derivative of potential
energy function is zero. To investigate if a point is maximum, minimum or saddle
point it is necessary to calculate the force constant (Hessian) matrix or else a second
order derivative criterion. Hessian matrix is the matrix whose elements are second
order derivatives of potential energy at that point. Using the eigenvalues of the
Hessian matrix we conclude about the nature of the structure. If all eigenvalues of the

force constant matrix are positive, the point is a minimum. If all eigenvalues of the
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force constant matrix are negative the point is a maximum and if there is only one
negative (imaginary) eigenvalues of the force constant matrix then it is a saddle point.

The optimization converges when the root-mean-square gradient and the absolute
value of the largest component of the gradient must fall below their respective
thresholds.

For the elicitation of a transition structure the above minimization algorithm can be
modified properly, forcing the second derivative matrix to contain a single negative
eigenvalue.

The above algorithm designed for ab-initio methods, is applied also at DFT on

Gaussian09 software.

5.3.3 Wavefunction stability ¥ *°

The wavefunction stability for each optimized structure has also been checked. A
stability analysis can be applied to determine if the SCF solution found is stable with
respect to variations which break spin and/or spatial symmetry. The total energy E of
the system is given by E=Eyni+Ej+Exc. The variation of the KS energy E can be
written as 6E=0Ey +0E;+3E;

5.3.4 Intrinsic Reaction Coordinate (IRC) * *

The IRC is the steepest descent path from the transition-state point to a stable
equilibrium point where the vibrational and rotational movement are absent. Along
this path the gradient of the potential energy is maximized. The IRC equation with
internal motion is

n i n
2aydg;  Laydg; 2a,dg;
j=1 _ j=1 _ - j=1
v Tw T
GQI 6‘?2 aQn (5 15)
where

_ % M 0X,0X, + aY,aY, + 92,02,
% a1\ 8g; ag; aq; afb' ag; aQ'j (516)

and

n 84X n dY, n 8Z,
dX, = L——dg; dY, = L——dg;, dZ, = Y -—dg;
i=1 6q| q =1 6q; e 1‘21 9q; e (517)
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The utility of the method is that we can extract details on the mechanism of a
chemical reaction, focusing on the interactions of HOMO and LUMO orbitals on the

obtained consecutive geometries along the reaction path. **

5.3.5 Solvation

Solvation effects have been taken into account variationally throughout the
optimization procedures via the polarizable continuum model (PCM) * using
parameters for dichloromethane and taking advantage of the smooth switching

function developed by York and Karplus. **

5.3.6 Model catalyst
Concerning the structures involved in these simulations, we simplified the cationic
gold complex employed in the experimental work using 1,3-bis-methyl-imidazol-2-

ylidene gold as a simpler model of the catalyst IPrAUC/AgNTf, and trimethyl-

phosphine gold for tBuXPhosAu(MeCN)SbFs used in the experimental work *** i

order to find a balance between accuracy and computational efficiency. All the
calculations performed in this work have been carried out with the Gaussian 09

program. *°
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Chapter 6

Theoretical background

Among the plethora of organic reactions catalyzed by gold(l)/gold(111) *234>6.7:8

that are abundant in the literature, we chose to study those leading to products with a
potential pharmacological interest. The activated alkyne-gold catalyst complex very
often takes part in cyclization reaction to form heterocyclic compounds. Thus,
heterocycles like indole, imidazole or carbazole can be synthesized by gold catalysis.
2 All these scaffolds are abundant not only on pharmaceutical compounds, but also on

natural products.

Due to the fact that indole is a common motif in biomolecules, many synthetic

methods were developed for indole containing molecules or substituted indoles. *

Nevertheless, indole derivatives still remain a desirable target for synthetic chemists

and pharmacologists. In figure 1 are presented, in brief, some indole derivatives from
12,13

the families of natural products and drugs.

OPO3H,
ﬁ
I N~
N
H
Reserpine OCHj, Bufotenine Psilocybin
Antihypertensive drug Antipsychotic agent Antipsychotic agent
o)
)\
OH H
/,\ ) \\ /N 0 HO. N p \
SR T N_ ) NH
N o) N H N
H \ H
Tryptophan Esire (Physostigmine) Serotonin

Antidepressant Memory enhancer Neurotransmitter

Ri. Ry
R4
Rs
| R3
R N
Rz

Tryptamine derivatives

Vinblastine (R = CH,)
Vincristine (R = CHO)
Anticancer drugs

Marine alkaloids
Ry =Ry =H, COCHgj; R3 = H, CHg;
R4 - R5 = Rg = R7 =H, Br, OCHJ

Figure 1. Bioactive natural alkaloids containing indole ring. *2
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Yohimbine ) ' Pmdolc_)l Oglufanide Apaz|quone
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/~CH H N _OH
HO 0 2 N N
| |
Br N . | |
! N

ArbidglH ? H Panobinostat
Antiviral drug Anti-leukamic drug

Figure 2. Few marketed drugs containing indole motif. *?

Another molecule of interest, not such as indole but important enough to be

ignored is carbazole. Synthetic methods for carbazoles are target for synthetic

chemists since are biological active compounds exhibiting antimicrobial, antitumor,

antiepileptic,  antihistaminic,  antioxidative,  anti-inflammatory,  antidiarrhoeal,

analgesic, neuroprotective and pancreatic lipase inhibition properties. > Moreover,

they are frequently present at alkaloid natural products. **° In figure 3 are presented

some bioactive carbazoles found in natural products.
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50 o
HNO\)\/NT/

carazolol (7) clausenamine A (5)

Figure 3. Bioactive carbazole natural products.®

Finally, the imidazole moiety is abundant in natural products *" and drugs with a
variety of biological activity. Imidazole derivatives reveal analgesic and anti-
inflammatory activity, cardiovascular activity, anti-neoplastic activity, anti- fungal

activity, anti- anthelmintic activity. *°

\ H
s 02'\'/4:»\ CHs § ‘ N
) O oo
N 0 N
OH
2-nitro imidazole 1-(2-hydroxyethyl)- naphazoline
2-methyl-5-
nitroimidazole
(azomycin) (metronidazole) priscol privine
anti-bacterial agent | anti-bacterial agent | vasodilating vasoconstricting

Figure 4. Various imidazole derivatives used as drugs.

A small library of 4-aminoimidazole derivatives is already known for its activity as

Src family kinase (SFK) inhibitors. *°, %
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Figure 5. Representative bioactive compounds with fully substituted 4-

aminoimidazole frameworks (in red).

From the above three types of organic skeletons we decided to study the synthetic
methods of the most rare ones, that is of 4,7-di-phenyl-indoles, 1,4-di-phenyl-
carbazole, 7-acyl-indoles and 4-amino-1,3-imidazole derivatives. Below, we present

for each product similar or relevant works on that are available in the literature.
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6.1 The key role of protodeauration in the gold catalyzed reaction of 1,3-diynes

with pyrrole and indole to form complex heterocycles.

In the first part of this thesis we studied the Au(l) catalyzed cyclization reaction of

diynes. There are several methods of Au(l) catalyzed cyclization reaction of diynes in

bibliography. * Most the methods are classified as intramolecular cyclizations. For the

formation of medium size rings, an effective method was published that is based on

the use of dienyne derivatives (Scheme 6.1).

{\/}

/ \\\ [AU(NT,)(XPhos)] (4mol%) 7 \\ .\

z

1c Me

R
[Au(NTf,)(XPhos)] (4mol%) 7 0 \\
CDCIj3 (0.1M), reflux
Z=C(CO,Me), —
1b R

yield: up to 98%

- zZ 10
L/// CDCls (0.1M), reflux, 6h L //
1d Me

yield: 85%
1d:1e=1:1

unsymmetrical diynes

F
[Au(NTf,)(XPhos)] (4mo|%
N CDCl; (0.1M), reflux, 3.5h
] A
N

yield: 82%
1g:1h=5.2:1

unsymmetrical diynes

Scheme 6.1.

synthesis of medium sized cycloalkynes by a gold(l)-catalysed

cycloisomerisation of diynes (Gagosz 2009). 2

In the case of symmetrical diynes 1a the formation of a 10-membered cycloalkynes

1b proceeds via a 10-exo-dig cycloisomerization. The reaction is catalyzed by Au(l)-

XPhos presenting good to excellent yield.

23
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However, in the case of unsymmetrical diynes 1c, 10-membered cycloalkynes 1d
and le are produced with a ratio 1:1. The absence of the conjugated system in 1f
changes the ratio of the products 1g:1h from 1:1 to 5.2:1. The proposed mechanism
consists of a dual reactivity role for gold catalyst, as an electrophilic activator for one
alkyne group and nucleophilic activator for the other. For the former, gold acts via =-

coordination and for the latter via the formation of gold acetylide. **

Scheme 6.2. Gold catalyzed synthesis of 2,5-diamino furan from diynes and water
(Skrydstrup) %

A method for the synthesis of 2,5-diaminofuranes 2b with medium to good yield
was proposed by Skrydstrup. ® According to the above intermolecular method, the
formation of 25-diaminofuranes 2b is based on the hydration of 1,3-diynamides 2a
with the use of PhsPAUNTT, catalyst.

R
R (iPr)AuNTf, (5mol%) _ EWG
= CH,Cl,, 30°C Ry [\ .
42-89% 1
Z N
N
3a | 3b

Scheme 6.3. Synthesis of pyrrolo[2,1-a]isoquinolines from diynamides (Huang 2019)
26

A method for the synthesis of condensed pyrroles is based on the utility of
intramolelular diynamides. % Thus, starting from diynamides 3a, the synthesis of
pyrrolo[2,1-a]isoquinolines 3b proceeds via a step by step activation of the m-systems
by IPrAuNTf, catalyst. First, a nucleophilic attack to the activated ynamide group can
be succeeded by benzene or indole ring. An electron donating group on the aromatic
ring increases the yield of the reaction. Activated heterocyclic arenes can be applied
with good results. Then, a second step of activation of the second m-system leads to

cyclization and the formation of pyrrole ring.
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Z [AUNTE)(IPF)] (5mol%) R, \
R2 EtOH, 60°C N
NH R3
‘R3 Z=NTs, O 4b
4a Rq= Me, Ph,4-(Me, OMe, Cl, Br)-Ph
R,=Me,OMe, CN, F, CI, Br
R3=H, Me, Bn

Scheme 6.4. Synthesis of eight-membered oxocine-fused indoles by Au-catalyzed
cascade cyclizations (Ohno 2020). %

A similar mechanism was proposed for the intramolecular cyclization reaction of
the N substituted anilines 4a. The utility of the method is the synthesis of fused indole
rings. 2"* Comparing the method with the previous one, a few points of interest are
obvious. In this case there is not a conjugated system consisted of two alkyne groups
and one amine group. The Z group (NTs or O) interferes between two alkyne groups
and amine-group is displaced on benzene ring. Thus, according to the proposed

mechanism, 2"

after the activation of the adjacent to phenyl ring alkyne, a cascade
reaction begins. After a first cyclization step of 5-endo-dig hydroamination, a second
8-endo-dig cyclo-isomerization step follows with the participation of the terminal
alkyl group. Finally, eight-member cyclized oxocine-fused indole derivatives 4b are
formed.

An alternative method for the synthesis of eight member ring fused indolizine
derivatives presented by Liu. ® Starting from N-substituted indoles 5a that bears a
tethered diyne moiety on the N-substituent, eight member ring fused indolizine

derivatives 5b are formed in good yield with the action of AuCI(PAds) catalyst.

R4
\\z [AUCI(PAd;)] (5mol%)
R, _@f\> AgNTf, (5mol%)
N // CICH,CH,CI, 80°C

5a

Z=NTs, NSO,Ph, NSO,Bn, NMs, C(CO,Me),, CH,, O

R4=H, Me, Et, Ph

R,=Me,OMe, NO,, F, Cl, Br
Scheme 6.5. Construction of indolizine derivatives via Au-catalyzed
cycloisomerization of diynes (Liu 2018). %
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A few years before Liu’s publication, Ohno *** had succeeded the synthesis of
fused indoles either with a seven or a six member ring system. For both cases an
intermolecular cyclization reaction between indole moiety and a diyne lead to
condensed rings. Moreover, the method had been tested not only for indole as starting
material but also for pyrrole leading to substituted indoles.

At his former work on one pot reaction for the synthesis of 4,7-disubstituted-indole,
Ohno # tested the possibility of intermolecular formal [4+2] reaction between 1,3-
diynes and pyrroles. It is an atom economical method that provides a variety of 4,7-
disubstituted-indoles and carbazoles respectively from directly available 1,3-diynes.
The author provides a possible mechanism of the reaction relying on experimental
data. Intermolecular hydroarylation of 1,3-diynes 6a with pyrroles 6b proceeds to an
enyne type intermediate that is isolated. Subsequently, a second step of 6-endo-dig
hydroarylation leads to the formation of 4,7-disubstituted indoles. Then, instead of

pyrroles, indoles were tested with good results on the synthesis of disubstituted

carbazoles.
R
PREN BrettPhosAu(MeCN)SbFg (5mol%) (,/9\
— — 1 A -
R—=—"=1R * D DCM, 80°C .
N N \\:// ” R
H
6a 6b 6c

Scheme 6.6. Gold catalyzed formal [4+2] reaction between 1,3-diynes and pyrrole
(Ohno 2015). *°

The proposed gold catalyzed method diverges from other typical synthetic methods
of indole due to the fact that the indole ring is built on pyrrole ring while at other
methods benzene ring is the building block on which the pyrrole ring must be formed.

The extension of the above work is the publication that followed ** on 2017. In this
case, skipped diynes (1,4-diynes) react with pyrroles furnishing 1,6-
dihydrocyclohepta[b]-pyrroles in good yields. The reaction proceeds via an initial step
of hydroarylation of diyne with pyrrole, followed by a second step of a 7-endo-dig *
cyclization. The main point of interest between this method and the previous one is
the lack of resonance at skipped diynes. Similarities are more than the differences,
that is, in both methods phosphine ligand catalyst is used BrettPhosAu(MeCN)SbFg
vs JohnPhosAu(MeCN)SbFs. In both methods not only pyrrole is used as nucleophile
bul also indole with good yields. However, in the case of the formal [4+2] reaction

between the conjugated 1,3-diynes and pyrrole, an enyne type intermediate isolated.
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On the contrary, the [5+2] reaction between 1,4-diynes and pyrrole does not form a

stable and isolated enyne type intermediate.

4 % b \ JohnPhosAu(MeCN)SbFg (5mo|%)‘ o~ |
N I
R R (\\ toluene, 80°C S

N
7a 7b H 7c

Scheme 6.7. Gold catalyzed formal [5+2] reaction between skipped 1,4-diynes and
pyrrole (Ohno 2017). *°

An attempt to establish a theoretical model for the mechanism of the above reaction
was published by Fang *. The pathways for the four possible products were examined
using DFT calculations. At the beginning, for the step of hydroarylation two paths a
and b are possible. For path a, two feasible pathways of cycloisomerization exist, 7-
endo-dig and 6-exo-dig. ** Similarly, for path b, two alternative paths are 6-endo-dig
or 5-exo-dig 3 cyclizations. After the calculation of the energy barriers of each step,
the energy profile of the mechanism of the reaction that can shed light on the special
traits of the reaction. Thus, the rate limiting step of the reaction is defined, as well the
cause of high regioselectivity that the reaction exhibits. Additionally, the impact of
proton transfer step on the reaction pathway is clarified. Finally, the influence of

factors like solvent and ligand of the catalyst are examined.
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Scheme 6.8. Representation of Main Pathways in the Au(l)-Catalyzed Reaction
|30

between 1,4-Diyne and Pyrrole Proposed by Ohno et a

So, regarding the above references, we decided to focus on gold catalyzed formal
[4+2] reaction between 1,3-diynes and pyrrole (scheme 6.6) and indole, because it is a
one pot reaction method, is atom economical with good yields and the products are

3 and interest for

valuable building blocks with significant biological activity
pharmaceutical purposes.

The indole motif is ubiquitous in biochemical systems, it is an integral part in
tryptophane and its derivatives can be found in neurotransmitters and an ever
increasing number of drugs. *** Carbazole derivatives also possess a broad range of
biological properties, including antibacterial, anti-inflammatory, and antitumor
activities. ®'*° Additionally, carbazoles also exhibit interesting properties as organic
materials, such as hole-transporting, photoconductive, and photorefractive effects.

To an attempt to explore the mechanism of the reaction, discreete points of interest

arise. A similar approach to Fang’s work *

applied, splitting the reaction to all
possible obvious paths. Thus, the first part of this work is the exploration of four
different paths starting from 1,3-diyne and pyrrole to regioisomeric products P1-P4.

Then, a comparative study between 1,3-dines and the skipped 1,4-diynes follows in



Chapter 6 — Theoretical background 99

order to reveal the result of the methylene group that interferes between the alkyne
groups. That is, how the interruption of resonance among alkyne groups influence the
chemical profile of the reaction. Noteworthy, that in the case of 1,3-diynes an enyne
intermediate is isolated while in the reaction with skipped diynes not. Next, we tried
to correlate the kind of substituent of 1,3-diyne with the yield of the reaction, since
there are experimental data of various substituents. Finally, based on the experimental
data that the reaction proceeds not only with pyrrole but also with indole to form

carbazole, we tried to certify or to change the proposed mechanism model.
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Scheme 6.9. Representation of Main Pathways in the Au(l)-Catalyzed Reaction
between 1,3-Diyne and Pyrrole

The essential pattern of the mechanism of the reaction is devided to two parts, a
first step of hydroarylation and a second step of cyclization. For the first step there are
two possible pathways, the nucleophilic attack of C2 of pyrrole to C1 or C2 of the
triple bond system of 13-diyne, leading to the enyne intermediates, B and the
observable A. From that point, two different ways for cyclization are available for
each enyne A and B. For enyne intermediate A either 6-endo-dig or 5-exo-dig

cyclizations are feasible, leading to products P1 (1,4-disubstituted-indole) and P2
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(cyclopenta[b]pyrrole) respectively. Similarly, for enyne intermediate B either 5-
endo-dig or 4-exo-dig cyclizations are feasible. Products P3 (cyclopenta[b]pyrrole)
and P4 (cyclobuta[b]pyrrole) are formed respectively. The same model applied with
indole, instead of pyrrole, in the role of nucleophile.

On the basis of the structures in scheme 6.9, DFT calculations realized, revealing
the energy profile of the reaction as depicted at schemes 6.10a and 6.10b. The main
steps of the mechanism are presented: i. the activation of triple bond of 1,3-diyne by
gold catalyst, ii. nucleophilic attack by C2 of pyrrole to the activated alkyne iii
migration of the gold catalyst to the unreacted distal alkyne and iv. formation of the
second sigma bond by an intramolecular attack of the pyrrole ring that leads to the

ring closure.
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6.2. Onthe Mechanism of the Au(l)-Mediated Addition of Alkynes to Anthranils
to Furnish 7-Acylindoles

In the second part of the thesis our interest is displaced to gold catalyzed synthetic
methods of substituted indoles bearing functional groups. In the first part, the
examined gold catalysed reactions was focused on the formation of 4,7 di-phenyl
indoles. There are several methods for the synthesis of substituted indoles with

aliphatic groups or phenyl ring at almost any position of the indole scaffold, position 2

34,35,36,37,38,39 3 40,41,42,43 3 44,45,46

, position or di-substituted at both positions 2 and
Some of the above methods are based on a metal catalyst like Co, Cu, Ir, Ru, Au and
some others are metal free *®. Substitution at positions 4 to 7 is related to the initial
synthons that are used.

However, the presence of a functional group on indole ring renders the molecule a
building block on the hands of synthetic chemists. Thus, functional groups can be
considered cyano, carboxy ester, amino, keto or formyl group. Some of the synthetic

methods of substituted indoles with functional groups are presented below.

Substituted indloles by cyano group

The introduction of cyanide group in the indole ring can be achieved either by the
use of catalyst or not. For the introduction of CN at 2-position of indole, catalyzed
methods have been reported either by Pd catalyst *’ or Ir catalyst. *®

-Br 5mol% Pd(P'Bus), \
R B 4 Zn(CN), 0.1eq Zn(TFA),, 2eq K3PO, R N CN
NH toluene/DMA(3:1) L, 100
102 R 0.55eq 110°C, 18h

R'=H, alkyl, Bn
Scheme 6.10. Palladium-Catalyzed Synthesis of 2-Cyanoindoles from 2-gem-
Dihalovinylanilines (Lautens 2017). ¢/

Additionally, an electrochemical synthesis has been published. *°

For the introduction of CN at 3-position of indole ring more synthetic methods are
available. Catalytic methods using Mn(lll), Zn(ll) and Cu(l) have been reported. A
Mn(l11)-mediated radical cascade cyclization of o-alkenyl aromatic isocyanides with
boronic acids under mild reaction conditions provides N-unprotected 2-aryl-3-

cyanoindoles. *°
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A copper-catalyzed one-pot multicomponent cascade reaction of 1-bromo-2-(2,2-

dibromovinyl)benzenes with aldehydes and aqueous ammonia enables a selective

synthesis of various indole derivatives. 3-Cyano-1H-indoles.

0.1eq Cul &
Br .1eq Cu
. X j\ NH; 0.2eq DABCO R@,R.
B "+
gro T HR'T 42q  qeq PivOH, air N
Ma  R=Ar, akyl 1b (26%34) DMF, 80°C, 24h ¢

Scheme 6.11. Selective Access to 3-Cyano-1H-indoles through Copper-Catalyzed
One-Pot Multicomponent Cascade Reactions (Fan 2015) >

The synthesis of N-arylindole-3-carbonitriles has been succeeded in two steps from
starting material 2-aryl-3-arylamino-2-alkenenitriles. After a first step halogenation by

NBS or NCS and a second step of intramolecular cyclization catalysed by Zn(OAc)s,.
52

CN NC X CN

R' 1.2eqNBSor R
R N 1.5eq NCS R | 0.8eq Zn(OAc); o N g
—_—
AN~Ar DCE, rt, 0.5n N.s; | 50°C orreflux 1h N
12a 12 12¢ Ar

b
E:Z~5:1 R'=Ar, alkyl

Scheme 6.12. Oxidative Cyclization of 2-Aryl-3-arylamino-2-alkenenitriles to N-
Arylindole-3-carbonitriles Mediated by NXS/Zn(OAc), ( Zhao 2011). 2
Substituted indoles by carboxy ester group

Several methods for the introduction of an ester group at positions 2 and 3 of indole
ring exist. Intramolecular cyclization methods of the appropriate substituted benzene
synthons lead to 2-substituted indoles using iron(ll) triflate as catalyst ** or
Rhodium(I1) perfluorobutyrate. >* On the contrary, bimolecular method of cyclization
of 2-vinylanilines and alkynoates provides 2-substituted indoles, at the absence of
metal catalyst is available in the literature. *°

In the case of substituted indoles at 3-position by ester group there are more
choices. The preparation of N-substituted indole-3-carboxylates can be achieved via

56,57

metal free bimolecular reactions in high yields.
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©OzMe 1. MeOH, reflux 8h CO,Me
X + HoN—Ar 2. removal of volatiles R N\
R 2 n
OH 3. 2eq. KO'Bu N
Br Ted  pmF 125°C, 3n \
13a 13b 13c r

Scheme 6.13. Synthesis of Indoles via Electron-Catalyzed Intramolecular C—N Bond

Formation (Karchava 2018). *°

CHO rCOzEt 1 eq BF3.0OEt, CO,Et
+ | >

5eq rt., 0.5-6h N
14a 14b 14c Bn

Scheme 6.14. Synthesis of Substituted Indole from 2-Aminobenzaldehyde through
[1,2]-Aryl Shift (Fournier 2010). °’

Additionally, bimolecular methods assisted by various metal catalysts like Pd, Rh, Cu

R
o 0.1 eq Pd(TFA), CO,Me
\©\ Ac 4+ Y\COZMe 2 eq K;S,04 R
N R N R

H HFIP/ACOH (1:1)
R'=alkyl N\
Ac

15a 15b 60°C, 24h 15¢

Scheme 6.15. Palladium-Catalyzed Direct Oxidative C—H Activation/Annulation for
Regioselective Construction of N-Acylindoles (Y.R.Lee 2020).

As depicted at the scheme 6.15, Pd(ll) catalyzes coupling/annulation reaction of

anilides and o-dicarbonyl compounds providing diverse N-acyl indoles with high

functional group tolerance and excellent regioselectivity. %8
4mol% [RhCp*Cly], CO,Et
R@\ )NJ\H o COEt 44 eq CsOAc N
N R T %‘/g N, 1eq. HOAc R e
16a M 16b DCE, 80°C, 12h 16¢ H R'=alkyl, Bn

Scheme 6.16. Rh(l11)-Catalyzed Synthesis of N-Unprotected Indoles from Imidamides
and Diazo Ketoesters via C—H Activation and C—C/C—N Bond Cleavage (Li 2016). *°

Starting from similar synthons, Rh(lll) catalyst provides the same variety of indoles as

above, with the difference of unprotected N. *°
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0.1eq Cul CO,Et
R@\ CO2Et (35 eq Johnphos §
HoN
I ¥ 2 \% 2eq. KHCO3 R N Ar
17a 12eq 17b  Ar DMSO, 130°C, 48h 47, H

Scheme 6.17. Copper-Catalyzed Synthesis of Multisubstituted Indoles through
Tandem Ulimann-Type C—N Formation and Cross-dehydrogenative Coupling
Reactions (Chen 2018). %

The last presented bimolecular method for the synthesis of substituted imidazoles
at 3-position by an ester group is a copper catalyzed reaction. Starting from aryl
iodides and enamines copper catalyses an Ullmann-type C-N bond formation

followed by intramolecular  cross-dehydrogenative  coupling. %

Moreover,
unimolecular catalysed methods are also available. Basically, intramolecular

cyclization methods are available, which are catalyzed by metals like Ru, Pd, Zn.

2mol% precatalyst:
CO,Me
CO;Me precatalyst 2
N R" 2mol% RuPhos R AN R"
R . 1. NaOM
5, NHR -5 eq NaOMe N R=BnAr alkyl Pd-OMs
18a dioxane 18b R R"=Me,Bn,H :

100°C, 24h H, RuPhos

Scheme 6.18. A Practical S]ynthesis of Indoles via a Pd-Catalyzed C—N Ring
Formation (Taylor 2014). °

At the first example, a cyclization step that consists of a Pd-catalyzed C-N bond
coupling resembles the bimolecular reaction of Cul. ®® Halo-aryl enamines enables the

synthesis of N-functionalized C2-/C3-substituted indoles bearing the ester group at 3-
61

position.
1.3eq CO,Et 2eq.Zn EtO O.
6.5 mol% 2 ZnBr 7.4 mol% COEL
R-CN + Br  CH;SO;H xNH Pd(PPhg), N R
10 Br THF R 1.3 eq. KO'Bu ”
a (added over 1h) 19b reflux, 25h Br 19c | DMF 120°C, 12n  19d

Scheme 6.19. Palladium-Catalyzed Intramolecular Trapping of the Blaise Reaction

Intermediate for Tandem One-Pot Synthesis of Indole Derivatives (S.Lee 2011). ®
The next synthetic method for 3-carboxy ester indoles is a combination of two

catalyzed reaction which proceed in a tandem way. At the first step an a-halo-ester

reacts with a nitrile under the catalytic action of Zn to form B-enamino ester (Blaise
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reaction). The presence of Pd catalyst enables the C-N coupling to form the indole

derivative.

Substituted indoles by amino/amido group
For the synthesis of substituted animo-indoles, there are several methods of direct
introduction of amino-group at the indole ring with the assist of metal catalyst Ir(l1),

63

Cu(l) or even electrochemically with Ni electrode. Some of these methods are

presented below.

2 mol%fac-Ir(ppy)s Bs .
R"@ + 9B hfwhite LEDs) R NN PpY:
N N > eq. N ’ N
\
R

Me Bs 1.2 eq. NaHCO; | Me
20a 206 2eq DMF, r.t., 12-24h 20¢ R SN
Bs=802ph R=|\/|e,Ph,Bn | =

Scheme 6.20. Visible-Light-Promoted Redox Neutral C—H Amidation of
Heteroarenes with Hydroxylamine Derivatives (Qin 2014). *

A method of direct insertion of amino group on the indole ring with high
regioselectivity was published by Q.Qin. The method uses hydroxylamine derivatives
as synthons of amine group and is quite tolerant not only to indole but also to pyrroles

and furans achieving high yields. **

A\ 1) 12eqBuli 2:5M i hex) Bs
THF, -78°C~r., 1h @—N/ Y=0, S, NMe
Y "2)13eq, CIAIEt, -78°C~rt, 1h VA R=alkyl, Bn, allyl
3) 1 eq. BzO-NRR', 1mol% CuCl R'=alkyl,Bn.allyl.H

10min-24h

21a 21b

R=Me,Ph,Bn
Scheme 6.21. Copper-Catalyzed Electrophilic Amination of Heteroarenes via C—H

Alumination (Y.Lee 2015). %

A variation of the above method is the CuCl catalyzed electrophilic amination
reaction of heteroarenes with O-benzoyl hydroxylamines. The method is a one pot
reaction while proceeds with very good vields. ®

The alternative manner for the insertion of amino group in indole ring can be
achieved via intramolecular catalyzed cyclization of precursor synthons. Thus,
starting from gem-dibromo-vinyl-anilides and sulfonamides, 2-Amidoindoles are

formed.
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5mol% Cul

B Ts _0.1eq. 1,10-phenanthroline RmN/Ts
i W T OHN 4 eq. Cs,CO; NOR
’2 W 6 R THF, r.t., 2-24h 22¢ H

e R'=Benzyl, alkyl

Scheme 6.22. Cul-Catalyzed Coupling of gem-Dibromovinylanilides and
Sulfonamides: An Efficient Method for the Sé/nthesis of 2-Amidoindoles and
Indolo[1,2-a]quinazolines (Perumal 2014). °

A different approach to the problem of insertion of amino group at 2-position of
indole is the method of Ye et al. Starting from ynamides and benzyl azides they
succeeded to compose 2-aminoindoles using (IPr)AuNTf. as catalyst, in the presence
of molecular sieves, at ambient temperature. The fascination issue on their method is
that the addition of an oxidant such as AgOAc in combination with raised temperature

turns the reaction to p-carboline formation. °’

R EWG EWG,
(/AT (POAUNTR (5mol%) R —=—N (iPr)AUNTf, (5mol%) R, N7R:
R3 NH 4A MS 23a R, AgOAc, 4A MS —
N 1,2-DCE, rt., * 1,2-DCE, 60°C A
EWG Ar=3-Br-Ph R
23c r=3-Br. Ar/\N3 4 N
R 23b R, \ 2sd Boc
- Seas
N

\
Boc

Scheme 6.23. Synthesis of Indoles and b-Carbolines by reaction of ynamides with
benzyl azides (Ye 2015). ©

A few years later, a method for the synthesis of 2-amino indoles based on the use
of ynamides and sulfilimine ylides was published. Ylides are nitrene transfer reagents

to alkynes which are activated by gold catalysts. The reaction is a formal [3+2]

cycloaddition that is catalyzed by (Pic)AuCl,. %%
R4
EWG R3 (PIC)AUC|2 R3 EWG
/ Rq (5mol%) N
R1 — N + | ) o N
\ - _S._ toluene, 80 °C N \
242 Ro N+ R, N Ra
24b 24c

R4=Me or Ph

Scheme 6.24. Synthesis of 2-amino - indoles using sulfilimine ylides (Hashmi 2019).
68,69
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Substituted indoles by formyl group
For the insertion of a formyl group in the indole moiety, there are a few methods
either of a direct insertion or indirect, that is, with the use of the appropriate precursor
molecule. In any case, the presence of a catalyst is necessary. A couple of methods are
presented below.
For the direct insertion of formyl group at 3-position of indole an efficient iron-
catalyzed C3-selective formylation of free or N-substituted indoles provides 3-
formylindoles in good yields. The reaction proceeds in the presence of formaldehyde

and aqueous ammonia. The air is the oxidant reagent of the reaction. "

NH; (25%aq) CHO
R@ +  HCOH 2mol% FeCly A
; R
N (37% aq.) ~ DNF air N
25a 25b 130°C, 1-20h sscH

Scheme 6.25. Iron-Catalyzed C3-Formylation of Indoles with Formaldehyde and
Aqueous Ammonia under Air (B.Zeng 2017). ’

For the insertion of formyl group at 2-position of indole ring a method was
presented by P. Kothandaraman at 2011. The method is based on a gold(l)-catalyzed
cycloisomerization of 1-(2-(tosylamino)phenyl)prop-2-yn-1-ols. The reaction is
tolerant to a variety of substrates and proceeds with good yields. ™

HO R
5mol% catalyst PCy2Au(NTf),
NV 2eq. NIS N\ iPr
R h > R®CHO catalyst: S )—ipr
NHTos acetone, r.t. or N iPr
26 reflux, 0.5-2h 26b Tos
a

R'=Ar(reflux, 2h)
alkyl,H(r.t.,0.5h)

Scheme 6.26. Gold-Catalyzed Cycloisomerizations of 1-(2- (Tosylamlno)phenyl)prop-
2-yn-1-ols to 1H-Indole-2-carbaldehydes (Kothandaraman 2011). ’

A very different approach to the synthesis of formyl indoles was presented by
Hashmi et al. This method is a variation of the previous work of the same researcher
on the synthesis of 2-aminoindoles from ynamides and sulfilimine ylides. Replacing

suffilimine ylides by anthranil, 7acyl-indoles are formed.
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Scheme 6.27. Generic synthetic method of 7-acyl-indoles by anthranil. (Hashmi 2016)
72

The method, as a tool for synthetic chemists, offers many benefits. The main pros
are referred below. First, it is a novel, short, and atom-economical synthesis of 7-acyl
indoles through gold-catalyzed C-H annulation of anthranils with alkynes.

Moreover, the substrate scope is remarkably broad and the mild reaction conditions
tolerate a diverse set of functional groups, which further strengthens the synthetic

impact of this method.

R4 RZ(H)
PG PG

= ! 5mol% IPrAuCl/AgNTf, N\

N

R3 — /O + R /N \ > R3 \
N 1 \R v  PnCFs N Ry

2
-20°C, 1h

28a 28b Ry O 28c

Scheme 6.28. Synthesis of 2-amino-7-acyl-indoles by anthranil and ynamides.
(Hashmi 2015) "

At the first part of Hashmi’s work was presented the reaction between anthranil and
ynamides with a benzyl and mesylate substituents (e.g. BnN(Ms)=CH). The reaction
proceeds at short reaction time (1h) and low temperature -20°C. It is noteworthy that

when R2 is phenyl or aliphatic group the yield goes down or is trivial respectively. "2

Rs Ro(H)
= 5mol% IPrAuCI/AgNTf, AN
~ /O + R1 \ - R1
N AN 10mol% MsOH N
RaH)  phcr,, 65°C, 4h
29a 29b Rs™ "0 29¢

Scheme 6.29. Synthesis of 7-acyk-indoles by anthranil and alkynes (Hashmi 2015). "

Later non-polarized terminal alkynes or di-substituted alkynes were tested. Higher
temperature and long reaction time were demanded to a good but in any case lower
yield comparing with the reaction with ynamides. In general, the reaction proceeds

smoothly with ynamides, non-polarized alkynes and non-terminal alkynes. "
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From the aspect of the chemical traits of the method, according to the authors’
aspect, the reaction proceeds via an intermediate a-imino gold carbene, generated by
an intermolecular reaction. Due to the high electrophilicity of the a-imino gold
carbenoid, an intramolecular ortho-aryl C-H insertion could afford the 7-formyl
indoles. According to the authors, the reaction of anthranils with electron-donating
groups usually proceeds with higher yields, which suggests an electrophilic aromatic
substitution mechanism. "

Finally, an unsymmetrical alkyl/aryl-substituted alkyne was tested as a substrate.
Instead of a mixture or 2-alkyl-3-aryl indole and 2-aryl-3-alkyl indole, only one
product 2-alkyl-3-aryl indole is formed in low yield. According to the authors one of
two paths leads to the formation of an unstable a-imino gold carbene that undergoes a
hydride-shift by the adjacent alkyl group preventing the formation of 2-aryl-3-alkyl
indole. "2

Observing all these traits, we decided that it was worthy to investigate the
mechanism of the reaction. Thus, the aim of this work is the exploration of the
mechanism of the reaction between anthranils and alkynes, proposing a possible
mechanism. Then, after studying a variety of alkynes we aim to establish similarities
and differences between them. Next we would be able to explain the regioselectivity
with ynamides and terminal alkynes, which selectively provide the 2-, compared to
the 3-substituted 7-acyl-indole ring. Finally, we aim to elucidate key steps in the
reaction pathway, to validate author’s proposal for an a-imino gold carbene

intermediate and to correlate its formation with regioselectivity.
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Scheme 6.30. Regioselectivity models description for the mechanism of the reaction

of a terminal alkyne with anthranil.

To check the assumptions that we expressed above, we propose a mechanistic
model with the below traits: i. it can explain the experimental data, ii. it is rational and
simple iii. It covers as many aspects of the problem as possible and iii. It is consistent
with the aims of our project.

Thus, for the reaction of anthranil with the gold-activated triple bond we anticipated
a mechanism consisting of six steps. There are two alternatives for the initial
nucleophilic attack onto the triple bond (Scheme 6.30), where regioselectivity is
determined: the nitrogen atom of the oxazole ring can attack the gold-polarized triple
bond at C-1 (path 1) or C-2 (path 2) to generate intermediates 3x2 or 3x1,
respectively. The second step involves an interesting redistribution of 7 -electrons
resulting in the cleavage of the N-O bond to form 4x2 (path 2) or 4x1 (path 1). Then,

an electrophilic aromatic substitution reaction occurs between the electron deficient

carbon of the «-imino gold carbene and the phenyl fragment resulting in
intermediates 5x2 or 5x1, which can have an anti or syn relative orientation of the
hydrogen atoms attached to the bond forming carbons (Scheme 6.30). The fourth and

fifth steps comprise proton migrations such that ring aromaticity is recovered at the
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phenyl unit (6x2 or 6x1, respectively), and the sixth step includes the de-auration and
concomitant aromatization of the pyrrole ring to form isomeric 7-acylindoles 7x2 or
7x1, respectively. The product obtained in the experiment is 7x2 with the substituent

on the reacting alkyne installed at 2- instead of the 3-carbon of the 7-acyl-indole ring.
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6.3. Formation and Intramolecular Capture of a-Imino Gold Carbenoids in the
Au(l)-Catalyzed [3+2] Reaction of Anthranils, 1,2,4-Oxadiazoles and 4,5-
Dihydro-1,2,4-Oxadiazoles with Ynamides

At the third part of the thesis we focused on reactions that proceed via the
formation of the o-imino gold carbene that afterwards it is captured intramolecularly
in formal [3+2] cycloadditions. In fact, threre are several publications in which the
organic chemists insist that the gold catalysed reactions that present proceed via an a-
imino-gold carbenoids.

The first reported example of a gold-catalyzed heterocyclic synthesis invoking the
participation of o-imino gold carbene complexes can be attributed to Toste in the
Au(l)-catalyzed acetylene Schmidt reaction of homopropargyl azides acting as nitrene
transfer reagents to furnish substituted pyrroles in 2005. ™ For this intermediate,
Goddard and Toste * suggested a three-centre four-electron o-bond due to donation to
the empty 6s orbital of gold from the occupied orbitals at the ligand and the carbene
carbon atom, as well as two orthogonal n-electron density back-donations from filled
gold 5d orbitals to m-acceptor orbitals in the carbene carbon atom and on the ligand.
As a result, they suggested that the reactivity in gold(l)-coordinated carbenes is best
accounted for by a continuum ranging from a metal-stabilized singlet carbene to a
metal-coordinated carbocation. Additionally, the bond order in gold(l) carbene
complexes is typically close to one (or even less), and therefore, the Au=C
representation is not accurate, although it may be convenient mainly for mechanistic
purposes. Ynamides, which are strongly polarized alkynes, " have been established as
an extremely powerful tool for the rapid and versatile assembly of structurally

679 \with gold-catalyzed reactions. ¥ In such

complex N-containing molecules
reaction, the participation of a-imino gold carbene intermediates is carried out through
their capture with diverse types of nucleophiles.

First, we examined the mechanism of the reaction between anthranils and
ynamides as reported by Hashmi (2" part). We analyzed the reaction pathway, we
compared DFT calculations with experimental data and we tested different types of
substates (ynamides, terminal alkynes, di-substituted alkynes) and we concluded that
all the versions follow the same mechanistic pattern and experimental evidence are in

accordance with calculations. However, not only Hashmi’s group but also other

synthetic groups have published synthetic methods on gold catalysis where they
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propose the same pattern for a variety of different substrates. Moreover, a small drift
on the reaction conditions change drastically the product. Above, we present a few
examples for both cases, drift on substrates and reaction conditions. Anyway, the
question that we are obliged to give response is if these reactions follow the same
mechanistic pattern and proceed via an o-imino gold intermediate irrelevantly of the
substrate.

A first trial to prove the existence of a mechanism via a-imino gold carbene was
carried out by Hashmi’s group. They applied the appropriate changes to the structure
of the ynamide in two ways. First, they interfere a methylene group between -carbon
of ynamide and its terminal group, so as since the a-imino gold is formed a hydrid
shift can be accomplished. Consequently the destruction of carbene is going to
redirect the path of the reaction away of the cyclization with phenyl ring. Second, the
introduction of a silyl ether on the ynamide scaffold urges further the reaction away

from the path of a-imino gold intermediate leading to the formation of quinolines.

IPrAuCl
R R4 (5 mol%) R Re 0
5 R EWG 0 3
= o * oy AgNTf, (5 mol%) XX R
<\ N 1,2-DCE, 65 °C A r,
TBSO 31b R o N N~
31a 50-94%
31e IIEWG
AL T -TBSOH
gold carbebe umpolung

R4
o [1,2]-H shift o
R3 > R3
N = @AUL N R

H Ry

l}l OTBS
EWG ADL EWG
®
Scheme 6.31. Gold-Catalyzed Synthesis of Quinolines from Propargyl Silyl Ethers
and Anthranils through the Umpolung of a Gold Carbene Carbon (Hashmi 2016).

In a similar approach to the problem of capturing a-imino gold carbenoid was the
gold (Il) catalyzed reaction of anthranils with N-allyl-ynamides. The hypothesis that
allyl group on N can react with a-imino gold intermediate redirecting the path of the
reaction away from the indole formation is correct. Experimentally, the alternative

path is dominant leading to the synthesis of [3.1.0]azabicycles product. %
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R3 R, Rj
R, e = NaAuCl, 2H;0 R, R,
%t R — N (5 mol%) . Ry
<\ v we toluene,rt _
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EWG
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32

Scheme 6.32. Synthesis of cyclopropane-fused azaheterocycles by Au(lll) catalysis
(Hashmi 2019). %2

Next, the interest is displaced to the anthranil moiety and the possible changes at
its structure. First, the idea of using 1,2-benzisoxazoles, an isomer of anthranil (2,1-
benzisoxazole) was applied by two groups; that of R.-S. Liu, Y. Liu, and the other
one, that of Sahoo and Gandon. Depending on the nature of the gold catalyst the
reaction leads to a formal [5 + 1] or [5 + 2] annulations. The [5 + 1] annulations
afford 1,3-benzoxazines in either the Z or E geometry (with moderate selectivity)
while [5 + 2] annulations give 1,4-benzoxazepines in good to excellent yields. The
divergent catalysis of the reaction can be described as follow. The use of Au(l) or
Au(lll) catalysts led to [5 + 1] or [5 + 2] products, respectively. In general, the use
NHC-Au(l) or phosphine-Au(l) catalysts led to [5 + 2] or [5 + 1] products,

: 83, 84
respectively.
R R R
Ry | Rs * R LAu(l) Rs
SNCORe LAU®) or Audll N v e [? _ L=Phosphine Xy
/N L=NHC S =N [5+1] R,
0 EWG [5+2] EWG 0o
33d Ry 33a 33b 33c No
EWG R,

Scheme 6.33. [5+1] and [5+2] annulations of 1,2-benzisoxazoles and ynamides
(R.S.Liu 2018 - Y.Liu 2018). 384

A reaction that follows the previous pattern presented by two groups Liu and Bao
independently one from the other. The ynamides react with benzofurazan N-oxide
instead of benzisoxazoles to furnish 2-amido-7-nitro indoles. The reaction proceeds in
the presence of gold(l) catalyst. The novelty of the method is that benzofurazan N-

oxide function as nitrene transfer despite N-oxides function as oxygen transfer.
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Possibly, this type of inversion on the chemical activity is owed to the gold catalyst. ®
,86

o [(JohnPhos)Au(NCMe)]SbFg
R o (5 mol%) NO2 "
_N® Re 1,2-DCE, tt, 42-97% R N Ewe
~ /O *ORT= N\ ] —> / N\
N EWG Rz
34a 34b (IPr)AuCI/AgSbFg (5 mol%)

R 34c
toluene, 80°C, 61-98% !

Scheme 6.34. Synthesis of indoles via C-H annulation (Y.Liu 2019 — Bao 2020). %%

The next step to our navigation to the chemistry of a-imino-gold carbenoids is a
drastically drift on the anthranil ring. Regarding that anthranil ring consists of two
aromatic rings that co-exist as a fused moiety the question is what could happen if the

phenyl ring was absent.

Rs

Rs o ((PhO)sP)AUNTY,
~ 0 .+ R—— 2 (5 mol%)
~ 7/ C— 5
Ry N \EWG 1,2-DCE, 80°C -
1

35a 35b 60-96% N N\EWG
= ~EWG
Ar=2 4-di-(tBu)-| 354
IfRy=H If R4 is other than H
a-acylimino T
gold carbene
Rs
R, R
- 0 N\
LA»EJ LAu N 35f
\®
< N—Ewe

2

Scheme 6.35. Formal [3+2] cycloaddition between ynamides and isoxazoles (Ye
2015). ¥

Ynamides react with isoxazoles providing amino pyrroles. According to the
proposed mechanism by authors, gold (I) activates triple bond, forms a-imino gold
carbene and after an intramolecular cyclization and gold release, forms 3H-
aminopyrroles. Then, 3H-aminopyrroles may follow alternative paths of isomerization
to form 1H-aminopyrroles.

The a-imino gold intermediate mechanism is tested at the next citation of the
reaction between isoxazoles and 3-en-1-ynamides. The authors propose a key Au(l)-
stabilized aza-heptatrienyl cation, which undergoes cyclization followed by
iIsomerization to yield the final product. It is noteworthy that azepine formation is

sensitive to the conformation of intermediate. Thus, factors that may change its
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conformation, like substituents of vinyl group or the presence of Lewis acids redirect

the reaction to the formation of pyridines. *

(IPr)AuCl

R R
R (10 mol%)
<\ 7 N AgNTf, (10 mol%)
R& N Ry Ewg  AINTR( )
36a R 36b 1,2-DCE, 70°C WG
¢ 58-90%

+AuL Rz

Re Rs  36¢

Scheme 6.36. Formal [4+3] annulation in the synthesis of azepines (R.S.Liu 2018). &

As a conclusion with up to now data we accept that the gold (1) catalysed reactions
between ynamides and anthranil like scaffolds proceed via an a-imino-gold carbene
intermediate. In the cases of lack of the fused phenyl ring, the mechanism sustains
similar. The question that arises is how the mechanism may change or how the gold
intermediate is stabilized if we introduce one more hetero atom on the isoxazole ring.
Thus, dioxazoles were used as reactants to a similar reaction with ynamides forming
the expected oxazoles derivatives, while the method is compatible with various alkyl

and (hetero) aromatic groups. *

Rs
o)( Ry o~
)Q O + R—=—N (IP)AUNT, (5 mol%) N a7
Ry~ N EWG  1,2-DCE, 20-80°C, 30-99% R;

37a 37b N-EwG
Ry

Scheme 6.37. Dioxazoles as nitrene equivalents (Y.Liu 2016). *

Then, two publications, one complementary to the other, were released. The first
one was a follow up report by Liu described the efficient synthesis (40—94%) of
amino imidazoles from ynamides and 45-dihydrooxadiazoles while the other by
Hashmi. The latter showed that fully unsaturated oxadiazoles could also be used for
the synthesis of amino imidazoles from ynamides. Both groups explain the results

adopting a mechanism of an a-imino gold carbene.
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Ar' l\iR
JL/§N + Ar— N'R (IPr)AUCI/AgNTH, (5 mol%) § I%\ , R:,_Ph'Me
- 015eq Ts PhCF3, 80°C, 14-48h AN Ar Arid-Tol, Ph, 2-Tol
38a 38b 38c Bz

Scheme 6.38. Synthesis of fully substituted 4-aminoimidazoles a-imino gold

carbenes from 1,2,4-Oxadiazoles (Hashmi 2017). %

A gold-catalyzed selective [3 + 2] annulation of 1,2,4-oxadiazoles with ynamides
enables an atom-economical synthesis of fully substituted 4-aminoimidazoles. The

reaction proceeds with 100% atom economy, exhibits good functional group

tolerance, and can be conducted in gram scale. 2
Ry t N/
Ro BuXPhosAu(CH3;CN)SbF Ms—

2 A y  BuXPhosAulCHSCN)SbF N R,: Ph, Bn, alkyl
R3>I\ N + Ar———N (5 mol%) _ | >\R A
R o Ms DCE, 80°C, 4-36h Ar” N 1 2: H, Ar, Bn, Bu

4 1.2eq | Rj: 1alkyl, Ph

39a 39b 30 R, A

Scheme 6.39. Gold-catalyzed formal [3 + 2] cycloaddition of ynamides with 4,5-
dihydro-1,2,4-oxadiazoles (Y.Liu 2017). &

A gold-catalyzed formal [3 + 2] cycloaddition of ynamides with 4,5-dihydro-1,2,4-
oxadiazoles provides a concise and regioselective access to highly functionalized 4-
aminoimidazoles likely via the formation of an a-imino gold carbene intermediate
followed by cyclization. **

However, for the synthesis of 4-amino imidazoles catalysed methods with other
metals, except gold, are available in literature. Some of them reveal similar features to
the reactions we studied, while others seem to follow a similar mechanism irrelevant
the starting point. Despite our goal is to investigate the traits and mechanism of
reactions where an a-imino gold carbenoid is formed, we take a look at some different
but not irrelevant reactions to our issue.

Starting with Novikov’s group that published a Rh(ll) catalyzed method of
transannulation of 1,24-oxadiazoles (Scheme 6.40a) or 1,2,4-oxadiazol-5-ones
(Scheme  6.40b) with  N-sulfonyl-1,2,3-triazoles  provides fully  substituted

amidoimidazoles. Possibly, N-sulfonyl-1,2,3-triazoles is the equivalent to the
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activated ynamides. In which manner Rh catalyses the reaction is a question that is out

of the interest and the goals of the thesis.

R

Ar
Ar.
N/\< Y\N—Ts _ N
I N+ NN Rhy(Piv)s (5 mol%) . R: Ar, Bn
rRo” © 2 5eq DCE, 84°C, 30min TSHN N R R:Me,Bn
40a 400 40c  CO,R
Scheme 6.40a
R' R Ar Ar
N Y\N—Ts N
N+ NG Rhy(Piv)4 (5 mol%) _ | >\ R: Ar, Bn
o N °C, 5mi R R Me, B
0] 1.2eq DCE, 84°C, 5min TsHN [\\j : Me, Bn
40d 40b e &

Scheme 6.40b. Rh(I1)-Catalyzed Transannulation of 1,2,4-Oxadiazole Derivatives
with 1-Sulfonyl-1,2,3-Triazoles: Regioselective Synthesis of 5-

Sulfonamidoimidazoles. %

So on, a metal catalyzed method for the synthesis of amino imidazoles is the
reaction between propargylamines with carbodiimides, in the presence of 5 mol% of
the titanacarborane monoamide. The reaction is a [3+2] annulation that proceeds in

good to excellent yields. %

N
Ry \ :
N 5mol% catalyst | N>_N\H R1.;Ar, H
|| N H \ R, R, Pr,Cy, 4-Tol

toluene 115°C, 8h
N. R, Re

R4
41a 41b 41c
Scheme 6.41. Atom-Economical Synthesis of 2-Aminoimidazoles via [3+2]

Annulation Catalyzed by Titanacarborane Monoamide(Xie 2011). *

Reactions of propargylamines with carbodiimides, in the presence of 5 mol% of
the titanacarborane monoamide [o:'m>-(OCH2)(Me;NCH,)C,BgHg] Ti(NMey), afford
a new class of substituted 2-aminoimidazoles via [3+2] annulation in good to
excellent yields. A possible reaction mechanism is proposed.

Then a copper catalyzed method is suspicious for similar mechanism. The reaction
is the synthesis of substituted imidazoles from terminal alkynes with amidines in the
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presence of Na,COgs, pyridine, a catalytic amount of CuCl,-2H,0, and oxygen (1

atm). %

NH 0.2 eq. CuCly-H,0

R
2 eq. 2
R1)J\NH _q 2 eq NayCO; E'\{ Rq: Ar, Pr
|IQ v =R 2 eq. pyridine, O (1 atm) B N>\R1 Ra: Ar, Me
2 42b ' P2 | Rs: Ar, alkyl, CO,Me, TMS
42a (added over 10n) ~ DCE, 70°C, 24h Rz 42

Scheme 6.42. Copper-Catalyzed Oxidative Diamination of Terminal Alkynes by
Amidines: Synthesis of 1,2,4-Trisubstituted Imidazoles (Neuville 2013). *

Last, a sequential Staudinger/aza-Wittig/Ag(l)-catalyzed cyclization/isomerization
reaction of easily accessible propargylazide derivatives with triphenylphosphine,

isocyanates, and amines provided fully substituted imidazoles in good overall yields.*®

N 1) 1eq. PPhs, MeCN, r.t., 1h R4 N
— 3 2)1eq.ArNCO, 0°C, 0.5h R, Rq:H, Me
Ar——— > / >\ ’
\ 3) 1 eq. NRyR3, rt., 0.5h N l\{ Ro: alkyl
R1 4)0.1eq. AgNO;, 0.1 eq. DMAP \ Rs R 10 alkyl, H
43a 80°C, 12-24h Ar Ar'
43b

Scheme 6.43. One-Pot Synthesis of Polysubstituted Imidazoles (Ding 2017). %

As a continuation on our efforts to gain a deeper insight in the intricacies of gold

24,25,26-33,34-36

mediated transformations and particularly reaction mechanisms

including gold carbenes, 8:8:2291,106-109,110

we carried out here a thorough investigation
on the reaction mechanism of the Au(l) catalyzed [3+2] reaction of mild nitrogen
nucleophiles in the antranil, 1,2,4-oxadiazole or 4,5-dihydro-1,2,4-oxadiazole series
with ynamides. We paid particular attention to the regioselectivity of these reactions
which can afford 7-acylindoles substituted at 2-, or/and 3-position, and 5- or 4-
aminoimidazoles, respectively, as well as to the formation of the a-imino gold carbene
intermediate, and to the difference in reactivity between aromatic and non-aromatic

substrates (oxadiazole vs dinydrooxadiazole).
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AN
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— | IPrAuCI/AgNTf, (5mol%)
O+ NN - N—H
N on 2 PhCF3, -20°C, 18h ={ yield=84%
44c 7/
Ph
Ph Ph
N% Ms O¢l\N N\ /
0 ,{l IPrAuCI/AgNTf, (5mol%) — N
N + P ~ > N Ms
Ph/ PhCF3, 80°C, 18h
44d 44e . I _ano
yield=90%
44f
Ph
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Scheme 6.44. Au(l)-catalyzed reaction of anthranil, 1,2,4-oxadiazoles or 4,5-dihydro-
1,2,4-oxadiazoles with ynamides forming 2-amino-3-phenyl-7-acyl indoles, N-acyl-5-

aminoimidazoles or N-alkyl-4-aminoimidazoles, respectively.

We assumed that the general mechanism for the three protocols could be
analogous, according to the similarities in the structures of the three nucleophiles, and
that the key feature in this reactivity is the oxime fragment embedded in the
heterocyclic moiety. With that assumption at hand, and driven by our recent

exploration of anthranil chemistry, **

we anticipated a reaction pathway for the
oxadiazoles involving (Scheme 6.45): 1- Au(l) activation of the alkyne, 2-
nucleophilic attack by the oxime nitrogen onto the activated alkyne, 3- N-O cleavage
and formation of the key a-imino gold carbene intermediate, 4- cyclization of the a-
imino gold carbene intermediate via an intramolecular nucleophilic attack and 5-

deauration leading to the final heterocycle.
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R
N= N’Q + [Nph
)\\ 0 - > IO 5 °© N‘) N/ 07 N N\ N/
N+ N (7 ~
/ o Ph A th Ar)\N Ms Ar)\ Ms
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( N R R AN
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Scheme 6.45. Anticipated mechanistic steps for the Au(l) mediated reaction between

ynamides and oxadiazoles by analogy to that found for anthranils.
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Chapter 7

The key role of protodeauration in the gold catalyzed
reaction of 1,3-diynes with pyrrole and indole to form

complex heterocycles

Because the indole scaffold is a significant structural motif that can be found in a
large number of alkaloids, as well as several other bioactive compounds, it is
worthwhile a study on the traits of a reaction for the synthesis of indole derivatives.
At his former work on one pot reaction for the synthesis of 4,7-disubstituted-indole,
Ohno' tested the possibility of intermolecular formal [4+2] reaction between 13-
diynes and pyrroles. It is an atom economical method that provides a variety of 4,7-

disubstituted-indoles and carbazoles respectively from directly available 1,3-diynes.

R
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Scheme 7.1. Gold catalyzed formal [4+2] reaction between 1,3-diynes and pyrrole.

In an attempt to explore the mechanism of the reaction, discreet points of interest
arise. A similar approach to Fang’s work® was applied, by splitting the reaction to all
possible obvious paths. Thus, the first part of this work is the exploration of four
different paths starting from 1,3-diyne and pyrrole to regioisomeric products P1-P4.
Then, a comparative study between 1,3-dines and the skipped 1,4-diynes follows, in
order to reveal the role of the methylene group that interferes between the alkyne
groups. That is, how the interruption of resonance among alkyne groups influence the
energy profile of the reaction. Noteworthy, in the case of 1,3-diynes an enyne
intermediate is isolated, while in the reaction with skipped diynes not. Next, we tried
to correlate the kind of substituent of 1,3-diyne with the yield of the reaction, since
there are experimental data of various substituents. Finally, based on the experimental
data that the reaction proceeds not only with pyrrole, but also with indole to form

carbazole, we tried to certify or to change the proposed mechanism model.
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Scheme 7.2. Representation of Main Pathways in the Au(l)-Catalyzed Reaction
between 1,3-Diyne and Pyrrole

The essential pattern of the mechanism of the reaction is devided to two parts, a
first step of hydroarylation and a second step of cyclization. For the first step there are
two possible pathways, the nucleophilic attack of C2 of pyrrole to C1 or C2 of the
triple bond system of 13-diyne, leading to the enyne intermediates, B and the
observable A. From that point, two different ways for cyclization are available for
each enyne A and B. For enyne intermediate A, either 6-endo-dig or 5-exo-dig
cyclizations are feasible, leading to products P1 (14-disubstituted-indole) and P2
(cyclopenta[b]pyrrole) respectively. Similarly, for enyne intermediate B either 5-
endo-dig or 4-exo-dig cyclizations are feasible. Products P3 (cyclopenta[b]pyrrole)
and P4 (cyclobuta[b]pyrrole) are formed respectively. The same model was applied

with indole, instead of pyrrole, in the role of nucleophile.
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7.1 Formal [4 + 2] reaction between pyrrole and 1,3-diynes

Based on the structures of scheme 7.2, DFT calculations realized, revealing the
energy profile of the reaction as depicted at schemes 7.3a and 7.3b. The main steps of
the mechanism are presented: i. the activation of triple bond of 1,3-diyne by gold
catalyst, ii. nucleophilic attack by C2 of pyrrole to the activated alkyne iii migration
of the gold catalyst to the unreacted distal alkyne and iv. formation of the second
sigma bond by an intramolecular attack of the pyrrole ring that leads to the ring
closure.

Starting from the point that only product P1 is experimentally observed, an initial
attempt was realized to clarify the mechanism analyzing step by step the traits of the
reaction (Scheme 7.3a). Unexpectedly, the initial attack on the activated diyne seems
to be more favourable kinetically onto the internal carbon atom (TSza7a VS. TS2a-3a)
by about 3 kcal mol”'. Moreover, the terminal C—C bond formation is more stable
than the internal one (0.9 vs. 4.5 kcal mol™" for 3a vs. 7a, respectively).

Then, a step of pyrrole unit re-aromatization and gold migration to the conjugated
triple bond renders the reaction not only irreversible, but also offers the driving force
of the overall mechanistic process due to the drop of energy (—28.3 kcal mol ' for 4a
and —23.6 for 8a).
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Scheme 7.3a Relative free energies (kcal/mol, 298 K and 1 atm) computed for key
steps along the alternative reaction pathways in the formal [4 + 2] reaction between
pyrrole and diynes (path A)

From 4a, a cyclization step proceeds to form 6a, a two five member ring structure,
via TSs ea. Alternatively, five and six member rings are fused to form the
experimentally observed product via 5a. The two paths present similar energy barriers
(-10.3 kcal/mol vs -10.0kcal/mol for TSaa a. VS TSua sa respectively). So, the question
that arises is why the only observable product is P1 and not P2 since both of them
present similar energy barrier (-10.3 kcal/mol vs -10.0kcal/mol for TSasa 6a. VS TS4a sa
respectively).

Comparing the energy of 5a and 6a the conclusion is that the reverse reaction of 6a
to 4a is easier to happen due to 17.5kcal/mol than the competitive path 5a to 4a that is
24.5kcal/mol. Thus, the formation of 6a is a reversible procedure while that of 5a an
irreversible one.

For the second part of the proposed mechanism (Scheme 7.3b) the picture is even
simpler. The structure 7a, after a significant drop of energy due to a step of pyrrole
unit re-aromatization and gold migration to the conjugated triple bond forms 8a
irreversibly. From the aspect of both kinetics and thermodynamics, formation of
product P3 is favoured since the difference in activation energy (TSga ga VS TSga 10a IS
22.8 kcal/mol vs 32.8kcal/mol respectively) leads to 9a and consequently to a
cyclopenta[b]pyrrole.
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Scheme 7.3b Relative free energies (kcal/mol, 298 K and 1 atm) computed for key
steps along the alternative reaction pathways in the formal [4 + 2] reaction between
pyrrole and diynes (path B)

To sum up briefly, the results of the DFT calculations propose that: i. the overall
product determining step is the formation of 4a vs. 8a, due to the drastic drop in
energy after the formation of the first C—C bond. ii. the formation of product P3 is
favoured versus P1, since at the step of formation of the first C-C bond formation of
7ais favoured vs 3a (TSza7a VS TSza 34 is 17.4 keal mol™' vs. 20.6 kcal mol™).

Our DFT calculations are in striking contradiction not only with the observed
formation of the indole products but also with the reported experimental conditions.
Moreover, Ohno and coworkers® quenched the reaction before completion, and they
only observed intermediate 4a (not 8a), which, when subjected again to the reaction
conditions, afforded the indole product P1. Furthermore, the conditions of the reaction
are not in compliance with the calculated findings. That is, for the favoured but
unobserved product P3, the activation energy of the rate limiting transition state is
low enough, approximately 23kcal/mol (from 8a to TSga ga), While the reaction
proceeds at 80°C for long reaction time.

These contradictions suggest that a key step may have been overlooked in this
reaction, and that the missed step has a drastic impact on the kinetics and the reaction

outcome. We therefore analyzed the reaction pathways in greater detail and found that
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what may have been overlooked is the kinetic cost for the isomerizations between the
pairs 3a/4a and 7a/8a. These isomerizations formally involve a protodeauration step
and gold migration towards the remaining alkyne of the adduct.

Most computational and experimental studies in homogeneous gold catalysis
deliberately skip protodeauration steps on the assumption that they are usually low
cost and do not affect the overall catalytic process. A number of careful studies
however have raised concerns in this regard and have found that, while in some cases
these steps are indeed rapid and demand low energy inputs, for other cases, this

assumption is wrong. **
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Scheme 7.4a Relative free energies (kcal/mol, 298 K and 1 atm) computed for the
alternative reaction pathways in the formal [4 + 2] reaction between pyrrole and
diynes including protodeauration steps of key intermediates (path A)

After the calculation of the structures for the isomerization steps of the 3a/4a and
7a/8a pairs we obtained the holistic view of the mechanism of the reaction. In
schemes 7.4a and 7.4b we can find the answers to the above contradictions one by
one. First, the rate determining steps for both alternatives lie within the
protodeauration and migration section. To be more precise, proton migration and re-
aromatization of the pyrrole ring is the most energy demanding step. Thus, the energy
barrier for the first path is 26.1kcal/mol (from 3a to TSsa 3a1) and for the second (from

7a to TSya 7a1) 30.8kcal/mol respectively. The result is consistent with the conditions
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that the reaction proceeds with long reaction time at 80°C. As a consequence of the
first result, we receive the response to the next contradiction. The formation of 7al
via 1,2-H migration is more energetically demanding than that of the formation 3al
(30.8kcal/mol vs 26.1kcal/mol). Combining that point with the low energy barrier for
C-C cleavage (from 7a to TSya 7a Is 12.9kcal/mol) we conclude that the reaction turns
back to the reactants precluding the formation of products P3 and P4. On the contrary,
the path to product P1 is consistent with the low energy barrier of the step of H-
migration. Moreover, as we explain above, once 4a is formed, the indole structure
clearly has a thermodynamic advantage to become the observed product.

Checking and comparing the experimental data with our calculations we can focus
on a couple of points. First, intermediate 4a was isolated and characterized. That
means that the mechanism consist of an initial step of intermolecular hydroarylation
to form the enyne type intermediate 4a, and then a second step of intramolecular 6-

endo-dig hydroarylation to form indole derivative P1.
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Scheme 7.4b Relative free energies (kcal/mol, 298 K and 1 atm) computed for the
alternative reaction pathways in the formal [4 + 2] reaction between pyrrole and
diynes including protodeauration steps of key intermediates (path B)

Comparing the two gold-catalyzed reactions of pyrrole with the conjugated 1,3-
diyne and with skipped diynes or 1,4-diynes, we see similarities. The first step of the
intermolecular hydroarylation, which involves the nucleophilic attack on the activated

alkyne, was also defined as rate limiting. 2 Apparently, the conjugated 1,3-diyne
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system is able to stabilize more efficiently the charge displacement produced upon
nucleophilic attack, thus reducing the activation energy for this step.

7.2 Substituent effect for selectivity

Ohno and coworkers * applied a variety of symmetrical 1,3-diynes in the reaction
receiving disparate results. They examined the role of substituent X of the diynes in
relation to the yield. Most of the substituents tested were substituted phenyl ring
groups so as a relation to be established between electron donating ability of the
substituent and yield of the reaction. Thus, electron donating groups such as 4-MeO-
phenyl group was tested, and electron withdrawing group like methoxy-carbonyl-
phenyl group. Moreover, aliphatic substituents were tested also.

For our study we chose four different types of substituents (table 7.1). The first
entry X=Ph is used as a control. Entry 2 is an aliphatic group with negative effect on
the yield, while entry 3 is the strongest activating group with the higher value of yield.
On the contrary, entry 4 bears a deactivating moiety on aryl group and presents the
poorest yield.

According to the previously obtained profile, any competitive branching produces
deleterious effects on the yield of the reaction. Such an effect should therefore start
from 4, where the driving force of the reaction has already been released and there are
two alternative pathways not far away from each other. The alternative pathways
starting at intermediate 4 include the formation of the second C—C bond towards
bicyclic structures P1 and P2. The calculation of the activation energies reveals a

qualitative correlation between the barriers and the observed yields.
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Scheme 7.5. Investigation of the impact of the substituent X on the alternative
cyclization pathway starting from intermediate 4.
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After the calculations of the step 4-5 and 4-6, the activation energies between the
control (entryl) and the other substituents were compared and correlated to
experimental data. Substitution of Ph group with Cy on 1,3-diynes alters the energy
profile of the two paths. The aliphatic group increases activation energy from
18.3kcal/mol to 20.9kcal/mol at the path leading to the observable product P1. In
parallel, it reduces the energy barrier to P2. Thus, the calculations explain the low
yield (35% vs 66%). On the contrary, the introduction of an activating group (entry 3)
reduces activation energy and turns the balance on the side of P1, since path 4-5 is
favored versus path 4-6 (TS, s/TS4 ¢ are 15.8kcal/mol and 16.8kcal/mol respectively)
with a yield of 85%.

Entry X AG" | AG.s | AG | AG,, | Y% -yield/ (n)
TSus TSus
1 Ph 183 | 62 | 180 | 05 66/ 12
2 Cy 209 | 60 | 172 | 19 35/ 24
3 4-MeO-CoH, 158 | 66 | 168 | 04 85/4
4 | 4COOMe-CH, | 181 | 76 | 156 | -1.0 261 24

Table 7.1. Activation energies calculated for the second step of the reaction
between pyrrole and a symmetrical diyne.

It seems therefore that, although 6 is thermodynamically less stable than 5, the
channel leading to the formation of the former is operative, perhaps due to rapid
evolution of 6 into more stable species, and it depletes 4 causing a reduction in the

observed yield of the indole product P1.

7.3 Reaction of 1,3-diyne with indole

In the second part of the study we focused on the reaction of 1,3-diyne with indole. In
contrast to the reaction of 1,3-diyne with pyrrole that furnished an enyne type
intermediate 4a after the nucleoplilic attack of C2 of pyrrole to the activated diyne,
indole leads directly to carbazole without any isolated intermediate. So, in the case of
pyrrole is relatively well known for acting as a nucleophile through its C2 position

when it is not substituted and its C3 position when the former is substituted. °
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Scheme 7.6a. Reactivity profile of C3 of indole with 1,3-diyne. Relative energies used
compounds 1laand 2aas the zero energy reference.

Additionally, the experimental evidence of C2 substituted intermediate dispels any
doubt about the mechanism of the reaction. On the other hand indoles are very well
known for their nucleophilic character at C3 (acting essentially as an enamine which
is coincidentally attached to a by-standing benzene ring). In front of a dilemma of
nucleophilic attack of indole with C2 or C3 to activated diyne we checked both

options.
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Scheme 7.6b Reactivity profile of C2 of indole with 1,3-diyne. Relative energies used
compounds 1l1a and 2a as the zero energy reference.

Comparing two alternative paths, the nucleophilic attacks either by C2 or by C3 to
activated diyne, we see that at the first attack the path of C3 is favoured by energy
difference of 5.3kcal/mol (TS2a 12a VS TSpa 152 are 25.2kcal/mol vs 19.9kcal/mol
respectively). However, the rate limiting step is located in the protodeauration steps
following the first C—C bond formation, in agreement with what we found for pyrrole
as a nucleophile. Furthermore, as illustrated in Schemes 7.6a/7.6b, all the steps
associated with the attack of the indole through the C2 centre are systematically more
expensive than those following the attack through C3 at least up to the point where the
mechanism becomes irreversible (13a and 16a, see Schemes 7.6a/7.6b). A possible
explanation for the stability of C3 vs C2 attack is the complete loss of aromaticity for
the intermediates involved in the C2 attack (note the o-quinone-like structure of 12a
vs. the styrene-like m-electron structure of 15a)°. After the re-aromatization step, the
energies of the isomers are close (1-2.5kcal/mol) up to the formation of 13a and 16a.

Despite that the part of the path from 13a/16a to the end presents small differences
in energy (—12.0 vs. —12.5 kecal mol ' for the highest point in that path section), the
reaction profile becomes more complex for the mechanistic route that starts with the
participation of C3. It was expected that carbazole could be formed by 16a a

hydroarylation at C2. Instead of that, the formation of the six-member ring proceeds
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through the initial formation of the C3 spiranic intermediate 18a (via TSisa 18a)-
Hence, enforcing the idea that nucleophilicity of C3 is higher even when this position
is substituted rather than the C2 indole exo-dig attack on the activated triple bond. The
spiro compound 18a then rearranges to the six-member ring in carbazole 17a through
TSisa17a In @ 1,2-alkenyl migration step. This kind of reactivity involving C3 in an
indole for bond formation that ultimately occurs at C2 has been noted previously for
indoles by us and other authors. "8910:11.12
7.4 Conclusions

DFT calculations were performed to investigate the mechanism of the Au-catalyzed
[4 + 2]-type reaction between 1,3-diynes and pyrrole or indole leading selectively to
4,7-disubstituted  indoles or 25-disubstituted carbazoles, respectively. After
calculations for 6-endo-dig, 5-exo-dig, 5-endo-dig and 4-exo-dig cyclizations were
realized, it was concluded that the experimentally observed selectivity can be
explained by a two-step mechanism in which after a low energy nucleophilic attack on
the C1 position of gold-activated diyne by C2 of pyrrole and by C3 of indole, a rate
determining protodeauration step precedes the 6-endo-dig cyclization involving the
C4 position of the remaining gold-activated triple bond leading to the indole or
carbazole product. For indole, the second step proceeds via a more complicated
pathway including a spiro intermediate at the C3 position which provides the
carbazole through a rearrangement of C1 carbon of the diyne skeleton. The increased
polarizability of the conjugated diyne substrate seems to produce a remarkable
stabilizing effect facilitating the nucleophilic attack and significantly reducing the
activation energy of the first step when compared to the case of a skipped diyne where

a methylene group interferes between the triple bonds.
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Chapter 8
On the Mechanism of the Au(l)-Mediated Addition of Alkynes

to Anthranils to Furnish 7-Acylindoles

Indoles are common structural motifs not only in the alkaloid family of organic compounds, but
also in a range of pharmaceuticals, aimed to treat diseases as diverse as cancer, asthma, various
types of microbial infections or depression. “#** Regarding that 7-acyl-indoles are also a valuable
building block for bioactive compounds, >®’ Hashmi and coworkers developed an elegant synthetic
method employing a gold(l)-catalyzed C-H annulation of anthranils with terminal alkynes, initially
using ynamides with a benzyl and mesylate substituents (e.g. BnN(Ms)=CH), but later also

including non-polarized terminal alkynes or di-substituted alkynes (Scheme 8.1a). ®
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Scheme 8.1

Our interest in gold catalysis in general and gold carbene generation in particular prompted us to
carry out a thorough investigation of the reaction mechanism of this promising synthetic procedure.
We therefore explored the mechanism of this reaction between anthranils and a set of different
alkynes to elucidate key steps in the reaction pathway. We investigated the regioselectivity with
ynamides and terminal alkynes, which selectively provide the 2- compared to the 3-substituted 7-
acyl-indole ring, and further expanded our analysis to the less trivial asymmetric disubstituted
alkynes, for which, surprisingly, only one regioisomer is also observed in the original experimental
work. ® The results of this investigation also shed light onto the mechanistic pattern for this
reaction, and they uncover details about the catalyst, the reaction conditions employed and the role
of the a-imino gold carbene intermediate.
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For the reaction of anthranil with the gold-activated triple bond, we anticipated a mechanism
consisting of six steps. There are two alternatives for the initial nucleophilic attack onto the triple
bond (Scheme 8.2), where regioselectivity is determined: The nitrogen atom of the oxazole ring
can attack the gold-polarized triple bond at C-1 (Path 1) or C-2 (Path 2) to generate intermediates
3x2 or 3x1, respectively. The second step involves an interesting redistribution of n-electrons
resulting in the cleavage of the N-O bond to form 4x2 (path 2) or 4x1 (path 1). Then, an
electrophilic aromatic substitution reaction occurs between the electron deficient carbon of the a-
imino gold carbene and the phenyl fragment resulting in intermediates 5x2 or 5x1, which can have
an anti or syn relative orientation of the hydrogen atoms attached to the bond forming carbons
(Scheme 8.2). The fourth and fifth steps comprise proton migrations such that ring aromaticity is
recovered at the phenyl unit (6x2 or 6x1, respectively), and the sixth step includes the deauration
and concomitant aromatization of the pyrrole ring to form isomeric 7-acylindoles 7x2 or 7x1,
respectively. The product obtained in the experiment is 7x2 with the substituent on the reacting

alkyne installed at 2- instead of the 3-carbon of the 7-acyl-indole ring.
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8.1 Reaction between anthranil and a benzyl-substituted ynamide

We calculated the two paths described in Scheme 8.2 for the reaction of anthranil (2a in
reference ®) with ynamide BnN(Ms)C=CH (1a in reference ®), in which the triple bond is polarized
because of the adjacent NMs group to the triple bond carbon as described in Scheme 8.3. We used
in our calculations a simpler ylide (see Scheme 8.3) as model of the catalyst IPrAuCI/AgNTf, used
by Jin et al. 8

For the nucleophilic attack of the anthranil nitrogen onto the triple bond, we calculated an
energy difference of 14.9 kcal/mol between TSz, versus TSsap, in favor of the attack to the
internal, more polarized, alkyne carbon, which ultimately leads to 7a2, which is the experimentally
observed product. The 9.8 kcal/mol barrier for the attack at C-2 is consistent with the low thermal
requirements of this process (-20°C; see Table 8.1). The structure TSz, may be additionally
stabilized because of the cooperative w-donating character of two geminal nitrogen atoms versus
one nitrogen atom at each end of the triple bond in TSz, This interaction has geometrical
consequences at both the pair of transition states and also the subsequent intermediates 3al and
3a2.
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1st step AG* 2ndstep | AGH 3rdstep | AG* | 4thstep | AGH 5th step AGH

TSsatanti 154 TSeatani 157  TSeatanw 14.7
TS3a1 24.7 TS 421 3.2 TSsa1syn 33.6  TSegatsyn 21.2  TSgarsyw 14.8
TSsazanti 20.7  TSeazanti 17.2 TSgazanty 20.7
TSsa2 9.8 TS4a2 8.7 TSsaen 199  TSeaeyn 179  TSeaew 21.2
TSsbianti 46  TSeptanti 101 TSgprams 154
TS3p 16.2 TSum 4.7 TSspisyn 125 TSepsyn 16.3  TSepisym 18.7
TSshoanti 0.5  TSewanti 156  TSeppamr  18.6
TSa 10.7 TSane 96 TSsposn 0.0 TSeposyn 153  TSerew 14.7
TSscanti 145 TSecani 172 TSgeantw 16.5
TS, 123 TS, 6.9  TSsean 98  TSeqm 158 TSeww  17.9
TSsdtanti 149 TSeqrami 186 TSegramw 177
TS3a1 13.1 TSsa1 7.0 TSsdisyn 8.8  TSedisyn 135 TSeatsyw 15.9
TSsdzanti 8.7  TSemanti 152  TSeaamr  17.3
TSad 13.9 TSad 7.9 TSsasyn 54  TSepgn 150 TSearww 15.3

Table 8.1 Calculated activation Gibbs energies (kcal/mol) for each step of the
mechanism between anthranil and different alkynes, that is, BnN(Ms)C=CH (3a
series), cypC=CH (3b series), PhC=CPh (3c series), and PhC=CBu (3d series)

For instance, the orientation of the amine group is drastically different in these two
transition states (see Figure 8.1). In TSz, the amine lies co-planar to the entering
nucleophile and its lone pair is therefore orthogonal and non-interacting in the
process. In TSss, however, this lone pair is conjugated with the =-electrons
participating in the reaction. The C-NMs bond length is diagnostic for this pi-donating
interaction (1.36 vs. 1.31 A in TSzy VS. TSsa) as well as the triple C—C bond (1.27
vs. 1.29 A in TSza Vs. TSza). The regioselectivity of 2- over 3-position of the final
amino-substituted 7-acyl-indole ring is decided at this first transition state because the
energy difference between the competing TSsa; and TSsa, is very large and the
subsequent step involves an irreversible energy cliff. This irreversible step involves
what looks like an interesting pseudopericyclic electrocyclic ring opening (vide infra).
9,10,11,12,13,14,15

The pseudopericyclic nature of this reaction justifies the very meager energy
demands in both paths (less than 10 kcal/mol). Additionally, the associated
exergonicity of the process is enhanced by the recovery of aromaticity at the phenyl
fragment. This conversion from an orthoquinone-like structure into an o-formyl
aniline fragment is the driving force of the catalytic cycle with an energy drop of

about 40 kcal/mol, leading to a-imino gold intermediates 4al and 4a2. Onto these
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intermediates, an electrophilic aromatic substitution takes place via the gold-activated
carbon atom. Two possible approaches, anti or syn are viable for this step. In the case
of the favored intermediate 4a2, both approaches are almost equally probable, given
the similarity of their energy requirements (about 22 kcal/mol). The intramolecular
character of this SgAr involves the formation of isomeric fused systems 5al and 5a2
in their anti and syn configurations. Two sequential proton migrations allow again full
recovery of the aromaticity lost in the SgAr step and furnish the final gold-activated
compounds, 7al and 7a2, which are released upon deauration (probably through a

ligand exchange step involving the starting alkyne 1a to reinitiate the catalytic cycle).

In-plane amine fragment Perpendicular amine fragment

Figure 8.1. Side by side comparison of transition states TSz, and TSsp. In the latter,
geometrical evidence suggests the participation of the lone pair at the ynamide
nitrogen in the stabilization of the resulting structure through conjugation to the
alkyne. The Au bonding is also indicating a more advanced transition state in TSzz

8.2 Reaction between anthranil and an alkyl-substituted terminal alkyne

The barriers for the two alternative nucleophilic attacks of the anthranil nitrogen
onto the gold(l)-activated triple bond are much closer than in system la. The
activation energies are 16.2 and 10.7 kcal/mol for terminal versus internal attack

(Scheme 8.4; compared with 24.7 and 9.8 kcal/mol in system a, Scheme 8.3). These
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closer values are due to the less extreme electron donating effect of the alkyl
compared with the amine group. The 5.5 kcal/mol energy difference is still enough to
obtain complete regioselectivity under the operating reaction conditions. In this
occasion, the apparent pseudopericyclic ring opening is still showing low energy
demands (less than 10 kcal/mol), but it is not nearly as exergonic (about 10 kcal/mol
of product stabilization in this case vs. ~30 kcal/mol when an ynamide was the
reacting counterpart). This difference is attributed to the less stabilized carbocations
4bl and 4b2 when an alkyl group is all there is to donate charge onto the electron
density depleted carbon atom. As a consequence of these unstable carbocations, the
SeAr reaction becomes kinetically much faster and it also turns itself into the driving
force of the catalytic process, with an associated energy drop of about 30 kcal/mol.
The two steps between the initial nucleophilic attack and this energy cliff are mildly
exergonic and kinetically fast, with small associated barriers. This also provides a
scenario where the initial attack must be regioselectivity determining because
reversion at the first two pairs of intermediates (3bl, 3b2 and 4bl, 4b2) is unlikely.
Two proton migration steps, analogous to those already observed with the ynamide
reaction, provide the final 7-acyl-indole isomers 7bl and 7b2.

For this reaction, we decided to explore in more depth the second step, for which
the molecular topology suggests that a pseudopericyclic transformation may be taking
place. For this, we computed nucleus-independent chemical shifts (NICS) on two axes
perpendicular to the phenyl and azole fragments in the anthranil moiety (see Figure
8.2). Our results showed the obvious aromatic profile at the phenyl fragment, which is
strongly conserved when going from the transition state (TSsp2) into the reaction
intermediate (4b2). On the azole ring however, aromaticity is lost in this step. Losing
aromaticity is not really surprising in this step, because the azole ring is being opened,
but the fact that mild aromaticity is present at the transition state is in contradiction
with a fully pseudopericyclic process. The relatively mild aromaticity at this transition
state and its maximum value at the molecular plane suggest that part of this
aromaticity may be due to the sigma skeleton and perhaps this step lays in a gray area
between peri- and pseudopericyclic mechanisms. Strongly pericyclic transition states
often show NICS profiles with values much higher than those reported here and also

significantly higher than values found for benzene.
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Scheme 8.4 Reaction of anthranil with an alkyl-substituted alkyne. Relative Gibbs energies (kcal/mol, 298 K and 1 atm). From the a-imino gold
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Figure 8.2. Nucleus-independent chemical shifts (NICS) computed along two axes
perpendicular to the anthranil heterocycle at TS4b2 and 4b2. The axes employed are
illustrated in the molecular geometry.

8.3 Reaction between anthranil and diphenyl acetylene

In the case of the symmetrically substituted diphenyl acetylene, our calculations
show a similar profile to those discussed above. In this case, the starting barrier is
12.3 kcal/mol, again, not as low as with the ynamide due to the reduced donating
capabilities of the phenyl fragment. The pseudopericyclic ring opening is also
strongly exergonic (about 20 kcal/mol; Scheme 8.5) because the carbocation is
stabilized by the adjacent phenyl ring. In this case, the presence of two phenyl rings at
the ends of the alkyne fragment pays dividends on the reaction profile because one
phenyl substituent acts in the stabilization of the initial transition state, TSs, and the
other phenyl ring allows for the stabilization of the carbocation after the N-O bond
cleavage (4c). The subsequent electrophilic aromatic substitution is more favorable
through the syn approach and involves only a barrier of 10 kcal/mol. Then again, two
proton migration steps allow for recovery of the aromaticity and the release of the

experimentally observed 2,3-diphenyl 7-acylindole 7c.
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Scheme 8.5 Reaction of anthranil with diphenyl acetylene. Relative Gibbs energies
(kcal/mol, 298 K and 1 atm)

8.4 Reaction between anthranil and non-symmetrically substituted internal
alkynes

Finally, for the case of non-symmetrical alkyl/phenyl alkynes, we chose to use
phenyl and n-butyl substituents to illustrate the case (Scheme 8.6). The activation
energy for the initial attack at the aromatic or aliphatic sides of the triple bond is
similar, differing only by 0.8 kcal/mol. The subsequent N—O bond cleavage features a
small barrier and precedes a significant energy drop of about 25 kcal/mol. This
situation therefore suggests that both regioisomers could be formed in this process,
because the difference in energy barriers for the rate-limiting step is so shallow. Once,
intermediates 4d1 and 4d2 are formed, the same sequence of events described for all
the previous cases operate: cyclization via a SgAr step, two hydrogen migrations to
recover aromaticity after the SgAr, and gold decomplexation to furnish the final
indole. Experimentally, this mode of alkyne substitution was not broadly tested, but in
the few cases that it was, the reaction behaved regioselectivity by furnishing only the
2-alkyl, 3-aryl indole analogous to 7dl in Scheme 8.6. Interestingly, however, the
reaction yield is significantly lower than those observed with other kind of alkynes.
Jin et al. hypothesized that perhaps the 3-aryl, 2-alkyl indole is not observed due to a
competitive hydrogen migration occurring at 4d2, which may obstruct the SgAr step.
We therefore decided to explore whether such possibility may be indeed competitive

and become a deleterious effect on this reaction path. Indeed, a 1,2-H migration step,

Ph
7c

Ph

50%
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very similar to other found and described in our group in the past, could be located
and found to be competitive with the cyclization via SgAr when the alkyl group is
directly attached to the gold carbene. We computed the transition state for this

migration lying only 1.2 kcal/mol above TSsqgasyn.
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In general, the same main mechanistic features apply to all the alkynes considered.
The reaction is initiated with a nucleophilic attack, which is also regioselectivity
determining. This attack is preferentially directed onto the internal carbon atom of the
alkyne, and the preference is more pronounced the more polarized the alkyne in the
starting substrate. In doubly substituted triple bonds, the preference is less marked, but
it seems to favour the attack onto the alkyl-substituted versus arylsubstituted carbon
atoms. The N-O bond cleaves in an apparent pseudopericyclic step that is not energy
demanding, but it precedes an energy drop that makes the process irreversible. The
open intermediate thus obtained undergoes cyclization via a SeAR of the a-imino gold
carbene onto the phenyl fragment. A hydrogen rearrangement in two steps recovers
the aromaticity of the bicyclic system and furnishes the final 7-acylindole. The main
differences found among the various alkynes tested are the starting barrier for the
nucleophilic attack, which depends on the polarization of the triple bond and the
energy drop after the N—O bond cleavage, which ranges from -35 to -13 kcal/mol, also
depending on the nature of the starting alkyne and its ability to stabilize the forming
a-imino gold carbene. The rate-limiting step is found at the late rearomatization stage
of the mechanism of the regio-favored pathways, but in the disfavoured ones, the
starting nucleophilic attack may also be rate limiting (Table 8.1).

8.5 Conclusions

In this work, we studied the in situ gold(l)-catalyzed generation of a-imino gold
carbene intermediates en route from anthranil and a range of alkynes to 7-acyl-
indoles. They are shown to be key intermediates that further evolve via a SgAr
mechanism unless migrating hydrogens can be found Ca (primary or secondary alkyl
substituents), in which case a 1,2-H migration becomes competitive with the
electrophilic aromatic substitution. We showed that the observed regioselectivity is
decided at the initial nucleophilic attack of the anthranil nitrogen onto the alkyne
fragment because the formation of the a-imino gold carbene intermediate is an
irreversible step. The nature of the substituents at the alkyne fragment is key to
determine (1) the degree of selectivity, (2) the height of the initial and rate-limiting
barrier, and (3) the energy drop associated to the formation of the a-imino gold
carbene. It is worth noting that gold(I11) species also catalyze a similar transformation,
although the final outcome seems strongly dependent on the counterion chaperoning

16,17,1
d. 6,17,18

gol
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Chapter 9

Formation and Intramolecular Capture of a-Imino Gold Carbenoids in
the Au(l)-Catalyzed [3+2] Reaction of Anthranils, 1,2,4-Oxadiazoles
and 4,5-Dihydro-1,2,4-Oxadiazoles with Ynamides

Various novel annulation reactions have been recently developed leading to pharmaceutically
relevant heterocycles. “* Anthranils and isoxazoles operate as electrophilic aminating reagents in
these reactions through a selective N-O bond cleavage and provide a powerful platform for C—N bond
formation and N-heterocycle synthesis. * In the presence of gold catalysts, these species could serve as
mild nucleophiles to attack the activated alkynes and to form a-imino gold carbene species.

Hashmi in 2016 published on the remarkable reactivity of the weak nucleophile anthranil with
activated terminal alkynes (including ynamides) in the presence of a gold(l) catalyst (Scheme 9.1a). *°
The scope of this chemistry was extended in 2018 to non-polarized terminal alkynes and internal
alkynes. * In these reactions, an a-imino gold carbene intermediate is formed which furnishes, after a
C-H insertion step, the 7-acylindoles and the N-doped polycyclic aromatic hydrocarbons (PAHS),
respectively, in an expedient and atom-economical process.

This chemistry was recently extended to oxadiazoles which allow the synthesis of N-acylimidazoles
through the formation of an a-imino gold carbene in the Au(l) catalyzed [3+2] reaction of 1,24-
oxadiazoles (Scheme 9.1b). ° This reaction also occurs with total atom economy as the acyl group
remains a part of oxadiazoles. The same type of reactivity takes place in the Au(l) catalyzed [3+2]
reaction of dihydrooxadiazoles as nitrene transfer reagents reported by Liu in 2017 (Scheme 9.1c)

which uses 4,5-dihydro-1,2,4-oxadiazoles and ynamides providing N-R-5-aminoimidazoles (R=H,

6
alkyl, aryl).
Ts ~o
Cf\o i IPrAUCI/AgNTF, (5mol%)
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Scheme 9.1. Au(l)-catalyzed reaction of anthranil, 1,2,4-oxadiazoles or 4,5-dihydro-1,2,4-oxadiazoles
with ynamides forming 2-amino-3-phenyl-7-acyl indoles, N-acyl-5-aminoimidazoles or N-alkyl-4-
aminoimidazoles, respectively.
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As a continuation on our efforts to gain a deeper insight in the intricacies of gold mediated

transformations 7,8,9,10,11,12,13,14,15,16,17,18,19,20

21,1,2,4,22,23,5,6,24

and particularly reaction mechanisms including gold
carbenes, we carried out here a thorough investigation on the reaction mechanism of
the gold(l) catalyzed [3+2] reaction of mild nitrogen nucleophiles in the anthranil, 1,2,4-oxadiazole or
4 5-dihydro-1,2,4-oxadiazole series with ynamides. We paid particular attention to the regioselectivity
of these reactions which can afford 7-acylindoles substituted at 2-, or/and 3-position, and 5- or 4-
aminoimidazoles, respectively, as well as to the formation of the a-imino gold carbene intermediate,
and to the difference in reactivity between aromatic and non-aromatic substrates (oxadiazole vs
dihydrooxadiazole).

We assumed that the general mechanism for the three protocols could be analogous, according to
the similarities in the structures of the three nucleophiles, and that the key feature in this reactivity is
the oxime fragment embedded in the heterocyclic moiety. With that assumption at hand, and driven

by our recent exploration of anthranil chemistry, *°

we anticipated a reaction pathway for the
oxadiazoles involving (Scheme 9.2): 1- Au(l) activation of the alkyne, 2- nucleophilic attack by the
oxime nitrogen onto the activated alkyne, 3- N-O cleavage and formation of the key a-imino gold
carbene intermediate, 4- cyclization of the a-imino gold carbene intermediate via an intramolecular

nucleophilic attack and 5- deauration leading to the final heterocycle.
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Scheme 9.2. Anticipated mechanistic steps for the Au(l) mediated reaction between ynamides and
oxadiazoles by analogy to that found for anthranils.
9.1 Reaction of anthranil with ynamide

In our earlier approach to this chemistry we had explored in detail the reaction between anthranil
and a terminal ynamide. Given the striking power and versatility of this chemistry, in an attempt to
provide a generalized view to the mechanisms involved, a side by side comparison between the
reactivity of terminal and substituted ynamides seems appropriate.

The full profile for the substituted ynamide can be found in Scheme 9.3 and it compares well with

that obtained earlier for the terminal ynamide,

with regioselectively still favouring the attack onto
C1 compared to C2 of the activated by gold ynamide by only 2.1 kcal/mol compared to the 14.8

kcal/mol observed for the terminal ynamide % (in the case the sp’-N at position 4 of anthranil reacts
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with the C1 the calculated barrier is 1.7 kcal/mol higher while the addition intermediate is
unproductive). The key chemical steps are the same and the overall energy barriers are quite similar,
and follow the general description provided above, which involves five stages (alkyne activation,
nucleophillic attack, N-O bond cleavage, cyclization and deauration). Interestingly, the main
difference when moving from a terminal to a substituted ynamide resides in the thermodynamics of
the reaction. Whereas with the terminal ynamide the final and observed product was kinetically and
thermodynamically favoured, in the substituted ynamide the observed product is only kinetically
favoured (and thermodynamically less stable than the alternative regioisomer by 4.3 kcal/mol, see
Scheme 9.3). This reversal in exergonicity, presumably, is due to the phenyl ring not being able to
participate in extending the conjugation of the heterocycle in 7a2 vs conjugated in 7al (Scheme 9.3).
This situation, however, applies only insofar as the gold is complexed to the substrate and it should
not affect the reaction outcome since the steep energy drop in the N-O bond cleavage makes the

process irreversible from that step onwards.
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The key activation barriers for the mechanism depicted in Scheme 9.3 are summarized
below (Table 9.1) and they show why this reaction is operative even at very mild thermal
conditions (-20 °C) since the starting favoured nucleophillic attack only requires 9.1 kcal/mol

and a path is available such that no step requires more than 17 kcal/mol.

st step | AG” 2ndstep | AG* | 3"step AG* 4th step | AG* 5th step | AG*
TSt anti 192 TSemami 106 | TSguy g | 13.3

TS3a1 214 73, 2.1 Tsgy o 303 TSeat wn 132 | TSea sy | 9-7
TSsazami 104 TSewani  16.6 | TSaz ame | 16.6

TS3a2 9.1 TSaa2 88 TSswon 110 TSgpgn 185 | TSemow | 15.8

Table 9.1. Calculated transition states and Gibbs free energies of activation (kcal mol™) for
each step of the mechanism between anthranil and ynamide MeN(Ts)C=CPh.

9.2 Reaction of 1,2,4-oxadiazole with ynamide

Next, we decided to study the similarities and differences of the reaction when considering
the reaction between 3-tolyl-5-diphenyl-1,2,4-oxadiazole and the internal ynamide, PhC=C-
N(Ms)Me. The first formal difference in this substrate is the presence of two nitrogen atoms
within the heterocyclic structure. This could result in chemoselectivity issues, although,
experimentally, a single isomer is formed.

Therefore, upon activation of the triple bond in the ynamide by gold, the nucleophilic
attack of two nitrogen centers are possible. Nitrogen at position 2, directly bonded to oxygen,
is expected to be a stronger nucleophile due to lone pair repulsion or alpha effect. % Indeed
the reaction barrier is slightly more favourable for the nucleophilic attack of N2 of the
oxadiazole onto the polarized alkyne (Scheme 9.4). Not only that, the formed intermediate in
the case of the participation of N4 as nucleophile is unstable with respect to reactants (by
almost 3 kcal/mol) contrary to the mildly stable intermediates formed when N2 is the
attacking center (regardless of whether this attack occurs at the favored or disfavored site of
the triple bond, ie, 3bl and 3b2). Nevertheless, the regioselectively of this step is still
favoring the attack onto C1 compared to C2, however, the energy difference is much lower (2
kcal/mol in oxadiazole vs 12 kcal/mol when the attack was performed by anthranil) and the
activation barriers lie together halfway in between those observed for anthranil.

Oxadiazole, therefore, is potentially less selective and it shows a nucleophilicity that is, as
average, comparable to that of anthranil (14.9 and 16.6 kcal/mol for oxadiazole vs 9.1 and
21.4 kcal/mol for anthranil). The second step involves the N-O bond cleavage through TSsp1
or TSyp2 With low energy barriers, 5.9 and 5.6 kcal/mol, respectively. The steep energy drop

associated to this bond cleavage is dampened here with respect to what we observed in
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anthranil. This is mostly due to the fused benzene that is missing in this case, in anthranil part
of the driving force in this step is the aromatization of this fragment from an o-quinone-like
structure in the starting substrate (see 3al and 4al, for instance, in Scheme 9.3). An energy
drop of 19.9 kcal/mol for the kinetically favorable 3bl system is still enough to ensure
irreversibility, as in the former mechanism. This cleavage leads to the a-imino gold carbene
intermediates 4bl and 4b2 from which we expected a 5exo-dig cyclization due to a
nucleophilic attack of Bz-N onto the gold-carbene. This should readily form the desired
aminoimidazole ring (7bl in Scheme 9.4), however, our attempts to locate this transition state
for the aminoimidazole ring formation were not successful.

Unexpectedly, a four-member ring is formed through a 4-endo-trig nucleophilic attack of
Bz-N onto the vicinal carbon to the gold-carbon cation with relatively high activation
energies of 28.9 or 31.7 kcal/mol for TSsp; or TSspy, respectively (Scheme 9.4 and Table
9.2). This unexpected result brings an explanation to the striking difference in thermal
requirements for this process, compared to the previous reaction with anthranil (-20 vs 80 °C).
This latter step, and its associated high activation energy due to the unfavorable 4-endo-trig
requirements opens the possibility for identifying this reaction as a 4m-electron electrocyclic
ring closure (vide infra).

After the formation of 5bl and 5b2 the reaction paths form a complex manifold in which a
ring expansion process occurs. Interestingly, both intermediates can ring expand via two
different mechanisms: 1- The N-amide attack onto the gold carbene and 2- The N acetamide
attack alternative (labelled A in Scheme 9.4) is less competitive for both intermediates and
results in the concomitant cleavage of the C-N bond, furnishing the ring expanded system in a
single step. The N imide attack (labelled B in Scheme 9.4) is kinetically favoured and it
involves a stepwise ring expansion process through the formation of a 2.2.1 bicyclic
structure, which is an actual but short lived intermediate that readily opens to furnish the final
6b2 imidazole ring. Interestingly, this complex manifold is another regioselectivity
determining stage since it allows cross-linking both paths. For instance, if the concerted N
acetamide attack could be made more favourable, the initial regioselectivity selected in the
starting step (TSsp1 and TSspz) would be reversed and the experimentally non-observed

isomer would be formed.
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1ststep AG” 2ndstep AGH 3rdstep AG* 4th step  AG* 5thstep  AG*

TSen1a 11.0
TS3n1 145 TSy 5.9 TSsp 28.9  TSeuwe 7.0 TSen1p’ 7.3
TSema 15.2

TSap 166 Ty 5.6 TSsp2 3L7  TSewe 6.1 TSen2B° 10.8
TS 30 16.2 TS, 28.7
Table 9.1. Calculated transition states and Gibbs free energies of activation (kcal mol

) for each step of the mechanism between 1.24-oxadiazoles and ynamide
MeN(Ms)C=CPh.

Due to the unexpected and rather unfavorable arrangement of the four member ring,
we decided to explore whether this step features pericyclic characteristics or if it
should be described as a rather unfavorable 4-endo-dig nucleophillic attack. To do
that we looked for signature consequences of a pericyclic process, like aromaticity at
the transition states. 2" *° Nucleus independent chemical shifts were therefore
computed at the four member ring geometrical center and along an axis perpendicular
to the ring. Pericyclic transition states show a bell our double bell shape profile for
this aromaticity magnetic parameter, with maximum value(s) near the center of the
ring. As it can see in Figure 9.1 this is hardly the case of the four member ring
formation. Chemical shift values are very low in the equatorial region of the ring
being formed, and they only increase when moving away from the ring due to the
accidental encounter with electron density from other fragments of the molecule. With
these results in hand, we can safely assume that this is not reaction of pericyclic

nature, but a fairly unfavorable nucleophillic attack.



Chapter 9 - Experimental Section 166

NICS (ppm)

off-plane distance (A)

Figure 9.1. Nucleus independent chemical shifts computed at the MO06/Def2SVPP
level for TSgp1 and TSsps.

9.3 Reaction of 4,5-dihydro-1,2,4-oxadiazole with ynamide
Finally, we considered the pathway for the reaction between 35-diphenyl-4,5-

dihydro-1,2,4-oxadiazole and ynamide PhC=C-N(Ms)Me (Scheme 9.5) to study how
the saturation of the 45 N-C bond affects the reactivity. With this substrate, the
starting nucleophilic attack of oxadiazole onto the activated ynamide triple bond
shows improved selectivity traits, comparable to that of anthranil (10.2 vs 18.2
kcal/mol). The favoured attacks for these two species show remarkably similar
barriers since the nucleophilic attack of anthranil onto the C1 of an activated terminal
ynamide required only 9.1 kcal/mol (the sp® nitrogen attack was also explored and it is
uncompetitive by more than 7 kcal/mol with respect to TSsx). Then a low activation
barrier allows for N-O bond cleavage, leading to a-imino gold carbene intermediates
4cl and 4c2. In this occasion the sole N-O cleavage does not produce a remarkable
energy drop, however, it is tightly associated to the loss of benzaldehyde (in a
barrierless manner for 3c2 and through a short lived intermediate for 3c2). Both steps
combined do provide a remarkable steep drop of more than 30 kcal/mol to yield the a-
imino gold carbene intermediates 4c1 and 4c2 and ensuring again irreversibility. The
open substrate undergoes again a costly 4-endo-trig cyclization, which requires about
30 kcal/mol for the favoured regioisomer 4cl. This high energy barrier explains why

the dehydrogenated substrate needs not only harsh temperatures, but also extended
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reaction times (Scheme 9.1). In this occasion, the four member cyclic intermediate
proceeds to the ring expansion only through a stepwise process and via the formation
of a short lived 2.1.0 bicyclic intermediate. The difference in energy of activation for
the imine (favoured) and the amine (unfavoured) attack in both paths is enough (5-6
kcal/mol, approximately) to ensure maintaining the regioselectivity obtained in the
starting step although, again, reversal of this trend would also revert the
regioselectivity of the process. A summary of the cost of each reaction step in this

catalytic process can be found in Table 9.2.

iststep AG"  2ndstep AG* 3rdstep AG*  4dthstep AGY  Sthstep AG'  6thstep AGH
TSeia 69  TSya 12
TSs: 102  TSuus 133 TSus 16  TSsua 293 TSeue 11 TSiw 1L
TSeon 149  TSipn 1P
TSss 182  TSuon 99  TSizs  ~  TSewa 324  TSee 102 TSy 14
TSy 180

Table 9.2. Calculated transition states and Gibbs free energies of activation (kcal
mol™) for each step of the mechanism between 1,5-dihydro-1,2,4-oxadiazole and the

ynamide MeN(Ms)=CPh.
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9.4 Conclusions

We investigated the similarities and differences in the mechanism of Au(l)
catalyzed [3+2] reaction between the mild nucleophiles anthranil, 3-tolyl-1,24-
oxadiazole and 3-phenyl-4,5-dihydro-1,2,4-oxadiazole and the highly polarized
alkyne, i.e. the ynamide PhC=C-N(Ms)Me. These reactions regioselectively afford 2-
amino-3-phenyl-7-acyl  indoles, N-acyl-5-aminoimidazoles or N-H-5-phenyl-4-
aminoimidazoles, respectively. In the proposed mechanisms, the vinyl gold
intermediate evolves by the oxazole or oxadiazole ring opening to a key o-imino gold
carbene complex. In all cases the regioselectivity is decided early in the reaction
coordinate, at the initial nucleophilic attack of N in anthranil or N2 in oxadiazole onto
the C1 carbon the gold(l)-activated ynamide in combination with an energy drop
during a-imino gold carbene formation. In the five member rings, however, a late
stage reaction path manifold opens the door for regioselectivity reversal, although this
is not the case in the reactions considered and tested experimentally. Such possibility
is opened through an unexpected four member ring formation which necessitates a
posterior ring expansion stage during which the C-N bond formed in the starting step
may be conserved or it may be broken. This late stage mechanism manifold could
therefore be exploited to steer regioselectivity towards the, so far, non-observed

product.
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