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Abstract 

The gold(I)-catalyzed chemoselective dearomatization of ɓ-naphthols is reported through a 

straightforward approach via [3,3]-sigmatropic rearrangement /allene-cyclyzation cascade 

processes. Easily accessed naphthyl-propargyl ethers and derivatives in this work are employed as 

starting materials. Delightfully, an array of deoramatized dyhydrofuryl -naphthalen-2(1H)-ones 

featured densely functional groups are obtained in high yields (up to 98%) in 10 min reaction time 

under extremely mild reaction conditions like reagent grade solvent and exposure to air. The 

potential of accessing to high enantioselectivety on the dearomatized dyhydrofuryl- 

naphthalen-2(1H)-ones is also approved by the good ee (65%) relying on (R)-xylyl - 

BINAP(AuCl)2. In addition, complete theoretical elucidation of the reaction pathway is also 

proposed which addresses a rationale for essential motivation such as regio- and chemoselectivity. 

Moreover, an efficient gold catalyzed intermolecular dearomatization of substituted ɓ-naphthols 

with allenamides is presented here. PPh3AuTFA (5 mol %) approves the efficient dearomatively 

allylation protocol under mild conditions and exhibits high tolerance on substrates scope (24 

examples) in good to excellent yield accompanied with high regioselectivity and stereoselectivity. 

Moreover, the synergistic catalytic system also highlight the synergistic function between the 

[PPh3Au]
+
 (-́acid) and TFA

ī
 (Lewis base). At last, a new chiral BINOL phosphoric acid silver 

salt is successfully synthesized and used as the chiral counter anion, which strongly promotes the 

enantioselectivity (up to 92%). 

At last but not least, crucially, SmI2 induced enantioselective formal synthesis of strychnine, a 

complex alkaloid and a classical target used to benchmark new synthetic methods is developed. 

Building on Reissigôs formal synthesis of racemic strychnine, we propose that ketoester will 

undergo an enantioselective radical cascade in the presence of an optimised chiral ligand to give 

enantiomerically enriched, complex intermediate. The radical cascade will proceed via ketyl 

radical in which the right hand ester moiety binds to Sm(III). Enantioselective dearomatising 

radical cyclisation on to the indole unit and further ET will then give organosamarium that is 

quenched diastereoselectively by the ester to deliver Strychnine in 7 steps. Since it has not been 

finished, this work is not presented in this thesis. 
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 Introduction 

1.1. Gold catalysis 

Gold has already been used as a member of monetary systems all over the world thousand years 

ago relying on its various advantage such as its stability, plasticity and rarity. On the other hand, 

gold also was used as decoration and medicine
[1]

 since its beauty and nontoxicity. In this trend, 

gold is not considered to be a transition metal catalyst in chemistry world as inertness of elemental 

gold. However, the chemical character would be greatly different when elemental gold exists in 

the form of ion rather than atom. Actually, gold catalyst
[2]

 has been used as a greatly important 

catalyst followed with other noble metal catalyst
[3]

 since last century and showed their promising 

ability in synthetic chemistry. In 1943, H. Gilman group
[4]

 firstly synthesized the trimethyl gold(III) 

compounds in diethyl ether with tribromogold 1 and methylithium (Scheme 1). This work clearly 

proved that organogold complex could be synthesized in the lab. However, it can not exist for long 

time even at -40 to -35 
o
C as the ether donor ligand was not sufficient to stabilize complex. To 

isolate the stable organogold compound, phosphine
[5]

 and nitro donor
[4b]

 ligands were used and 

tested. 

  

Scheme 1. synthesis of organocatalysis 

Fortunately, the stable organogold was isolated and could be preserved easily even at room 

temperature. Under this encouragement, various gold compounds
[6]

 were synthesized successfully 

which made the strong foundation for the further development in synthetic chemistry. However, 

even various kinds of gold compounds were prepared successfully in the lab, gold catalysis was 

mainly focused on heterogeneous catalysis such as the oxidation of carbon monoxide
[7]

 and the 

reduction of nitrogen monoxide with carbon monoxide and hydrogen to give nitrogen, 

carbondioxide, and water. In 1976, De Meijere group reported the heterogeneous gold catalyzed 

aromatization
[9]

 of the dispirocycle 3 to afford tetrahydronaphthalene 4 at 100 
o
C in few seconds 

(Scheme 2). Until the end of 20th century, only about 2% papers were about homogeneous gold 

catalysis among 230,000 papers on gold catalysis.
[10]

 Electron distribution of gold is [Xe]4f
14

5d
10
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6s
1 

and gold(I) and gold(III) are formed via removing one and three electrons respectively 

(oxidation process). For homogenous gold catalysis, the investigation of gold catalysis was 

certainly focused on Au(I) and Au(III) catalysts with studying the property respectively. In 1976, 

C. Barry Thomas group
[11]

 firstly reported the gold(III) catalyzed hydrochlorination of alkyne 

derivatives (Scheme 3). Even though he got four major products  

 

 

 

 

 

Scheme 2 aromatization transformation 

 

which due to the low regioselectivity and various competence between four nucleophiles in this 

condition. This work clearly approved the property of gold catalyst being an electrophile. Soon 

after, in 1987, K Utimoto and H Nozaki
[12]

 extended the research to intramolecular activation of 

alkynes with other kind of nucleophile like amino group.  

 

Scheme 3 alkoxylation of alkyne 

Besides alkyne substrate, the other -́electron rich compound allene was also considered as the 

suitable candidate for gold(III)  catalyst. In 2000, S. K. Hashmi
[13]

 group successfully obtained the 

furan product 12 through cyclization and Michael addition between allenyl ketones 10 and 

Ŭ,ɓ-unsaturated ketones 11 (Scheme 4). Actually, this reaction has been reported catalyzed by 

Ag
[14]

 and Pd(II)
[15]

. However, the result showed that gold gave better activating ability and the 

condition with gold(III) was more moderate at room temperature with lower loading amount of 

gold due to its Pd(II)-like d8 orbital and same electron attribution in the out sphere like Ag(I). In 

addition, gold(III) could also be used to obtain the functionalization of arene compounds via  
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Scheme 4 synthesis of furan 

activating C-H bond and Michael addition reaction. In 2003, A.S.K. Hashimi group
[16]

 applied 

gold(III) catalyst to functionalize the electron rich arene like furans 13 and azulene 14 with vinyl 

ketone to afford compounds 16 and 17, respectively (Scheme 5). In this work, acetonitrile 

guaranteed the reaction to choose the functionalization pathway selectively rather than other 

typical decomposition and polymerization reactions, especially for furan compounds.  

 

Scheme 5. C-H activation 

On the other hand, the first landmark in gold(I) catalysis was reported by Ito and Hayashi
[17]

 group 

in 1986. Aldehydes 18 and isocyanoacetate 19 were activated via organogold catalyst which 

underwent the intermediate conformation (Scheme 6). Ferrocenylphosphanegold(I) complex 

showed promising catalytic reactivity in this transformation even without any assistance from 

additives. In the meantime, the ligand
[18]

 also approved its function on adjusting the property of  

 

Scheme 6 Au(I) catalyzed activation on ketyl group  
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gold cation. In 1991, K. Utimoto published their research
[15]

 on the preparation of 

2,3,4,5-tetrahydropyridines 22 from 5-alkynylamines 21 via gold(III) salt (Scheme 7) under reflux 

conditions. However, the study
[16]

 by T. E. Muller group showed that Au(I) was more efficient 

than that Au(III) for the title protocol. The conversion with the cationic [AuCl(triphos)](NO3)2 

catalyst was up to initial TOF of 212 h
-1
 in refluxing acetonitrile. 

  

 
Scheme 7 amination of alkyne 

In 1998, J. Henrique Teles group
[17]

 showed that gold could transfer the alkyne compounds into an 

nucleotrophilic substrate as a ́ -ligand.(Scheme 8). Then, nucleophilic attack of the alcohol to the 

sp hybridized carbon of alkyne 24 from the back face delivered the product 25. On the other hand, 

when another nucleophile was introduced on the substrates 26, the reaction would be motived to 

sequent addition step to afford product 27. In comparison to mercury(II)
[18]

 and Au(III)
[19]

 

mediated water/methanol addition to unactivated alkynes, Au(I) showed its various advantages 

such as the lower loading (TON up to 105, TOF up to 5400 h
-1
) and higher thermal stability. 

 

 

Scheme 8 alkoxylation of alkyne 

 

In the meantime, this work discovered the considerable influence from phosphorous ligands. As a 

matter of fact, when electron deficient ligands were used, the activity of gold catalyst increased 

correspondingly. In addition, stabilizing anions also proved to be a vital factor regarding the 

catalytic activity of gold complex. Based on the above results, the authors proposed the catalytic 

model proposed in Scheme 9.
[20]
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Scheme 9 mechanism of alkoxylation  

Firstly, they proposed that gold cation will  coordinate to 24 in solution delivering the intermediate 

I . Then nucleophilic methanol attacked this intermediate via interacting with gold center at first in 

syn-conformation. This interaction then went through electron transfer and gave the gold 

compound III  which would be quenched by protonation process. At last, product 26 was 

synthesized and gold complex restored in solution. 

Since then, the study on gold(I) catalysis has attracted chemistsô attention all over the world. In 

particular, across years 2000, the number of published paper regarding gold catalysis faces a sharp 

increase (Figure 1).
[21]

  

 

Figure 1. Total number of publications on gold catalysis per year 



Chapter 1 

6 
 

Under this background, to figure out the way gold(I) worked also became the first mission for 

chemists so that the application area of gold(I) could be extended in more fields. On this work, 

assisted by theoretical chemistry, F. Dean Toste group
[22]

 and Alois Furstner
[23]

 group shed the 

light into the essential character of gold(I) which provided strong guidance on the new 

transformation in synthetic chemistry via gold catalysis which enriched the accesses to valued 

compounds
[24]

.  

As showed above, phosphine ligand playes a very important role on the activity of gold cation 
[18]

. 

In 2003, P. Schwerdtfeger group
[25]

 did the study on stability of the gold(I)-phosphine complexes 

using quantum theoretical methods. This study approved that the most stable coordination number 

of gold(I) is two and further coordination will  become weaker. The comparison of crystal structure 

of two relative gold complexes (Figure 2-3) provides detailed information. [Ph3PAuCl] 28 existes 

in linear (Ŭ=179.6
o
) conformation while the bond length of Au-P and Au-Cl are 2.235 Å and 2.279 

Å respectively. 

 

 

 

Figure 2. Ŭ=179.6°, rAuКP=2.235 Å, rAuКCl= 2.279 Å 

 

If [Ph3PAuCl] coordinates another molecule of Ph3P, the bend of P-Au-Cl will  happen from 

repulsion of second Ph3P ligand. The angle of P1-Au-Cl becomes from 179.6° to 115.1° and 

another angle of P2-Au-Cl is 108.1°.   

However, the difference of strength between two P-Au bond is very large which is presented 

clearly via the length of P-Au bond which are rAuКP1=2.230 Å and rAuКP2=2.313 respectively. The 

longer length bond is weaker which means the third ligand only coordinated to Au(I) loosely
[25]

.  
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On the other hand, the bond length of Au-Cl also increases from 2.279 Å to 2.526 Å which 

decreases the bond strength on the other hand. Moreover, when another s-donating ligand (i.e. 

PCy3) which is added, chloro anion would be replaced by forming the linear Cy3P-Au-PCy3 

(Figure 4).
[26]

 

 

 

 
 

 

Figure 3. Ŭ =115.1Á, ɓ=108.1Á, rAuКP1=2.230 Å, rAuКP2=2.313 Å, rAuКCl=2.526 Å) and comparison with 

the computed structure of [AuCl(PH3)2] 30 

 

 

Figure 4. Structure of [AuCl(PCy3)2] (31) in the solid state together with a schematic representation;Ŭ 

=180° 
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The relation between structure and function of gold(I) catalyst usually cannot be described 

separately. Inversely, considering both aspects and their relation has become the research model in 

chemistry area. Numerous works have vetirified that gold(I) showed the promising property on 

activation of alkenes, alkynes and allenes and other ́ -system. Besides the study on the 

coordination form which decides the conformation of interacting  ́ ligand, what decides the 

reactivity of these species also aroused chemistsô curiosity. Assisted by theoretical studies on 

gold
[23,24]

, the essence of catalytic property is disclosed. Catalytic attitude and unique behavior can 

be explained based on its electronic configuration Generally, the bonding model for 

transition-metal complex interacting ́-electron followes the DewarïChattïDuncanson (DCD) 

model
[27]

 which is applicable to gold(I) as well. The bond formed between gold(I) and -́ligand is 

considered as donor-accepter interaction. In this model, ́ -ligand will form a new ů bond with 

gold(I) by overlapping the  ́ electron with empty metal orbitals of suitable symmetry. In the 

meantime, the back-donating process of electron density proceeds from a filled d orbital into an 

anti-bonding ́ * orbital of the corresponding -́ligand.
[27]

  

In addition, the electrostatic interactions in the total bonding also slowly was figured out by  

 

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

ligand[29] 

chemists and computational study with high level of theory approved that almost half contribution 

on the interaction was donated by electrostatic in nature
[28]

.
 
Alois Furstner

[23]
 described the details 

of electronic structure of the bond of transition metal with alkynes. The bond formation benefited 

from four principle components (Figure 5). The in-plane ĺl  orbitals are responsible for a 
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ů-symmetric MœL donation and the anti-bond orbitals of ́ ll are ready for M̥L electron 

back-donation. On the other hand, the orthogonal, out-plane ́ ų orbitals then engage in MœL  ́

donation and an occupied d orbital of the metal and the empty anti- ų́ orbital of alkyne interacts 

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

contribution to the bonding.  

In addition, the analyzed result is supported by higher level computational methods which 

strengthen this electron structure model strongly. For example, with Au
+
-acetylene complex 

([Au
+
(C2H2)]), the ů interaction contributed largest electron density to the orbital term which is 65% 

while other three components contributed 27%, 7%, 1% respectively. This data may conclude that 

-́ligands are strong two-electron ů donor but weak ́ accepters for Au(I).  

When the electron density shift between gold(I) and ́ -ligand, the ́ -ligand goes through distortion 

to be ready for the nucleophile. Hence, more detailed information about this transition state such 

as metal-alkyne needs to be dug more. Now it gets agreement in chemistry community on gold 

that metal fragment is flexible and walking along the axis of ́ electron functional group back and 

forth (Scheme 10) and the nucleophile attacked from the opposite site of gold. During this process, 

gold(I) cation dived into the ́-electron sink, as ñ ́acidò, and causes the change of the bond length 

which becomes longer and lower energy barrier of rotation of the ligand around gold-ligand 

centroid axis. In the meantime, the ́ ligand is transformed from nucleophile to electrophile 

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

 

 

 

Scheme 10 Schematic representation of the redistribution of electrons upon nucleophilic attack onto an 

alkene bound to a pacidic metal template 

In the meantime, this ñsoftò character of large and polarizable gold(I) makes itself more affinity to 

substrate and provides the milder reaction condition compared to Brønsted acid. The reason why 
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gold(I) cation exhibits so brilliant Lewis acid property should belong to a relatively low-lying 

lowest unoccupied molecular orbital. What is more, compared with other group 11 metals, gold(I)  

 

Scheme 11. Au-alkylidene 

exhibits more electron affinity as the relativistic contraction of the valence 6s and 6p orbitals. 

Besides these characters, the study which has been done by Irikura & Goddard discovered that 

Au-CH2
+
 not only featured the ů bond character, but was it revealed the multiple bond property 

which the ́  bond is formed from backbonding from Au
+
 to methylene (Scheme 11)

[30]
 and the 

model is showed in Figure 6. The calculation
[31]

 on gold(I)-ethylene and gold(I)-ethyne 

complexes showed contrary results toward DewarïChattïDuncanson (DCD) model bonding 

because the energy of antibonding orbitals is so high that it is not suitable to receive the 

backdonating electron density. However, the lower-energy non-bonding p orbitals become a more 

competitive candidate to overlap with the filled 5d orbitals of gold(I). In this mode, another 

 

Figure 6. Model of important bonding interactions in LïAu(I)ïCR2þ species 

 

 

Scheme 12. a) protonation. b) The Au 5d electrons back-bond into conjugated empty carbon p orbitals. 
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reaction pathway came into chemistsô horizon which provides various transformation 

opportunities in advanced organic chemistry (Scheme 12b).  

The gold-alkyne intermediate 33 can procede through two possible pathways, the direct 

protonation process to achieve addition reaction or electron back-donation into conjugated empty 

carbon p orbitals which formed Au-C ˊ bond 36ô accompanied with formation of a new 

electrophile. 

 

Scheme 13 example of application of carbene gold intermediate 

Intermediate 36 was studied that it existes in two conformations between gold-stabilized 

carbocation and gold-stabilized carbene 
[32]

 which could be adjusted by modulating the adjacent 

vinyl group and ligand. Based on these studies cyclization and isomerization of enynes have been 

published (Scheme 13) in the Echavarren group,
[33]

 the Furstner group
[34]

 and the Toste group
[35]

 

which strengthened gold-carbene intermediate theory.  

. 
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1.1.1 Gold catalyzed activation of alkene 

 

Alkene compounds have shown its valuable application being an functional unite in the synthesis 

of natural and pharmaceutical compounds via metal
[36]

 and organo- catalysis
[37]

 based on the 

electron rich character. Along with the application of Pd, Rh on activation of alkene functional 

groups, gold catalyst showed its advantages like mild reaction conditions, high efficiency and high 

tolerance toward hash reaction conditions.  

The alkene function group contains a ́ -bond and it could easily coordinate to gold which has been 

proved a great soft ́ acid. In this process between gold and the ́  ligand, alkene could be induced 

into electrophilic property which could accept the attack of nucleophile which is exhibited in 

Scheme 14 in linear model. Then the gold-alkyl intermediate 48 would go through 

protodeauration process by releasing gold catalyst to recycle in the next catalytic cycle.
 [38]

 

 

Scheme 14. Model of activation on alkene 

In the past decades, various nucleophiles have been developed all over the world trigged by gold 

catalyst to form new C-X (C-O, C-S, C-C and C-N) bond and construct more novel molecules 
[39]

. 

The initial study on the activation via gold catalyst to form the C-O bond was accomplished in C. 

He group
[40]

. In this work, in situ catalyst Ph3PAuCl/AgOTf expressed its unique ability compared. 

to triflic acid, ZnOTf2 and AgOTf on the activation of alkene and achieved the Markovnikov-like 

addition of phenols and carboxylic acids to C=C under mild reaction conditions. Besides high 

yield and high tolerance on functional group, this catalytic system could also be applicable on  
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Scheme 15. Alkoxylation of alkene and mechanism 

intramolecular reaction. In addition, this promising result could be supportive on the proposed 

gold catalyzed activation of alkene (Scheme 15). In 2017, M. Carmen Galan group
[41]

 successfully 

reported the gold(I) catalyzed directly stereoselective synthesis of deoxyglycosides with glycals 

58 (Scheme 16). This work presented the further potential application on the functionalization of 

more challenge molecule and approved the potential value on the synthesis of functional 

compounds. 

In this work, [(pCF3Ph)3P)AuCl] and AgOTf were used to be the optimized catalyst which could 

gave high yield and high stereoselectivity on the Ŭ carbon. It was worth to notify that the loading 

and ratio of gold complex and silver salt could change the result greatly. Furthermore, with this 

catalytic method, the cascade synthesis of di-, tri- and tetrasaccharides could be obtained 

accompanied with good stereoselectivity and moderate yield. On the other hand, the mechanistic 
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study proposed that the oxygen was involved in a conjugation system with the double bond which 

formed ketyl group having oxygen Onium 60ô. Then it can accept the attack of alcohol 58 to form 

 

Scheme 16. Synthesis of deoxyglycosides 

the deoxyglycosides 59. On the other hand, constructing C-N bond in efficient and friend method 

also were developed via gold catalysis. In 2016, Chuan He group
[42]

 developed the gold catalyzed 

hydroamination of alkenes (intra and inter) and diene respectively (Scheme 17). In the work of 

activation on alkene, p-toluenesulfonamide 62 was chose to be the nucleophile to construct acyclic 

 

Scheme 17. Amination of alkene 
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or cyclic nitrogen-containing molecules which have potential applications in human health. This 

methodology firstly approved the ability of gold cation to afford C-N bond since the high 

tolerance of substrate bearing various functional group and wide application in inter and intra 

hydroamination reaction. In addition, when the alkene substrates were replaced by dienes 

compounds 67, benzyl carbamate 66 being the nucleophile, the results were still promising and 

inspiring (Scheme 17b). Even though the diene substrates are more reactive then alkene 

compounds, the selectivity arises as a new challenge in front chemists. However, this catalytic 

system afforded high selectivity between two double bonds. 

 

Scheme 18 Intramolecular amination of alkene 

In the same year (2006), Ross A. Widenhoefer group
[43]

 studied The thesis is to redundant of 

phrase like the previous one. Please shorten the thens of ca. 15% length.. for instanceé the above 

senten cein yellow replaced by ñstudiedò, only one word hydroamination of alkene compounds 
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catalyzed by gold catalysis. He designed firstly alkenyl carbamates 69 as the examination object to 

form protected pyrrolidines, piperidines, and heterobicyclic compounds 70 assisted by in situ 

catalysis of Au[P(t-Bu)2(o-biphenyl)]Cl and AgOTf (5 mol%) in dioxane at 60°C (Scheme 18a). 

In the meantime, various kinds of substrates bearing harsh substituents were very friend to this 

catalytic system and offered corresponding product smoothly. Based on this work, they kept 

working on other studies by adjusting the protection group of nitrogen with ureas 71, 

carboxamides 73 and ammonium salts 75 (Scheme 18 b, c, d). By adjusting the ligand, promising 

results could be obtained which meant ligands played very important role to manage the property 

of gold(I) to fit different substrates. 

Besides, Ross A. Widenhoefer group did not stop to explore more applicable hrdroamination 

reaction of olefins. They turned attention on the intermolecular hydroamination with gold(I) 

catalysis. Firstly, in 2009, cyclic ureas 77 was selected as the nucleophile and the catalytic  

 

Scheme 19. Intermolecular amination of alkene 

condition was based on the previous work using in situ catalysis of Au[P(t-Bu)2(o-biphenyl)]Cl 

and AgOTf (5 mol%) in dioxane but at higher temperature (100 °C). In the meantime, the 

challenge of high enantioselectivity was tackled by designing and examined different phosphine 

ligand, the result proved that [(S)-4](AuCl)2 [(S)-L(S)-3,5-t-Bu-4-MeO-MeOBIPHEP] ligand 

could afford almost 78% ee in this work (Scheme 19, 2009).
 [44]

  

Based on the analysis of the above results, the products were all the Markovnikov hydroamination. 

Widenhoefer developed the alkylidenecyclopropanes which is a kind of attractive substrates for 

the synthesis of functionalized cyclopropanes owing to the strain-driven reactivity to achieve the 
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goal that harvesting the anti-Markovnikov hydroamination product (Scheme 19, 2015).
 [45]

 Gold 

complex with L  ligand and SbF6  ̄ anion was chose to be the best catalyst to selectively collect the 

anti-Markovnikov hydroamination products instead of passing through ring opening process and 

Markovnikov hydroamination pathway. This work represents both the first examples of the 

transition-metal-catalyzed hydroamination of an ACP without ring opening and the first examples 

of the transition-metal-catalyzed anti-Markovnikov hydroamination of an aliphatic, non- 

cumulated alkene compared with previous relative works. 

The study of the mechanism on the gold catalyzed hydroamination has been proposed in above 

promising work, however the role of counteranion was almost neglected in the catalytic cycle. In 

2007, Agust Lledos
[46]

 shed the light and dug more details about the role of counteranion assisted 

with computational studies in the addition reaction of benzyl carbamate to dienes (Scheme 20). 

Firstly, the 
-
OTf

 
counter anion would be replaced by the diene ligand and the format of 

coordination with gold preferred the ɖ
2
-type which only one double bond was coordinated with 

gold(I). Benzyl carbamate then come to attack the olefin from the back face leaded to gold-alkyl 

intermediate 85. At this step, 
-
OTf

 
counter anion joined in the next step which assisted the 

tautomerization to form 86 intermediate which could be quenched during the protodeauration 

process.  

 

Scheme 20. The function of counter anion 

In 2010, F. Dean Toste
[47]

 successfully obtained the alkyl gold complexes by the intramolecular 
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aminoauration of unactivated alkenes. It was proposed two possible catalytic pathways including 

syn-addition and anti-addition (Scheme 21). When aminoauration product 89 was formed, it could  

 

Scheme 21. Systhesis of alkyl gold complex 

be isolated or undergo the protodeauration process with external proton source. Between these two 

possibilities, the experiments provided the convinced experimental evidence for the elementary 

step of gold-drove nucleophilic addition to olefin. Deuterium-labeling studies and X-ray crystals 

structure also gave the strong support for the anti-addition model of the amino nucleophile to the 

gold activated alkene. On the other hand, DFT analysis also was consistent with the experiment 

truth. 

What is more, asymmetric hydroamination reaction of alkene became the other challenge of gold 

catalysis since the large diameter of gold and the linear coordination style. Efforts have been 

invested greatly on this area by adjusting the ligand. In 2011, F. Dean Toste
[48]

 developed regio- 

and enantioselective hydroamination of dienes 95 with in situ (R)-DTBM-SEGPHOS(AuCl)2 and 

AgBF4 in DCM at room temperature. (Scheme 22). To control the regioselectivity and 

enantioselectivity of the reaction, chiral ligand is the very important factor and the other important 

reason is that the addition of methnol as a cocatalyst which could act as a Brønsted acid when 

coordinated to the gold catalyst. Soon after, in 2014, Widenhoefer 
[49] 

reported the enantioselective 
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intramolecular hydroamination of unactivated alkenes 97 based on their previous racemic work by 

introducing the (S)- DTBM-MeO-BIPHEP] ligand and silver tetrafluoro borate (AgBF4) in  

methanol. Eventually, the ee was almost 85% which attributed to the chiral ligand and the 

additives methanol (Scheme 22). 

 

Scheme 22 

Then in 2017, Michon
[50] 

realized that using single chiral binuclear gold(I) choloride complex and 

AgClO4 can achieve enantioselective control of hydroamination of alkene 99 and afford both 

enantiomers of the product (Scheme 22, 100-R and 100-S) by just changing the solvent. All the 

results obtained above disclosed the clue to design the suitable catalytic system and provided the 

guidance for the creative work for chemists who worked on gold catalysis in organic synthesis, 

especially for enantioselective control. 
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Besides nitrogen nucleophile, carbon could also act as a very useful nucleophile which can form 

C-C bond combined with activation of alkenes catalyzed by gold catalyst. Actually, compared to 

nitrogen nucleophile, carbon is less nucleophilic and usually need harsh reaction condition to drive 

the reaction. Under this reality, more active methylene was chose to be the candidate of carbon 

 

Scheme 23. C-C bond constriction 

nucleophile firstly. In 2004, Chaojun Li group
[51]

 originally reported the C-C construction through 

activation of alkene 102 via gold catalysis and addition reaction of methylene 101 by forming the 

addition product 103 while the yield was up to 92% (Scheme 23). After testing various substrates 

with this method, AuCl3/AgOTf showed its high efficiency and high tolerance on the functional 

group. 

Next year (2005), this group
[52]

 extent this catalytic system to dienes, triene, and cyclic enol ethers 

(Scheme 23) substrate 104 which successfully got high regioselectivity to form the carbocycles 

and heterocycles 105 through a highly atom-economical carbonīcarbon bond formation. 

Those two works encouraged chemists to explore more common carbon nucleophile to construct 

C-C bond with alkene derivatives catalyzed by gold catalyst. In 2007, Chi-Miing Che group
[53]

 

developed intramolecular addition of ɓ-Ketoamide to unactivated alkenes 106 activated by 5 mol % 

of Au[P(t-Bu)2(o-biphenyl)]Cl/AgOTf at 50°C  (Scheme 24a). Even though all the results 

approved the value of gold catalysis on the activation of alkenes and construction of C-C bond, the 

carbon nucleophiles were mainly focused on the activated carbon like 1,3-diketone compounds. 

To break this limitation of substrates, in 2011, Chi-Ming Che group
[54]

 achieved the direct 

intra-molecular hydroalkylation of unactivated alkenes with a-ketones 108 (Scheme 24b). In this 

work, stronger catalyst of iPrAuCl/AgClO4 worked very well which belonged to its strong 

electron deficiency property. In addition, this catalytic system allowed various substituents to be 

introduced without compromise of decreasing the yield.  
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Scheme 24. Intramolecular C-C bond construction 

Besides gold catalyzed hydroalkylation of alkenes, construction of C-C on the activation of alkene 

by gold catalyst can also be achieved through hydroarylation of olefin with arenes compounds. In 

2008, Chi-Ming Che group
[55]

 reported their work of intermolecular hydroarylation of alkenes 111 

with indoles 101 at 80 °C in toluene (Scheme 25a). Compared to previous work, this method 

provided more moderate reaction conditions and surprisingly expanded largely wide scope of 

substrates (more than 45 substrates). 

 

Scheme 25.  
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On the other hand, high regioselectivity and promising yield can be obtained. In 2016, 

Widenhoefer
[56]

 developed another method (Scheme 25b) to get the anti-Markovnikov product 

115 with indol derivatives 113 and methylenecyclopropanes 114, which approved the flexibility of 

gold catalysis by adjusting the state of gold with different ligand and solvent. 

Compared with the nucleophiles like carbon, nitrogen and oxygen, the study of organosulfur is 

really rare since it is known to poison transition-metal catalysts. However, it does not mean that 

organosulfur is impossible to be a nucleophile in gold catalysis. In 2016, Akiya Ogawa group
[57]

 

successfully reported the gold catalyzed Anti-Markovnikov selective hydrothiolation of 

unactivated alkenes in THF at moderate temperature (Scheme 26). This work not only gave high 

yield, high selectivity and high tolerance on functional group, it also provided another possible 

catalytic model which was different with the common style. In this work, it was proposed that 

organosulfur 117 will coordinate to gold by replacing
 -
NTf counter anion to form the Ph3PAuSR2. 

Then it reacted with PPh3AuNTf2 to form tetranuclear gold complex A which will activate alkene  

 

 

Scheme 26. C-S bond construction 
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116 by coordination and subsequent addition of the AuīS species into the double bond of the 

unactivated alkene affords goldīalkene complex D. The last step of protodeauration by the thiol 

provides the anti-Markovnikov hydrothiolation product selectively, with the regeneration of A. 

 

 

Scheme 27. C-S bond construction 

Soon after in 2018, Troels Skrydstrup group
[58] 

(Scheme 27)developed another protocol to 

construct C-S bond with alkene catalyzed by gold(I) catalyst using ex situ formation of 

methanethiol which formed from inexpensive S-methylisothiourea hemisulfate salt. This protocol 

enriched the methodologis about the construction of C-S bond with simple sulfur source and 

avoided the dangerous manipulation of it. 

At last, the new creative study
[59]

 on gold catalysis proved that gold(I) can not only worked as 

Lewis acid to activate multiple bond, it can also pass through Au(I)/Au(III) redox catalytic cycle 

by adding oxidants and merging visible light photoredox. In general, in this redox catalytic cycle 

of gold, there are mainly two pathways
[60] 

(Scheme 28,).  

 

Scheme 28 
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In path I, gold(I) will be oxidized directly by oxidative addition into gold(III) 124 which 

undergoes a ligand exchange process with another substrate to be ready for the next reductive 

elimination process by gold(III) 125 to afford the final product and release the gold(I)123. 

Another path II, gold(I) will firstly be oxidized in to gold(II) 126 and it will be oxidized again into  

gold(III) 127 which experiences reductive elimination to give the final product and release the 

gold(I). 

In 2010, F. Dean Toste group
[61]

 reported their work about intra-molecular amino arylation of 

alkenes making use of the Au(I)/Au(III) catalytic cycle. In this reaction, selectfluor acted as an 

external oxidants to oxidize gold(I) into gold(III) which then went through ligand exchange with 

starting material 128 (Scheme 29). When the gold(III)-alkyl intermediate II  formed, based on 

previous work
[62]

, it was thought that gold(III)ïalkyl will interact with phenylboronic acid and 

form the intermediate IV which experienced reductive elimination to afford the final product. But 

further controlled experiments show that intermediate IV cannot be formed in this reaction and it  

 

Scheme 29. Amination and phenylation of alkene 
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was proposed that intermediate I II  was transferred into V which induces a bimolecular reductive 

elimination to afford the final bifunctionalized product 130. In this mechanism, the B-F interaction 

was greatly vital for the reductive elimination step, because it increases the nucleophilicity of the 

boronic acid and the electrophilicity of the carbon gold(III) moiety. In the same year, Liming 

Zhang
[62]

 also published relative work which extended the nucleophile to oxygen and also high 

yield were obtained. On the other hand, Cristina Nevado group
[63]

 enriched the application of this 

catalytic model by achieving the gold catalyzed aminooxygenation of alkenes and a novel alkene 

aminoamidation by gold activation of nitriles was also successful. 

In 2011, Liming Zhang group
[64]

 combined gold(I)/gold(III) catalysis and C-H functionalization 

into one work(Scheme 30). By coupling with the aminoauration intermediate, the electrophilic 

aromatic compounds completed an intramolecular [3+2] annulation process in 131 to afford 

tricyclic indolines 132. Deuterium labeling and kinetic isotope effect studies also strongly 

approved the subsequent inner-sphere concerted reductive mechanism. 

 

Scheme 30. Alkylation and amination of alkene 

In addition to adding oxidants to drive the Au(I)/Au(III) catalytic cycle, merging visible light 

photo-catalyst can also force this Au(I)/Au(III) catalytic cycle to happen effectively. In 2013, 

Frank Glorius group
[65]

 published the visible light-mediated oxy- and aminoarylation of alkenes 

via the synergistic catalysis between gold and photo-catalyst (Scheme 31). Aryldiazonium salts 

134 are known as a good radical source of phenyl radical-activated by visible light. The most 

challenge task in this work is that the aurated intermediate A could catch the phenyl radical B and 

gold(II) complex C could also be oxidized into gold(III) complex D.  

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

matter the nucleophile is oxygen or nitrogen, this catalytic system worked smoothly. In the 
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Scheme 31. Au(I)/ Au(III) catalytic cycle 

mechanism they proposed, the alkene firstly did the anti-selective cyclization and affored 

alkyl-gold(I) A. Then phenyl radical B formed from the reduction of aryldiazonium salts 134 

reduced by Ru(II) catalyst was captured by A to give the gold(II) intermediate C via single 

electron oxidation process. Then gold(II) intermediate kept being oxidized into gold(III) D 

complex by the oxidized Ru(III) catalyst. At last, gold(III) D complex went through reductive 

elimination to offer the final product and released gold(I) catalyst to be recycled. Besides this 

work, more and more works based on this catalytic system have been published in the following 

year 
[66]

.  

All the works summarized above have shown that the activation of alkene by gold(I) provide 

colorful synthetic tools for chemists to synthesize more valuable compounds. In addition, the 

study on this area also builds strong foundation for further research on gold catalysis and alkenes 

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

 

Alkyne compounds
[67]

 have become star compounds for transition metal catalyst to form various 

functionalized molecules in the past years. Gold catalyst also raised up to a talented member of 

activating alkyne compounds
[67c,d]

 in the past decades since its character of ́-electron affinity and 

the adjustable ability on the spatial structure and electron property.  

So far, the activation models of alkyne by gold are classified based on the work reported by Toste, 

Zhang and Hashmi, respectively(Scheme 32). The first one: -́activation mode (Scheme 32a) 

occurrs by the coordination with gold and the nucleophile attacked the alkyne to form the 

gold-akenyl intermediate 137.  

The second catalytic model is called dual ů, ˊ-activation mode which was proposed by F. D. 

Toste,
[68]

 Hashmi and Zhang
[69]

 (Scheme 32b). This mode proposed that one alkyne was activated 

by ́ -coordination andů-coordination or when the substrate contained two alkyne groups, one  

 

Scheme 32  
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alkyne moiety was activated by gold catalyst through ˊ-coordination while the other one was 

activated by gold catalyst in ů-coordination. In addition to above two modes, in 2014, Hashmi 

group
[70]

 developed the ů-activation mode (Scheme 32c). In this mode, the alkyne part of substrate 

was activated by ů-coordination format with gold catalyst leading to the increase of 

nucleophilicity of ɓ-carbon atom of 142. These catalytic models provide effective and efficient 

theoretic foundation for the gold catalysis accessing to numerous valued compounds by 

constructing C-C, C-X bond.  

Amination of alkyne catalyzed has been a very useful approach accessing to C-N construction 

since nitrogen played very important role in pharmaceuticals. Gold catalyzed amination of alkyne 

has already provided numerous of method to construct nitrogen-including molecules. In 2009, 

Paul W. Davies group
[71]

 established an approach to access to synthesis of pyrroles from alkynyl 

aziridines 144 catalyzed by gold catalyst (Scheme 33). Relying on the activation of gold, N-tosyl  

 

 

Scheme 33. Synthesis of pyrrol derivatives 

alkynyl aziridines underwent ring opening process and the nitrogen atom as a nucleophile attacked 

the alkyne from the opposite direction to form the C-N bond. On the other hand, the effect of the 

counterion on the reaction site of Ŭ and ɓ was demonstrated. When the counterion was 
͠
OTs, the 

reaction pathway went to afford 2, 5-substitued pyrrols and when the counterion was 
͠
OTf, 

2,4-substitued pyrrols were formed.  
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In 2010, Asensio 
[72a]

 developed NHC-stabilized Gold(I) catalyzed 6-exo-dig or 5-endo-dig 

cyclization of 3-substituted 1-(o-ethynylaryl)ureas 147 by adjusting ligand and substituents of 147 

(Scheme 34a). In this work, the most difficult challenge was the selectivity of two N nucleophiles 

(N1 and N3). With the optimized reaction condition, 6-exo-dig 148 or 5-endo-dig 149 cyclized 

product almost obtained high yield which were 96% and 92% respectively. In the meantime, the 

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

which means that spatial structure of substrates could also control the reaction mode. 

 

 

Scheme 34. Amination of alkyne 

This new protocol also made the synthesis of 4-methylene -3,4- dihydroquinazolin -2- one core 

easier and economic. 

In 2013, Silvia Catalan group
[72b]

 chose a different strategy to obtain enantiomerically pure 

isoindoline 151 and dihydroisoquinoline 152 scaffolds by using an enantiomerically pure starting 

material 150 (Scheme 34b). There are also two possible reacting sites on alkyne group. The result 

showed that R2 substituents could improve the selectivity between Ŭ and ɓ carbon. Results showed 

that electron-donating alkyne substitution led preferably to 6-endo-dig cyclization, while an 

electron-withdrawing effect favored isoindoline formation. As well as the RF substituent 

contributed a lot to the regioselectivity.  
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Scheme 35. Application of carben gold intermediate 

Besides intromalecular amination of alkynes, intermolecular type reactions also were achieved 

successfully. In 2015, Xueliang Huang group
[73] 

used 2H-azirines 152 and ynamides 153 as the 

starting material to synthesize highly substituted pyrroles 154 in a direct method (Scheme 35). In 

this reaction, [JohnPhosAu(MeCN)]SbF6 (3 mol%) was optimized as the best catalyst which could 

work in moderate conditions and gave the final pyrroles 154 in good to excellent yield. On the 

other hand, the loading of the gold catalyst was very low together with high scope of substrates. At 
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last, they proposed a mechanism consistent with ́ coordination model (Scheme 32a). Then 

gold-carbenoid B (Scheme 35) pathway was preferred.  

One year later, Antonio M. Echavarren group
[74]

 achieved aminocyclized product 156 from enynes 

155 with high yield (up to 98%) and high tolerance on functional group catalyzed by 

JohnPhosAu(I) complex in DCM (Scheme 35). In this catalytic system, carbenoid gold 

intermediated was proposed and accepted the attack of aniline compounds to form the heteroatom 

cyclized product 156. 

Along with the development of gold catalyzed C-N construction by activating alkynes with gold, 

more and more complicate and creative reactions were also designed. In 2017, A. Stephen K. 

Hashmi group
[75]

 (Scheme 36) reported synthestic strategy to fully substituted 4-aminoimidazoles  

 

Scheme 36. Synthesis of heterocompounds 
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through selective [3 + 2] annulation of 1,2,4-oxadiazoles 158 with ynamides 157 in the presence 

of IPrAuCl/AgNTf2 (5 mol %) in PhCF3. This method disclosed a new chapter for the 

atom-economic synthesis of polysubstituted 4-aminoimidazole derivatives 159. They tested more 

than twenty substrates bearing various substituents and the results were very acceptable. In the 

meantime, gram-scale synthesis reaction was also set up and the tolerance of this catalytic system 

was very promising. After this work, they also kept expanding the different nucleophiles to 

construct the C-N bond 
[75b,c]

 by gold(III) catalyst which have obtained promising results.  

In 2018, Xinfang Xu group
[76]

 designed a new alkynylazide 160 (Scheme 36b) capable of 

delivering bicyclized product 161. Under the assistance of gold catalyst, the fused indoles in good 

to high yields under mild reaction conditions were collected successfully. This reaction started 

with a gold catalyzed 5-endo-dig cyclization to form the Ŭ-imino carbenoid which was pivotal step 

for the second step of OīH 161a, NīH insertion 161b, and electrophilic aromatic substitution 

161c to yield the corresponding polycyclic N-heterocycles. The product obtained could be further 

transformed into spirooxindoles with high yield. 

The strategy to construct C-N bond catalyzed by gold(I) complex with alkyne is not limited to the 

work above. As a matter of fact, anthranils
[77]

, indazoles
[78]

 and others
[79]

 have also been used as 

nitrogen sources for the annulation with alkynes to synthesize the corresponding C-N 

bond-included products. 

Besides construction of C-N, alkyne can also be catalyzed to construct C-O bond by accepting 

attack of oxygen as the nucleophile. In 2005, Jean-Pierre Genet group
[80]

 made use of 

bis-homopropargylic alcohol 162 as the tested target and AuCl as the catalyst to form the 

bicyclized product 163 in methanol (Scheme 37a). Under optimized conditions, the functional 

group tolerance was very good in corresponding yield of good to excellent (74% to 99%) while 

the loading of catalyst was only 2 mol%. Besides this intramolecular hydroalkoxylation of alkyne, 

Norbert Krause group
[81]

, in 2006, developed the intermolecular version of tandem 

hydroalkoxylation of alkyne derivatives (Scheme 37b). To obtain the dihydroalkoxylation process, 

external alcohol was added to interact with the carbon cation intermediate formed by the first step 

of hydroalkoxylation catalyzed by Ph3PAuCl/AgBF4 system. The addition of p-TsOH assisted also  



Chapter 1 
 

33 
 

 

 

Scheme 37. C-O bond construction  
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the second cycle to force alkene into alkyl cation which was ready for external alcohol compounds. 

This work successfully combined gold catalysis and Brønsted acid catalysis into one reaction and 

approved the high compatibility with not only functionalized substrates, but other kinds of 

catalyst.  

After these two works, in 2009, Aaron Aponick group and Shuji Akai group developed the 

synthesis of furans and pyrroles 167
[82]

 catalyzed by Au[P(t-Bu)2(o-biphenyl)]Cl/AgOTf (Scheme 

37c). They introduced a second hydroxyl group which could go through dehydrative process and 

promoted the whole catalytic cycle. Surprisingly, this hydroxyl group did not compete with the 

hydroxyl nucleophile and afforded the desired product in excellent yield (87-99%). In this work, 

molecular sieves were necessary for removing the dehydratived water.  

Besides the study on simple molecular, in 2015, Stuart L. Schreiber group (Scheme 37c) applied 

strategy of hydroalkoxylation of alkyne on alkynamides to synthesize the oxazocenones 169 

selectively catalyzed by gold in 8-endo-dig version. After screening the reaction condition, the 

electron deficient ligand (C6F5)3P gave the best yield (up to 84%) and 8-endo-dig cyclization 

selectively 169 rather than 7-exo-dig cyclization 169ô. In the meantime, this catalytic system 

showed its high application although the substrate was high structural complexity which also has 

bioactive characteristic. 

Based on the development of relative work on gold catalyzed hydroalkoxylation of alkyne, 

extension to alphatic alcohol and aromatic alcohols was envisioned. In 2019, Tom D. Sheppard 

group
[83]

 (Scheme 37d) synthesized phenyl enol ethers 172 in a chemo-, regio-, and 

stereoselective fashion in high yield catalyzed by PPh3AuNTf2 (2 mol%). K2CO3 was necessary to 

be added as base to increase the nucleophile and it was thought helpful on the selectivity. On the 

other hand, 50 substrates bearing various functional groups were tested and offered good to 

excellent yield.  

Most gold catalyzed hydroalkoxylation of alkynes mainly focused on the racemic transformation 

since the difficulty on the asymmetric version controlled by the ligand. Even though facing great 

challenge on the design of asymmetric transformation catalyzed by gold, Liming Zhang group
[84]

 

still focused on the design and synthesis of chiral ligand. In 2019, Zhang group
[84a]

 designed chiral 
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bifunctional phosphine ligand which enabled synthesis of 2,5-dihydrofuran 174 by cascade steps 

of asymmetric isomerization of alkyne 173 to allene and cyclization(Scheme 38). By the 

introduced amino group on the ligand, it can promote the isomerization of (R)-dodec-3-yn-2-ol 

derivatives and formed ů-allenylgold species
[84c]

 as a catalytic intermediate which underwent 

cyclization to give the final product in high yield and diastereoselectivity.  

 

 

Scheme 38. C-H activation and cyclization 

This work offered a promising guideline to make asymmetric transformations by gold catalysis to 

construct more valuable compounds and expanded the potential application of gold catalysts in 

synthetic chemistry. 

Besides the form of C-X bond via gold catalysis in ́  activation of alkyne (Scheme 32a), C-C 

bond could also formed via this catalytic model with carbon nucleophile
[85] 

such as alkenes in 

Dean F. Toste group, Antonio M. Echavarren group. However, not limited to this catalytic mode, 

the construction of C-C bond can be achieved via forming diaurated species as ñInstant 

Dual-Activationò which was called ů, ˊ-activation mode (Scheme 32b). Firstly, gold catalyzed ů 

coordination of alkyne is transferred to a nucleophile to attack another electronphilic alkyne unite 

activated by second gold catalyst through ́  coordination. 

In 2012, A. Stephen K. Hashmi group
[86]

 reported their work of synthesis of benzoful venes 176 

via dual-gold catalysis mode (Scheme 39a). (IPr)AuNTf2 was screened out as the best catalyst to 

drive this reaction with 5mol% loading. Further study on this process was also done to enrich its 
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application. After the digold intermediates A with a gold(I) vinylidene substructure were formed, 

entirely new reaction pathways were achieved by intramolecular sp
3 
C-H and sp

2
 C-H insertion 

pathways to form 178 and 179
[87a]

 products. Furthermore, di-terminal alkynes when R was H can 

be transformed to ɓ-substituted naphthaleneproduct 179
[87b]

 After the functionalization 
[86b, 88] 

of 

 

Scheme 39. ů, ˊ-activation 

vinylidene gold A with various intermolecular sp
3 

C-H and sp
2
 C-H partners were exploited 

maturely, alkenes 182 as more-reactive partners was also exploited in A. Stephen K. Hashmi 

group
[86b]

 (Scheme 39b). Catalyzed by a mixture of 5 mol% IPrAuNTf2 and 10 mol% IPrAuPh, 

183 was systhesized in good to excellent yield. This work showed the advantages of dual gold 

catalysis and maked more creative reaction on the road. 

Almost at the same time with A. Stephen K. Hashmi group, Liming Zhang group also developed 

the sp
3 

C-H insertion to the gold vinylidenes intermediates formed by two molecules of 
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rettPhosAuNTf2 catalysis
[89a]

 (Scheme 40a) to form the tricyclic indenes 185 in mostly good 

yields.  

 

Scheme 40. 

 

Besides sp
3 
C-H insertion, OīH and NīH insertions can also happened smoothly just by adjusting 

the ligand with Mor-DalPhos
[89b]

 to form the heterocycle products 187  (Scheme 40b) in good to 

excellent yield and high selectivity between 5-endo-dig and 6-endo-dig path in the bifurcation. 

Consistent with the experiments results in hand, gold vinylidene was most likely approved as one 

of the reaction intermediates on the basis of both mechanistic studies and theoretical calculations. 

For single gold catalysis, besides ˊ- activation mode, there is also another catalytic mode named 

ů-activation mode (Scheme 32c) which a gold-alkyne ů bond was formed as an intermediate (like 

188a). In 2013, A. Stephen K. Hashmi group successfully developed ů-activation mode catalysis 

by gold (Scheme 41). Terminal alkynes that bear sulfonate leaving groups 186 at an appropriate 

distance were chose to be model substrate and were transformed to give cyclized product 187 by 

optimized catalyst NHC15Au(propynyl) with 5mol%. In the catalytic cycle, intermediate 188a was 

produced at first. When electron was donated to Ŭ carbon from gold, ɓ carbon increased its 

nucleophilicity and then went through SN2 substitution reaction and constructed C-C bond and 

formed gold vinylidene 188b intermediate. At last, another nucleophile (could be leaving group) 

came to quench this gold vinylidene to give final product 189. The result of application test was 
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promising which can tolerate differently substituted sulfonates in good to excellent yield. This 

work also gave the possibility of formation of gold acetylides not just dependent on dual-gold 

activation. 

 

 
 

Scheme 41. ů activation of alkyne bearing the leaving group 

Compared to C-N, C-O, C-C bond construction catalyzed by gold catalyst, C-X (X= Br, Cl) is 

more challenging since the halogen atom has high affinity between cationic gold and halogen
[91]

. 

However, attracted by the efficiency and moderate reaction condition of gold catalysis, chemists 

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

In 2011, on the basis of ů-activation mode of gold catalysis, Avelino Corma group
[92] 

published the 

gold catalyzes ɤ-bromination of terminal alkynes with N-bromosuccinimide (NBS)(Scheme 42a). 

Firstly, alkynyl gold intermediate A was formed and interacted with NBS by exchange process to 

give bromonated product 192 and gold complex 192ô.  

On the other hand, with another version of ˊ coordination, in 2017, Bo Xu group
[93] 

reported 

regioselective hydrochlorination of alkynes. In this reaction, the most promising part was that HCl 

reacted as nucleophile which usually was not compatible with gold cation. Because the addition of 

HFIP can generate strong hydrogen bond donor network which could act stabilized counter anion 

to activate gold cation(Scheme 42b). 
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Scheme 42. Halogenation of alkyne 

Beyond the above normal C-N, C-O,C-C C-X (Cl, Br) bonds construction assisted by gold 

catalysis, chemists have not satisfied with using the mechanism above to just construct simple new 

chemical bond in simple molecular. They attempted to combine all the activation version into one 

strategy to construct complicated molecules by forming various chemical bonds one-pot.  

Encouraged by the accumulation of gold catalysis, in 2013, Aaron Aponick group
[94]

 reported gold 

catalyzed hydroalkoxylation of alkynes 196 with allyl alcohol 195 and the formed allyl vinyl 

ethers (like 204) then underwent Claisen rearrangement process to facilitate the direct formation 

of ɔ,ŭ-unsaturated ketones 197 rather than the direct protodeauration process to give the ether 

products. This catalytic system can not only tolerate various functional groups on the alkynes 196, 

it can offer surprisingly high yield and diastereoselectivity (Scheme 43).  

The next year, in 2014, Steven P. Nolan group
[95]

 kept enriching this catalytic system (Scheme 43) 

by decreasing the catalytic loading of gold catalyst (0.2-0.5 mol%) and performed this reaction in 

solvent-free conditions. In the meantime, then expanded the allyl alcohol substrates to 

poly-substituted allyl alcohol 198 and without big influence on the yield of ɔ,ŭ-unsaturated  
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Scheme 43.Intermolecular C-C construction 

ketones 200. Furthermore, solvent-free system provided more environment-friend and healthy 

platform.  

For the detailes of hydroalkoxylation/Claisen rearrangement, Nolan group and Antonio M. 

Echavarren group tried their best to proposed the mechanism (Scheme 43) assisted by high level 

computational studies. So far, it was accepted that allyl vinyl ethers 204 was formed through 

traditional ˊ activation and anti-addition of allyl alcohol. But the last step can not have 

unambiguous conclusion on whether the final step proceeded by simple thermal [3,3]-sigmatropic 
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rearrangement(204 to 207), or if it was promoted by gold(I) through decreasing the activation 

energy by coordinating to the enol ether oxygen (206-207). 

No matter which path it goes, this method has become the best method for the synthesis of a wide 

variety of homoallylic ketones from inexpensive and commercially available materials considering 

catalytic efficiency and simplicity.  

On the other hand, Liming Zhang group keeps working on designing new ligand
[96] 

to expand the 

application of gold catalyst. In 2018, they designed biphenyl-2-yl phosphine ligand
[97] (Scheme 44) 

by featuring a remote basic tertiary amine. Using terminally silylated alkynes 208 as substrates, 

they proposed that the silyl group can promote the deprotonation process with the assistance of 

amine on the ligand and led to allenyl gold intermediate 211. At this step, a competitive 

electrophile aldehyde 209 would be captured by this intermediate and led to homopargylic alcohol 

212. At last, intramolecular cyclization of 212 happened to afford dihydrofuran 210 product. The 

condition screening result also showed that the counter anion NaBAr
F
4 played a very important 

role to abstract chloride and excess amount of NaBAr
F
4 was also necessary to accelerate the 

 

Scheme 44.  

reaction rate. With this optimized condition, various substituents on alkynes and aldehyde were 

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

application on asymmetric transformation by synthesize multiple functionalized ligand. 

Besides study on the ligand of gold catalyst, chemists also put great attention on designing new 

transformation of organic molecules to prepare more complicated products which have more 

potential applicable value. In 2018, Antonio M. Echavarren group[98] reported their work named 

ñDiastereospecific Gold(I)-Catalyzed Cyclization Cascade for the Controlled Preparation of N- 

and N,O-Heterocyclesò(Scheme45).They prepared oxime compounds 213 as the substrate and 

treated it with [(JohnPhos)Au(NCMe)]SbF6 as catalyst (2mol%) in DCE at 65°C. Delightfully, 

dihydro-4H-1,2-oxazines 214 was formed in high yield in in cascade cyclization process and 

functional group could also be featured in the this product. More surprisingly, when the isomer 

oxime 213a of 213 was used as substrate, under almost same catalytic condition, various 

dihydropyrrole N-oxides 215a was afforded as a single diastereomer. Moreover, when the solvent 

was changed into DCM and the temperature was decreased to room temperature, the isomeric 

dihydropyrrole N-oxide 215 was then obtained in good yield.  

Next year, in 2019, Ga±lle Blond group
[99]

 synthesized complex molecules having furopyran 

skeleton via hetero -DielsīAlder cascade process forced by [(JohnPhos)Au (NCMe)] SbF6 with 

microwave condition (Scheme 45). In the whole reaction process, dienophile 216a and diene 216b 

were formed concomitantly started from the same starting material 216. Then these two molecules 

would interact with each other via Hetero-DielsīAlder reaction to give the polyheterocyclic 

products 217 in good yield from 32% to 73%. In addition, there were four heterocycles, six bonds 

including four controlled stereogenic centers formed in this catalytic condition just by gold 

catalyst. 

In the same year (2019), Zhenghu Xu group
[100] 

(Scheme 45) also synthesized polysubstituted 

spiro cyclopenta[c]furans diastereoselectively in cascade version catalyzed just by Ph3PAuNTf2 in 

mild condition. Alkynyl alcohol 218 and alkynyl enone 219 were picked which both featured 

several functional group like hydroxyl, alkene, alkyne and ketyl groups to perform this 

transformation. Like the work of Ga±lle Blond group above, the two starting material would be 

catalyzed by gold catalyst and afford the corresponding intermediates which then interacted with 
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each other to lead to final highly polycyclized product 220 in good to excellent yield (up to 94%) 

and high tolerance (23 examples).  

  

Scheme 45 

In addition to strategies described above, gold catalyzed oxidation of alkyne also possessed 

important position in chemical transformation to form the new bond by Ŭ-oxo gold carbene 

species. Making use of this intermediate, in 2019, Xinfang Xu group
[101]

 (Scheme 46) completed 
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their work about gold catalyzed oxidative cyclization/aldol addition of homopropargyl alcohols 

221 with isatins 222. Homopropargyl alcohols 221 firstly was oxidized into Ŭ-oxo gold carbene 

species 221a and then was attacked by hydroxyl group to give ylide 221b or its enolate form 221c. 

At last, isatins 222 got involved and captured the intermediate to form the final product 223 via 

aldo addition process. This work provides an efficient methodology to directly construct oxindole 

derivatives equipped with two vicinal stereocenters in high yields with high diastereoselectivities. 

 

Scheme 46 
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Moreover, in the same year (2019), Rai-Shung Liu group
[102]

 expanded the application of NȤoxides 

compounds which mainly used as oxygen donator to take part in reacting with other starting 

material after the formation of Ŭ-oxo gold carbene species (Scheme 46). Firstly, they achieved the 

work
[102a]

 on gold catalyzed oxidative functionalization of propargyl aryl thioethers with 

quinolone N-Oxides via 1,3-sulfur migration reaction. In this work, besides the formation of Ŭ-oxo 

gold carbene species, the different point with the work of Xinfang Xu group was that when PhS 

attacked the gold carbene functionality produced with one molecular quinolone N-Oxides, 

1,3-sulfur migration happened to give the intermediate 224a. Finally, it reacted with another one 

molecular quinolone N-Oxides and synthesized 3-hydroxy-1-alkylidene phenylthiopropan-2-ones 

226 which also could be decorated with various substituents in good yield. Moreover, they also 

successfully synthesized distinct fused indoles bearing heterocyclic ring
[102b]

 (Scheme 46). 

Interestingly, by adjusting the carbon line length of 227 between alkyne group and hydroxyl group 

and changing the substituents of nitrones 228. However, instead of forming Ŭ-oxo gold carbene 

species, it passed through a C-H insertion and afforded two new species 227a and 228a. When 

arrived at this step, the reaction pathway was diverted into three directions: when R was phenyl 

group and n equaled 1, tetrahydropyrano[4,3-b]indole 229 was prepared and tetrahydro-[1,2] 

oxazino[5,4-b] indoles 230 was formed while n equaled 0 and when the R group was styryl group, 

n equaled 0, dihydrooxazolo[3,4-a]indole 231 was obtained distanctly.  

 

 
Scheme 47. Application of carben gold complex 
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As gold-carbene intermediate is a very practical tool to access to create more valued compounds, 

in addition to preparing it by adding additives like N-oxides, using diazo compounds to form the 

gold carbene intermediate by leaving N2 has also become one of important method. In 2019, 

Xinfang Xu group
[102]

 developed a direct strategy by interacting [(JohnPhos)Au(NCMe)] catalyst 

with alkyne-tethered diazo 232 to form the gold carbene intermediate along with releasing N2 

(Scheme 47). However, it was not stable so that it reacted once it was formed with alkyne group 

via 5-endo-dig carbocyclization to lead to the key intermediate vinyl gold carbene 232a. In this 

work, water and alcohol were choosen to react with this intermediate followed forming indenols 

233 in excellent yield. Suprisingly, various protic nucleophiles such as water, commercially 

available alcohols, menthol, steroid, etc., were all well tolerated under these conditions to produce 

the corresponding indenol derivatives.  

In summary, alkynes compounds have shown their high application value to construct tons of new 

compounds catalyzed by gold catalyst. By adjusting the ligand and other elements like solvent, 

counter anion and temperature, the new transformation can happen smoothly to form the aimed 

products from various alkyne compounds. Assisted with gold, region and stereoselectivity could 

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

catalysis on alkyne, there must be more great and creative work coming to our community. 
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1.1.3. Gold(I) catalyzed activation of allenamide 

 

Being another member of ́-electron rich compounds like alkyne and alkene, allenamides
[104]

 has 

also arisen up a kind of useful synthetic cells in organic chemistry since it was prepared and 

characterized in 1968 by Viehe
[105]

. The activation model of allenamides is consistent with 

-́coordination of alkyne (Scheme 48). The existence of nitrogen promoted electron rich property 

alllenamides through electron back-donating from nitrogen to allene which led to itself easier to be 

activated via gold complex compared to alenes. Through the resonance form of allenamines, 

regioselectivity can be obtained by adjusting the catalyst and using different reagents to direct to 

three pathways like cation activation which could offer 1 or 3 electrophilic position (afford a and 

b product), 1,2-addition and 1,4-addition. In the meantime, the presence of nitrogen atom also 

brings more advantages than simple allenes compounds. Firstly, it provides an anchor point to 

afford stereochemical transformation by  

 

 

Scheme 48 

designing new ligand and directive substrates. In addition, it provides more flexible access to 

develop intramolecular reaction or cascade conversion than oxygen- or sulfur-substituted allenes. 

Moreover, nitrogen atom also shows great potential value and application in natural compounds 

and pharmaceutical. When combined with gold catalyst, more and more promising 

transformations have been published and keep inspiring chemists figure our more creative 

chemistry synthesis art.  
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In 2012, Richard P. Hsung
[106]

 documented the intramolecular imino-Nazarov cascade cyclization 

catalyzed by gold via producing 234a and 234b transition state (Scheme 49a). At first, this 

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

offered the best selectivity and excellent yield of 235 (up to 97%). 

 
Scheme 49. 

Not long from this work, in 2014, Marc C. Kimber
[107]

 group published the work on synthesis of 

Chromanes 239 from 236 through di-addition on the Ŭ and ɔ position of allene section with carbon 

and oxygen activated by gold catalyst (Scheme 49b). In this process, the counter anion 
͠
OTf 

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

enamide intermediate. More interestingly, when allyl trimethylsilane 237ô was added, the reaction 

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

iminium intermediate was very controllable to capture various nucleophiles. 
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Besides these great synthetic transformations, chemists also devoted their attention on the control 

of enatioselectivity by designing new chiral ligand. In 2017, Junliang Zhang group
[108]

 designed 

and synthesized chiral ligand (R,Rs)-PC ligand (Scheme 49c). To examine its ability, 

intramolecular N-allenamide 240 was chose to form chiral tetrahydrocarbolines 241. Without 

disappointment, high enantioselectivity (up to 97%) was achieved and it also exhibited promising 

functional group tolerance with excellent yield. 

 
Scheme 50 

Besides this reaction pathway, allenamides can also undergo hydrolysis process with water 

(Scheme 50). When water existed, resonance form of a would be hydrolyzed by leaving amine 

compounds and formed alkeny gold complex b which experienced protodeauration process to give 

the product c. However, chemists want to capture the alkeny gold complex b with another 

electrophile so that prepare more new compounds. 

To achieve this target, our group
[109]

 firstly in 2015 captured this intermediate with allyl alcohol 

242 catalyzed by gold and silver dual-catalyzed (Scheme 51). At first, we realized that when 

AgNTf2 was excess, a marked improvement in chemical yield was collected. To figure this reason 

out, control experiment was done and the result showed that the excess AgNTf2 could promoted 

the dewater condensation between two molecular allyl alcohol with forming allyl ether which also 

could take part in the next reaction. The water formed before would hydrolyze allenamides 243 to 

produce the gold complex 243a. At last, allyl alcohol or ether got involved to react with 243a and 

form the allylated product 244 with excellent yield. 
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Scheme 51 

Inspired by this work in our group, in 2016, Nitin T. Patil group
[110]

 (Scheme 51) developed 

another gold(I) and Ag(I) catalyzed synergistically transformation by capturing enal-gold complex 

243a. In this work, excess AgOTf converted starting material 245 into an imtermediate with the Ŭ 

carbon cation (red section of 247) which successfully trapped enal-gold complex 243a by forming 

product 247 in mild reaction condition. 

For constructing single chemical bond, besides C-C and C-O bond, amines could also be the good 

candidate to be nucleophiles to form C-N bond with allenamides. On this area, in 2010, Marc C. 

Kimber group
[111]

 have successfully documented their work in intramolecular version (Scheme 

52). Reacting with allenamides 248, nomatter primary amine or secondary amine, product 251 and 

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

the other hand, these two works also approved the stability and advantage of gold catalysis 

compared with other sensitive transition metal catalysis. This reaction version also proceeded 

through ́ -activation and wait for the attack by nucleophile of amines which was rather traditional 

reaction style. However, the amination of allenamides was mainly focused on intramolecular 

version partly belong to the difficulty of synthesis and unstable characteristic. 
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Scheme 52 

Besides forming single chemical bond by simple nucleophilic addition pathway, allenamides can 

be used to proceed cascade reaction with cycloaddition gesture
[112] 

such as [2+2], [3+2], [4+2] and 

so on since direct cyclization reaction is always a strong tools to prepare polycyclized compounds 

which have numerous application and value. On the other hand, different with other starting 

material, allenamides can bring into hetero atom into the aimed compounds which again improved 

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

On the gold catalyzed cyclization of allenamides, Fernando Lopez group already contributed 

many inspiring works and showed us numerous possibilities accessing to stereo-diverse 

compounds. In 2012, Fernando Lopez and Jose L. Mascarenas group cooperatively reported gold 

catalyzed [2+2] cyclization of allenamides 253 with alkenes 254 (Scheme 53)
 [113]

. After 

examining the reaction condition, the triphenyl phosphite L was picked to be the best ligand which 

afforded cyclobutane derivatives 255 in good to excellent yield (up to 96%). In addition, this 

catalytic model can embrace tons of kinds of substrate. For alkenes, ont only electron rich alkenes 

gave promising yield, electron deficient alkenes can also react with allenamides greatly by leading 

to yield from 42% to 96%. Moreover, the performance on regioselectivity also was surprising. But 

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

To expand the study on [2+2] cyclization of allenamides, in the same year, Zili Chen group and 

Jose M. Gonzalez group (Scheme 53) reported
[114]

 the synthesis of cyclobutane derivatives 258 

through [2+2] cyclization of substituted allenamides 256 with electron rich alkenes 257 by 

introducing oxygen or nitrogen atom close to double bond. In this work, Johnphos phosphine 
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Scheme 53. [2+2] cyclized addition 

ligand showed the best yield (from 63% to 89%) and good regioselectivity. Besides high tolerance 

of alkenes substrates, various substituents were also tested on the allenamides including electronic 

donating group and electronic withdrawing group and approved the application of this catalytic 

system.  

Although the previous work on the [2+2] cyclization of allenamides have obtained great success, 

to obtain high enantioselectivity of the cyclized cyclobutane bearing one chiral carbon center was 

still a challenge. To solve this problem
[115]

, JoseM. Gonzalez group (Scheme 53) applied the chiral 

(S)-SIPHOS-PE ligand L2 to construct the chiral environment and control the stereo position. 

Fortunately, the yield and ee could arrive to 95% and 90% respectively. 
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To expand the substrates for [2+2] cyclization of allenamides, Fernando L·pez and Jose M. 

Gonzalez kept looking for new partners for allenamides. In 2014, they designed Ŭ, ɓ-unsaturated 

hydrazones
[116] 

263
 
which improved the nucleophilic capability of alkenes(Scheme 53). In the 

meantime, the existence of N-N bond could avoid the [4+2] process and only affored [2+2] 

cyclized product 264 catalyzed by Johnphosgold in moderate reaction. In addition, the 

yield was still great (from 41% to 97%) equipped with high regio- and chem- selectivity. 

Accompanied with [2+2] cyclization of allenamides, [4+2] cyclization with allenamides also 

becomes a popular research area to construct six member ring compounds. In 2011, Jos® L. 

Mascare¶as and Fernando L·pez group 
[117]

 published gold catalyzed [4+2] cyclization between  

 

Scheme 54. [4+2] cyclized addition 

 

allenamides 265 and acyclic conjugated dienes 266. Cyclohexene derivatives 267 were obtained in 

good to excellent yield(from 44% to 99%) and great diastereoselectivity. In the meantime, besides 

the high scope of dienes substrates, colorful substituents could also be featured on allenamides (R1, 

R2,R3) and did not affect the yield and selectivity (Scheme 54).  

Next year in 2012, they synthesized axially chiral triazoloisoquinolin-3-ylidene ligand (Scheme 

54, [Au] ) and applied it into [4+2] cyclization above
[118]

. Promisingly, under the assistance of  
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AgSbF6, high yield (up to 88) and great enantioselectivity (up to 99) were obtained in DCM at low 

temperature via constructing two chiral carbon centers. 

 

On the other hand, Jos® L. Mascare¶as and Fernando L·pez group also extended the dienes to 

uncoujugated system by replacing one double bond with another electrophiles to trap alkenyl gold 

intermediate. In 2011, they
[119]

 put attention on carbonyl-tethered alkenes 272 and used it as the 

starting material to proceed cyclization with allenamides 271. Followed the intermediate I  

(Scheme 55) from traditional activation of allenamides via gold catalyst, the alkene then 

interacted with it and form the intermediate II  bearing a carbon cation which could receive the 

attack of oxygen in carbonyl group. Finally intermediate II  quenched alkenyl-gold by forming 

oxa-bridged product 273 whose size could be adjusted by changing the carbon number between 

alkene and carbonyl group. In addition, the tolerance of allenamides was also very high with 

 

 

 Scheme 55.  
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yield (from 31% to 96%). Moreover, they also applied chiral phosphine ligand (S,R,R)-L and 

AgNTf2 and successfully improved the diastereoselectivity up to 90:10 with good yield(72%). 

In 2018, Fernando L·pez and Jose M. Gonzalez group
[120]

 together built another alkene-tethered 

oxime ethers 275 and 276 (Scheme 55) as starting material to construct more decorated 

products(including substituted piperidines 277 and aza-bridged carbocycles 278) in good yield 

(from 40% to 94%) which was affected by the substituents of starting material, which made use of 

the same strategy with carbonyl-tethered alkenes. This work also demonstrated the advantages of 

oxime derivatives compared with imine derivatives since its high affinity to gold complex.  At 

last, same chiral phosphine ligand (S,R,R)-L was used to successfully collect diastereoselectivity 

up to 95:5 with51% yield. 

 

Scheme 56 
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In 2013, Ruben Vicente group
[121]

 kept studying the applicable of suitable candidates to performed 

the cyclization with allenamides. They paid their attention on 2-vinyl indoles 279 (Scheme 56). At 

first, by introducing a carbamate at N-1 catalyzed by triphenyl phosphine gold complex, the 

desired tetrahydrocarbazole 281 was formed by cyclization process and proton transfer. But 

interestingly, new product of 282 was also collected partly which meant that the second 

allenamides was involved to replace the protodeauration process. By screening the condition, 

when Johnphos ligand was used, the yield of 282 was increased to 95% in DCE at low 

temperature. This unexpected transformation strongly approved the high applied potential to form 

complicated compounds. 

Dependent on the data collected previously, Junliang Zhang group
[122]

 designed 3-vinyl indol 

derivatives 283 to perform the cyclization with allenamides 284. They directly used the chiral 

ligand (S,R,R-L) (Scheme 56). As shown by Ruben Vicente group, the substituents on N-1 of 

indol could divert the reaction into different direction. Surprisingly, in this work, when the 

substituent was electron donating group, the [2+2] cyclization with allenamides happened to form 

cyclobutane products 285 in great yield(up 99%) and enantioselectivity(up 96%). However, when 

the substituent was electron withdrawing group, the reaction went to [4+2] cyclization with 

allenamides which afforded product 286 with also high yield (up 99%) and excellent 

enantioselectivity (up 97%). Moreover, the reaction condition is very moderate and the reaction 

ratio could step into 20 mins. 

Among the cyclization reaction of allenamides, it mainly is activated by gold complex at first and 

interact with a nucleophile. However, in 2016, Luis A. Lopez group
[123]

 brought vinyldiazo 

compounds 287 which is easy to form carbene gold complex I  as an electrophile (Scheme 57). In 

this condition, allenamides 288 become the nucleophile to attack carbene gold complex I  and form 

the intermediate II which, at last, undergoes cyclization process to give the cyclopentene 

derivatives 289 in yield of 42% to 66%. The performance of allenamides in this work further 

expands chemistsô impression and opens a wide research area to fully utilize allenamides to 

construct more useful moleculars. 



Chapter 1 
 

57 
 

Beyond the cyclization of allenamides happened between two moleculars, three components 

involved cyclization addition reaction including allenamides catalyzed by gold complex also were 

reported in the past decades.  

 

Scheme 57 

In 2015, Fernando Lopez group
[124]

 successfully forced three components: allenamides 290, 

alkenes 291 and aldehydes 292 into one pot and formed the cyclized tetrahydropyrans 293 under 

minus 45°C in DCM assisted by phosphite gold complex Cat (Scheme 58). Besides good to 

excellent yield (from 43% to 98%), highly regio- and chemoselective is also got in this reaction 

system. On the basis of this work, two years later, Fernando Lopez group
[125]

 published their 

another work by working on the enantioselective version (Scheme 58). In this work, by using 

chiral ligand Au2 and Au5, more substrates were tested and gave good yield (up to 93%). Besides 

high regioselectivity, high enantioselectivity of products 297 and 298 were also collected which 

were both up to 91%. 

Instead of reacting with other compounds, allenamides also can react with themselves since its 
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Scheme 58. [2+2+2] cyclized addition 

electrophilic property brought by gold and the essential nucleophilicity. In 2016, José M. González 

group
[126]

 developed a strategy to synthesize trimethylene cyclohexane 300 and 301 through 

[2+2+2]-cyclotrimerization catalyzed by Cat (Scheme 58). Although the whole yield was 

promising which was up to 90%, the regioselectivity was not high to give two isomers 300 and 

301 with almost equal ratio.  
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In 2017, Jiangtao Sun group
[127]

 reported PhPAuBAr
F
4 complex induced regiodivergent [2 + 2 + 

2]-cycloadditions of allenes (303 or 304) and triazines 302 to form the six-membered 

N-heterocycles products (305 and 306) (Scheme 58). With the optimized condition, allenamides 

afforded the product of 305 while allenoates gave the corresponding product of 306 with triazines 

302 in good yield up to 92%. 

Allenamides are not limited to synthesize the mediate or small cyclic compounds by cyclization 

addition reaction catalyzed by gold catalyst. It also accesses to preparing macrocyclic compounds 

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

In 2018, Eun Jeong Yoo group 
[128]

 made it possible by utilizing quinolinium zwitterions 307 and 

allenamides 308 catalyzed AuCl(5mol%) to prepared fused seven-member ring 1,4-diazepines 309. 

This methodology is very mild and efficient in THF without extra ligand and shows great 

functional group tolerance in good to excellent yield (up to 96%)(Scheme 59). 

 

Scheme 59 

In summary, allenamides showed its great advantages like various reaction sites and electron 

property while it is also easy to modify into different valuable compounds. Especially after 

cooperating with gold catalyst, its advantages and applications are magnified in many kinds 

synthetic chemistry. In the past decades, it has been used to build tons of useful compounds 

catalyzed by gold catalyst. Along with the accumulation about relative knowledge, there must be 

more creative ideas and work which will be published soon. 
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1.2. Catalytic asymmetric dearomatization reaction  

Aromatic compounds are well utilized greatly in organic synthetic chemistry since they played 

great function in bio-active and natural compounds 
[129]

. On the other hand, they are greatly 

abundant and easy to be decorated like Friedel-Crafts reaction, C-H activation which introduced 

various substituents. Among those modifications of aromatic compounds, dearomatization of 

aromatic compounds is also important strategy to achieve ring-including compounds including 

heterocyclic blocks in efficient, economic process. In the past, it met greatly challenge to destroy 

the aromaticity of aromatic compounds since the high resonance energy. So to dearomatize the 

aromatic compounds usually needs harsh reaction condition like sensitive catalyst, high 

temperature and high pressure such as Birch reduction reaction
[130]

, Oxiditive dearomatization
[131]

, 

hydrogenation of aromatic compounds
[132]

, nucleophilic dearomation
[133]

 and hypervalent 

iodine-mediated dearomatization
[134]

. However, not limiting to only dearomatization of aromatic 

compounds, in front of condition of serious environment pollution, to develop more 

environment-friend and atom-economic approaches also becomes a target of chemists. Facing 

with these problem, in recent years, catalytic transition metal catalysis has been developed to a 

very promising strategy to construct new C-X (X= C, N, O, S, Halogen) bonds in organic 

synthesis and has also become the hot research area all over the world. Along with this trend, 

chemists then brought this strategy into the dearomatization of aromatic compounds and then 

inspiringly open a new world to access to the construction of complicated tridimensional 

compounds 
[135]

. In addition, Chemists also designed and developed various chiral ligands to 

complete the asymmetric transformation during the dearomatization process
 [136]

.  

Catalytic asymmetric dearomatization (CADA) reactions have become one of the most efficient 

strategies in organic chemistry and shown great contribution to construct ring-including new 

molecules. Next, it is divided into two major sections including dearomatization of heteroaromatic 

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

 

Heteroaromatic compounds which include heteroatom like N, O, S exist abundantly in nature and 

have shown great bioactivity leading in curing diseases 
[129]

. In this background, the synthesis of 

relative functional compounds abstracts great attention from chemistry community. So far, various 

new reaction types were developed such as C-H bong activation and coupling reaction reaction. 

Besides functionalizing the heteroaromatic compounds 
[134]

 by various functional substituents to 

construct new molecules, dearomatization of heteroaromatic compounds also become more and 

more important strategy to synthesize the bioactive molecules which contributed greatly to human 

health. In the meantime, it also satisfied the requirement about constructing more specified and 

stereo-diverse compounds to conquer increasingly challenging disease happened currently.  

On the catalytic dearomatization of heteroaromatic compounds, chemists have developed many 

different strategies by using different catalytic version and it is divided into organo-catalytic and 

transition metal catalytic dearomatization by highly making use of those catalystsô advantages in 

this part. 

Organic catalysts have become a very strong tool in synthetic chemistry because organic catalysts 

are easy to prepare and the cost is very low compared with transition metal catalyst. On the other 

hand, for the catalytic activity, the result is also very promising and even shows great chem-, 

regio- and stereoselectivity in synthetic chemistry by its easy modification advantage. 

By utilizing organic catalysts, in 2014, our group
[137]

 successfully applied chiral BINOL 

phosphoric acid catalyst (Scheme 60) in dearomatization of indol compounds and its derivatives 

310 by combining with allenamides 311 leading to allylation of indol. By interacting with 

allenamides tightly, Brønsted acids ((S)-BA) produced an electrophilic intermediate I  by 

constructting the stereochemical environment leading to high enantioselectivity of the 

corresponding N-heteroring compounds 312 in good to excellent yield and promising 

enantioselectivity (up to 94%). The carbon chain on the back of BINOL skeleton helped the 

solubility and could force substrates and catalyst stay closer assisted the hydrogen bond between 

catalyst and substrates and speed up the reaction rate. In addition, high substrates scope tolerance 

was also achieved under moderate reaction condition.  
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Scheme 60. Dearomatization of indol  

Realizing the potential application of phosphoric acid catalyst on the dearomatization of indol 

derivatives, in the same year (2014), Feng Shi group
[139]

 (Scheme 60) enriched the stratedy of 

phosphoric acid catalyzed dearomatization of indol compounds. In this work, quinone imine ketals 

314 derivatives were chose as the electrophile transferred by phosphoric acid catalyst BA. More 

inspiringly, this reaction did not stop after the addition and followed by alcohol elimination 

process to give the arylative product 315 of deatomatized indol and its derivatives in great yield 

and high enantioseletivity. Identically, hydrogen bond forming between BH and substrates played 

greatly function on the connection and activation of substrates synergistically. 

Beyond catalysts of phosphoric acid and derivatives, carbene catalysts also possessed vital 

position among organo-catalyst catalyzed synthesis. In 2016, Bin Tan group
[139]

 successfully 

dearomatized the isoquinolines 317 via chiral-NHC catalysis using the aldehydes 316 through 

stetter reaction type
[140]

 (Scheme 61). Driven by the NHC catalyst, aldehyde was transfered an  
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intermediate including nucleophile and electrophile. Then isoquinolines got involved to form the 

cyclized tropane 318 and derivatives in good yield and high enantioselectivity. 

 

Scheme 61. Organocatalyzed dearomatization of heteoaromatic compounds 

Dearomatization of indol compounds usually made use of the C3 as nucleophile to interact firstly 

with electrophile. However, C2 of indol could also react firstly receive the attack of nucleophile 

by decreasing the nucleophilicity of C3 via featuring the strong electron withdrawing group on C3. 

On the other hand, squaramides catalyst is also one major member of organo-catalysts in organic  
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synthesis by activating the substrates via forming N-H hydrogen bond. Based on this theory, 

Wei-Cheng Yuan group
[141]

 achieved asymmetric dearomatization of 3-Nitroindols and 

3ȤNitrbenzo thiophenes 3ȤNitrobenzothiophenes 319 with allyl thiol 320 triggered by amino 

squaramides catalysts cat1 and cat2 (Scheme 61). This reaction started from indol compounds as 

an electrophile at C2 and received the attack of allyl thiol which was activated by hydrogen bond 

activation mode with cat1 and cat2 and end up with another Michal addition from C3 nucleophile 

of indol to the allyl group. In the optimized reaction condition, A series of chiral 

tetrahydrothiopheneindolines 321 and tetrahydro -thiophene-benzothiophenes 322 featured three 

chiral carbon centers were obtained in high yields with good diastereoselectivities and excellent 

enantioselectivities. 

Keeping in pace with Wei-Cheng Yuanôwork, Yixin Lu group
[142]

 (Scheme 61) developed 

phosphine-catalyzed dearomatization of 3-Nitroindol 323 with allene derivatives 324 co-assisted 

with squaramides cat3 by the hydrogen bond. In this reaction, allene 324 received the attack of 

phosphine of cat3 which was converted into a nucleophile to attack the electrophile C2 of indol 

starting material. Then the phosphinated allene accepted the attack of C3 of indol to form the final 

[3+2] annulated product with high enantioselectivity (up to 97%). 

All the work showed above strongly approved the capability of organocatalyst in the 

dearomatization of heteroaromatic compounds. By its highly easy modification, great 

stereoselectivity could be obtained accompanied with high yield in very moderate condition 

efficiently. In addition, the cost was also decreased greatly on the organic synthesis compared to 

noble metal catalyst. 

Even sometime the transition metal catalysis costs more than organocatalyst, the study of 

transition metal catalyzed transformation in organic chemistry is greatly necessary since their high 

activity on chemical bond which organocatalyst is not as good as metal catalyst like redox reaction 

and radical rection. On the other hand, their catalytic amount and higher functional tolerance also 

make chemist absorbed. As a result, many works about transition metal catalyzed dearomatization 

of heteroaromatic starting materials. 

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

have made great contribution to the chemistry community. Pyrrol and derivatives is a kind of very  
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Scheme 62. Palladium catalyzed dearomatization of heteoaromatic compounds 

stable aromatic compounds and to functionalize this kind of motif is a very challenging task since 

the rigio-selectivity due to the similar reactivity
[143]

 between C2 and C3. In 2014, they conquered 

this challenge by Pd catalyst
[144]

(Scheme 62). In this work, polysubstituted 2HȤPyrroles and 

derivatives 328 were synthesized through Pd catalyzed dearomatization of pyrrols 326 with 

cinnamyl carbonate derivatives 327. Carbonate group is a very great leaving group and is easy to 

form the allyl palladium int1 which is a very good electrophile. By adjusting the ligand, (R)-L1 

showed highly regio- and enantioselectivity on the dearomatized product with promising yield and 

constructed chiral quaternary carbon center. 

Based on the work of dearomatization of pyrrols, allyl palladium intermediate was though a good 

reaction intermediate which could trap nucleophiles efficiently. Withthis idea, in 2018, Shuli you 

designed another allylic dearomatization of polycyclic indol derivatives
[145]

. In this work (Scheme 

62), ɓ-substituted allyl carbonate 330 was chose to produce the allyl palladium complex and 

polycyclic indol 329 got involved as a nucleophile. On the other hand, chiral phosphoramidite 

ligand (Sa)-L2 was the best ligand which could give excellent yields (up to 99%) with excellent  

  



Chapter 1 

66 
 

enantioselectivity (up to 98% ee) and was also applicable to synthesize various polycyclic indoline 

and indolenine derivatives 331. 

To make the transformation more atom-economic, in 2016, Shang Dong Yan group
[146]

 applied 

palladium catalyzed C-H activation into dearomatization of indols. In this work(Scheme 63), 

allylbenzene 333 was selected as the electrophile produced by palladium catalyzed C-H bond 

activation excluding the leaving group. 1,3-substituted indols 332 was smoothly dearomatized and 

functionalized to form the product 334 in good yield(up to 84%). During the catalytic cycle, Pd(II) 

was reduced to Pd(0) by forming the product and then Pd(0) was oxidized into Pd(II) by 

2,5-DMBQ to get involved in the next catalytic cycle. This work provides a more atom economic 

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

 

Scheme 63. Palladium catalyzed dearomatization of heteoaromatic compounds 

Besides the strategy of dearomatization through C-H bnond activation, in 2019, Shuli You group 

[147]
 developed another pathway to dearomatize Anthranils 335 via palladium catalyzed C-C 

activation of vinylcyclopropanes 336 (Scheme 63). By making use of the high strain energy of 

cyclopropanes, palladium could open this ring by informing a nucleophile and a electrophile. 

Assisted by the triethyl boron, Nitrogen of 335 could become more nucleophilic which drove the 

reaction to proceed [4+3] cyclization with anthranils and gave the bridged cyclic products in high 

yields accompanied with excellent stereoselectivities.  
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To expand the palladium catalyst on dearomatization research, Yi  xia Jia group 
[148]

 successfully 

applied Pd-Catalyzed intramolecular reductive Heck reactions on the dearomatization of indol by 

designing proper substrates 338 (Scheme 64). By featuring the Bromo group at ɓ position of aryl 

group, the reaction started fromoxidative addition to palladium and followed by insertion from 

indol unite to give the dearomatized product 339 C2-quaternary stereogenic centers. On the other 

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

 Scheme 64. Palladium catalyzed dearomatization of indol 

Instead of Pd catalyzed dearomatization of aromatic compounds, gold catalyst also performed 

very well leading to become another useful tool to achieve the target of dearomatization and 

functionalization of aromatic compounds. 

 

Scheme 65. Gold catalyzed dearomatization of indol 
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In this area, our group has developed several strategies to dearomatize indol and derivatives. In 

2014, our group 
[149]

 chose allenamides 341 as the suitable potential electrophile which was easy 

to coordinate to gold catalyst via -́activation (Scheme 65). By forming the gold complex 

intermediate, 2, 3-substituted indol 340 and derivatives got involved to interact with this 

intermediate as a nucleophile. in situ catalyst (2,4-(tBu)2C6H3O)3PAuCl/AgTFA was the best one 

even under air condition which gave the high yield and also tolerated various function group. On 

the other hand, quaternary carbon center in product 342 was obtained by functionalization of 

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

Based on this work, next year in 2015, our group developed another strategy
[150] 

to dearomatize 

indols 345 via trapping the alkyl gold intermediate to form dearomatized [2+2]-cycloaddition 

between indol and allenamides. In this work, chiral ligand was used to attempt to obtain high 

enantioselectivity. Delightfully, when L5 ligand (Scheme 65) was tested and contributed 

promising enantioselectivity(up to 98%) with excellent yield. However, besides the devotion of 

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

coordinated with gold catalyst. 

On the gold catalyzed dearomatization of heteroaromatic compounds, F. Dean Toste group
[151]

 also 

developed new strategies by combining alkyne functional group 346. In 2015, they came up with 

gold(I)-catalyzed dearomative rautenstrauch rearrangement on indol derivatives to obtain 

cyclopenta[b]indoles 347(Scheme 66). indole-derived propargyl acetate 346 was designed which 

could be forced to go through rautenstrauch rearrangement (Scheme 66) catalyzed by cationic 

(S)-DTBM-Segphos gold(I) assisted with AgSbF6. The reaction started from -́activation of 

alkyne by gold cation and accepted the anti-attack of the ethoxyl ether resulting in the formation 

of oxonium species II . Then consecutive cleavage of C-O bond and elimination of aceta -ldehyde 

happened to form the gold-substituted 1-aminopentadienyl intermediate IV  which also might exist 

as carbenoid resonance structure V. At last, chiral phosphine 

gold-controlled Enantiodetermining CīC bond formation occurred via Imino-Nazarov cyclization 

of IV  to afford VI  which could afford the final Cyclopenta [b]indoles 347 through protonation 

process in excellent yield and enantioselectivity.  
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Scheme 66. Gold catalyzed dearomatization of indol via tandem [3, 3]-sigmatropic rearrangement 

On the basis of this work, they continued to develop new acyclic diaminocarbene ligands which 

enable gold catalyzed cascade dearomatization of indol derivatives via tandem [3, 3]-sigmatropic 

rearrangement-[2+2]-cyclization process to give the polycyclic dearomatized indol product. 

Beyond the catalysts talked about above, various other transition metal catalysts are also used to 

achieve dearomatization of heteroaromatic compounds along introducing different function group. 

In 2015, Hajime Ito group 
[152]

 reported copper catalyzed the borylative dearomatization of 

indole-2-carboxylate 348 with bis(pinacolato)diboron 349. This work not only obtained 

dearomatized indol motif, C-B bond which is mainly used to perform coupling reaction was also 

constructed in high yield and diastereoselectivity by using L6 chiral ligand (Scheme 67). In the  
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Scheme 67. 

same year, Shuli you group 
[153]

 used copper to successfully dearomatize indol and derivatives 

with propargylic acetate and collected asymmetric dearomatized indol products. In this work, 

versatile furoindoline and pyrroloindoline derivatives bearing a quaternary carbon stereogenic 

center (up to 98%) and a terminal alkyne moiety in good yield up to 86%.  

In the meantime, Iridium catalyst was also applied to dearomatization reaction and achieved 

promising result. For instance, in 2015, Shuli You group 
[154]

 used Iridium catalyst (Scheme 67) to 

dearomatize successfully Pyridines, Pyrazines, Quinolines, and Iso ïquinolines 351 at the same 

time through cyclized allylation. By utilizing L7 and L8 ligands, the coresponding dearomatized 

products 352 were isolated in high levels of yield (up to 99% yield) and enantioselectivity (up to 

99% ee). 

In addition, in 2017 Dagang Yu 
[155]

 group combined the radical reaction with dearomatization 

accompanied with carboxylation reaction via copper catalyzed redox reaction (Scheme 68). It is   
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known that amino group has a strong capability of trapping CO2. Inspired by this theory, Yu group 

designed the substrate 353 featuring  

 

Scheme 68. Dearomatization via trapping CO2 

amino group as an anchor to fix CO2. By trapping the CO2, the copper stabilized carboxylative 

intermediate 1 formed and went through the oxidative process to form the Cu(II) intermediate 3 

which trapped the CF3 radical formed also by oxidative process of Cu(I) leading to intermediate 5 

Moreover, intermediate 5 was oxidized in to carbon cation by Cu(II) and caught the nucleophile of   
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oxygen formed by releasing the Cu(I) catalyst to produce the dearomatized indol products featured 

trifluoro methylation and carboxylation in good yield.  

 

Scheme 69. Photo and electronic catalyzed dearomatization 

Along with the development of photocatalysis and electronic catalysis, chemists also try to apply 

those strategies to dearomatization of aromatic compounds. Under this ambition, in 2019, Shuli 

You group 
[156]

 made the access to synthesize the cyclobutane -fused tetracyclic spiroindolines 356  
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(Scheme 69) via visible-light-promoted intramolecular dearomatization of indole derivatives 335. 

By promoting the electron of  ɓ, ɔ carbon of indol to the triplet excited state 335a, intramolecular 

[2+2] cycloaddition of indole-tethered terminal olefin occurred to give the product 356 in good to 

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

On the other hand, in this year (2019), Guillaume Vincent group 
[157]

 published their 

electrochemical dearomative 2,3-difunctionalization of indoles 357 (Scheme 69). The application 

of undivided electrolytic conditions avoided the use of an extra oxidant to force the catalytic cycle 

to complete. And it was proposed that indol derivatives likely were oxidized by losing one 

electron into a radical cation which could be trapped by alcohols or azide compounds formed by 

obtaining one electron leading to three-dimensional 2,3-dialkox-yindolines or 2,3-diazidoindolines 

358 which also was applicable to various substituted starting material. 

In summary, the catalytic asymmetric dearomatization of heteroaromatic compounds has been 

well developed and on this basis, more advanced and environment-friend methodology will be 

further developed to provide more efficient approaches to natural compounds and 

pharmaceuticals.  
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1.2.2. Dearomatization of Phenols 

The dearomatization of phenol and derivatives has also grown up to a mature and strong strategy 

which already been used to access to various functionalized bio-active natural compounds and 

pharmaceutical 
[158]

. It not only provides more tools to prepare useful and valuable compounds, it 

can also greatly decrease the cost of money and time since the abundant existence of phenol and 

its derivatives and the polyring structure property. On the other hand, attributing to 

dearomatization process, two-dimensional starting material can be converted to three-dimensional 

products which increases the potential bioactive value. In addition, chiral carbon centers will also 

be constructed and by designing and using chiral ligand, high enantioselectivity can also be 

collected.  

On these advantages of dearomatization strategy, chemists from all over the world have paid tons 

of attention on the catalytic asymmetric dearomatization of phenols to satisfy the requirement 

from the industry, economy and environment-friend. Even though many strategies have been 

developed so far, catalytic asymmetric dearomatization of phenols will be mainly talked here and 

transition metal catalyzed dearomatization of phenols occupied large position. In the meantime, 

the dearomatization of phenols also majorly focused on phenols and naphthols.   



Chapter 1 
 

75 
 

In 2011, Stephen L. Buchwald group came up with the strategy
[159]

 of palladium(0) catalyzed 

redox arylative dearomatization of phenols(Scheme 70). By featuring a alphatic carbon chain 

bearing a terminal bromoaryl group at the para position of phenol 359, It provides an entry to go 

through redox of Pd(0) process. Synergistic with tautomerism between enol and keto form 

promoted by external base K2CO3, para carbon of phenol become more nucleophilic and could 

replace the bromo at Pd(II) to form the new Pd(II) intermediate 2. At last, intermediate 2 

performed reductive elemination to release the Pd(0) catalyst which got involved in the next  

 

 

Scheme 70. Dearomatization of phenol 
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catalytic cycle and gave the final dearomotized phenol product 360 in good to excellent yield. The 

succeess was guaranteed by the ligand L1, however, this straategy was more applicable on 

electron rich substrates which could promote the oxidative process. 

With same catalytic strategy, in 2014, Shuli You group
[160]

 built erythrinane skeleton 362 via Pd(0) 

catalyzed dearomatization of para-aminophenols 361(Scheme 70) and increased the efficiency 

greatly. In this work, more heteroatom like N was introduced into starting material and tetracyclic 

sterically congested spiroamines bearing a quaternary carbon were synthesized in excellent yield 

(up to 99%) with the optimized ligand(L2). 

In addition to Pd catalyzed dearomatization, Iridium also showed its strong power to dearomatize 

phenol compounds. In 2011, Shuli You group
[161]

 used Iridium catalyst to activate the allyl 

carbonate functional group to form the ɖ
3
allyl-Ir(I) electrophile. By combining this electrophile 

with phenol as the nucleophile 363 (Scheme 71), the dearomatization of 363 was successfully  

 
 

Scheme 71. Iridium catalyzed dearomatization of phenol 
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achieved driven by Iridium activated via chiral ligand (S,S,Sa-L3) and afforded the 

spirocyclohexadienone derivatives with up to 97% ee. 

Being different with studying various electrophiles, in 2018, Shuli You group 
[162]

 turned to 

another strategy by modifying the nucleophile tethered allylic carbonate 365 (Scheme 71). In this 

work, the electron donating hydroxyl group was replaced by dimethyl malonatyl group whose 

methylene was a kind of carbon donating group. Before testing this substrate, computations were 

firstly run to compare two model systems of asymmetric allylic dearomatization reactions between 

phenol and malonate diester substituted benzene. Delightfully, the result encouraged them to 

launch experimental studies with the same condition catalyzed by [Ir(cod)Cl]2 and chiral ligand 

(S,S,Sa-L3). Finally, a series of spiro[4.5]cyclohexadiene compounds 366 were obtained in 

reasonable yields (up to 61%) and good enantioselectivity(up to 97%). 

In other aspects, gold catalyst also contributed several strategies to dearomatize phenols 

compounds. In 2014, Yasumasa Hamada group
[163]

 tethered terminal alkyne in phenol 367 by 

carbon chain and proposed that the alkyne could accept the attack of para carbon of phenol to 

form the spiro[4.5]cyclohexadienones 368 activated by gold catalyst IPrAuNTf2 

(IPr=1,3-bis(2,6-diiso-propylphenyl)imidazol-2-ylidene) via ˊ-activation(Scheme 72). By 

launching the experiment to approve their idea, results was encouraging and strictly consistent 

with the original idea to obtain the aimed spiro[4.5]cyclohexadienones 368 products with good to 

excellent yield(up to 99%) and good functional group tolerance. 

Gold catalyst is a kind of ́-electron addicted Lewis Acid which is good at activating electron rich 

compounds such as alkyne and allene. Followed Hamadaôs work, Bo Tang group
[164]

 tethered 

terminal allene to para position of phenol as the starting material 369 (Scheme 72) and 

delightfully obtained the addition reaction between phenol and allene forced by Ph3PAuCl/AgOTf 

in situ catalysis and also gave the corresponding spiro-polycyclic products 370 in excellent 

yield(up to 99%). 

Moreover, Rhodium catalysis also provide the possibility to access to the dearomatization of 

phenols. In 2014, Mois®s Gul²as
[165] 

group applied Rh(III) catalyst to dearomatize the 

2-vinylphenol 371 through cleavage of the terminal CīH bond of vinyl group and insertion of  
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Scheme 72. Gold catalyzed dearomatization of phenol 

alkynes 372 successfully(Scheme 72). Delightfully, [3 + 2] Annulation occurred between 

2Ȥalkenylphenols and alkynes under also mild reaction condition and with high atom economic 

character. Finally the products 373 with highly appealing spirocyclic skeletons were collected in 

good to excellent yield (up to 99%). 

Besides phenols, naphthol compound also is one very important kind of phenols which is also 

abundant and widely applicable in people life. To promote its value for life, various modification 

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

compounds by featuring vary functional group. 

 

 
 

Scheme 73. Organocatalyzed dearomatization of naphthol 

 

In the tool box of dearomatization of naphthols, organocatalysis has occupied a very important 

role and already abstracted large attention all over the world. In 2016, Rui Wang group
[166]

 chose 

quinones 375 (Scheme 73)as the electrophile which was  activated by chiral spirocyclic 

phosphoric acid (PH-1) by hydrogen bond. On the other hand, naphthol 374 was activated also by 

the hydrogen bond with PH-1 and was dragged to interact with quinones 375 via the hydrogen 

bond. Two starting material reacted with each other in the chiral space constructed by the chiral 

spirocyclic phosphoric acid which finally gave cyclohexadienones with a quinone moiety 376 in 

good yield and excellent enantioselectivity. Relying on this strategy, in 2017, Ling Zhou group
[167]
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also successfully got their target to dearomatize the naphthol 377 catalyzed by chiral phosphoric 

acid (PH-2) by introducing the quinone monoimide 378(Scheme 73). The aimed enantioenriched 

cyclohexadienones 379 were obtained also in excellent yield via an domino Michael addition 

procedure and the products bearing various functional group also could be collected without big 

influence of on the yield and selectivity. 

From the results above, naphthol was dearomatized and left a free double bond inside the 

cyclohexadienone skeleton. The existence of free double leaves various possibility for further 

decoration and new reaction model. In 2019, Shouli You group
[168]

 noticed this opportunity and 

reported chiral phosphoric acid catalyzed aminative dearomatization of Ŭ-naphthols followed 

cascade Michael addition reaction. In this work (Scheme 73), 1-naphthol tethered a second 

nucleophile at the C4 position 380 was chose as the starting material to interact with diethyl 

azodicarboxylate catalyzed by chiral phosphoric acid (PH-3). A series of polycyclic ketones 381 

in good yields with excellent enantioselectivity were synthesized under mild reaction condition. 

Under the support of DFT calculations and mechanistic investigations, the whole procedures 

included two steps which were stereochemistry-determining aminative dearomatization and 

rate-limiting Michael addition. This work inspired chemists that the possibility that the 

dearomatization could be a new flat to perform other transformation. 

Like dearomatizing the phenol molecules, transition metal catalyst Pd could also be applied to 

dearomatize the naphthol compounds. Consistent with the Pd(0) catalyzed dearomatization of 

phenol
[159]

, in 2016, Shu-Li You group
[169]

 carried up this strategy to dearomatize naphthol 382 

(Scheme 74). They successfully developed palladium(0) catalyzed intermolecular arylative 

dearomatization of ɓ-Naphthols by combining the aryl halides 383. This reaction worked very 

well under assistance of Q-Phos ligand to give the arylative and dearomatized naphthols in 

excellent yield. After this work, in 2018, they developed another palladium(0) catalyzed 

intermolecular cascade dearomatization reaction on naphthol (Scheme 74). In starting material 

385, another amino group was featured at C1 which was ready for the cascade procedure. Firstly 

the propargyl carbonates 386 were activated by Binap coordinated Palladium by releasing one 

CO2 to form allene intermediate. Then the amino and the C1 carbon nucleophile continually attack 

the electrophilic allene intermediate which finally afforded ɓ-naphthalenones featuring an all  
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carbon quaternary stereogenic center at the Ŭ-position in good to excellent yields and 

chemoselectivity.  

 

Scheme 74. Palladium catalyzed dearomatization of phenol 

In the same way, other transition metal catalysts are also developed by using their unique 

advantages on dearomatization of naphthols. In 2015, Xinjun Luan group
[170]

 developed the 

scandium catalyzed asymmetric dearomative amination of naphthol 388 with azodicarboxylates 

389. By using the chiral ligand L1 (Scheme 75a), high yield and great enantioselectivity of 

product 390 were collected under mild condition. In the same year(2015), Shuli You group
[171]

 

found Rh(LRh)-Catalyzed asymmetric dearomatization of naphthols 391 by cascade C(sp2)-H 

bond activation and annulation procedures with alkynes 392(Scheme 75b). This work gave  
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Scheme 75 

another simple and efficient method to synthesize chiral spirocyclic ɓ-naphthalenones 395 and its 

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

In 2017, Shuli You group continued to pay attention on the dearomatization of naphthol and 

derivatives by Iridium catalyst
[172]

. By testing and screening many reaction condition,when 

(Sa)-L2 was the ligand and [Ir(COD)]2 was the Iridium source, allyl alcohol 395 being the 

electrophile could be directly activated without featuring the strong leaving group like carbonate 

group and accepted the attack of naphthols 394 to form the dearomatized product bearing 

quaternary carbon in excellent yield and enantioselectivity(Scheme 75c). 

In summary, dearomatization of aromatic compounds has become a very powerful strategy to 

approach more functionalized molecules. Recently, more and more great works on 

dearomatization of aromatic compounds and relative knowledge has also been accumulated   
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increasingly. However, there are still a lot of problem such as the cost and easy prepared starting 

material. In addition, in front of more and more challenges in humansô health and living condition, 

great valued and creative molecules by introducing more functional group which is easy modified 

or has bioactive property should be synthesized through more efficient and greener way. In 

conjunction with the research in our group on gold catalyzed dearomatization of indol and 

derivatives, we started to propose the research target of my PhD life. Next, the results of my 

research on gold catalyzed functionalization of alkyne and allenamides during my PhD life will be 

presented in the following chapter.  
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Gold(I) Catalyzed Dearomatization of 2-Naphthols with 

Alkynes 

2.1 Abstract: The gold(I)-catalyzed chemoselective dearomatization of ɓ-naphthols is reported 

through a straightforward approach via [3,3]-sigmatropic rearrangement /allene-cyclyzation 

cascade processes. Easily accessed naphthyl-propargyl ethers and derivatives in this work are 

employed as starting materials. Delightfully, an array of deoramatized dyhydrofuryl 

-naphthalen-2(1H)-ones featured densely functional groups are obtained in high yields (up to 

98%) in 10 min reaction time under extremely mild reaction conditions like reagent grade solvent 

and exposure to air. The potential of accessing to high enantioselectivety on the dearomatized 

dyhydrofuryl- naphthalen-2(1H)-ones is also approved by the good ee (65%) relying on (R)-xylyl - 

BINAP(AuCl)2. In addition, complete theoretical elucidation of the reaction pathway is also 

proposed which addresses a rationale for essential motivation such as regio- and chemoselectivity. 
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2.2 Introduction:  The catalytic dearomatization of aromatic compounds accompanied with 

constructing C-X bond processes is a desirable and powerful synthetic tool to access the target of 

preparing complex organic molecular due to the large availability and bioactivity of variously 

functionalized arenes as well as heteroarenes.
[1]

 In the past decades, the dearomatization of 

nitrogen-containing arenes such as indoles and pyrroles have been widely achieved, leading to a 

variety of site-selective dearomatized azacycles which have greatly potential application of the 

natural and bioactive compounds. Dependent on this basis, fully carbon-based aromatics materials 

starts attracting increasing attention in chemistry community since dearomatization on them still 

faces minor success mainly attributed to connatural nature such as: high conjugate system, lower 

nucleophilicity and regioselectivity issues. 

Among all the candidates of fully carbon-based aromatics compounds which are target to perform 

catalytic dearomatization reactions, phenol and naphthol derivatives are facing increasing 

attention since the abundant and economic-saving advantages, rleading to the construction of 

densely functionalized naphthalones featuring also stereogenic centers in a asymmertric manner.
[2]

 

In other aspect, Naphthalene -2(1H)-one is also major molecular motif of particular interest, which 

has been embedded into numerous naturally molecules as well as bioactive compounds (Figure 1). 

Under this background, the catalytic dearomatization of 2-naphthols offers an efficient and direct 

synthetic methodology to this framework. This approach found elegant applications with the use 

of strongly activated electrophiles through the establishment of new C-X (X: oxidative approach, 

e.g. hydroxylation,
[3a]

 amination,
[3b,c] 

thiolation
[3d,e]

 and halogenation
[3f]

) as well as C-C bonds.
[4]

 In 

the latter one, the strongly activated carbon-based electrophiles is usually required in order to 

access acceptably mild reaction conditions and consequently obtain the controllable and useful 

selectivity. However, more eco-friendly, readily available and unsaturated hydrocarbons 

electrophiles which benefit to the site-specific dearomatization of naphthols derivatives are still 

undeveloped and face far less success.
[5]

 In conjunction with our interests on gold catalyzed 

catalytic manipulation of arenes and heteroarenes, especially indol derivatives,
[6,7]

 an 

unprecedented gold-catalyzed dearomatization stratedy of ɓ-naphthols through a cascade reaction 

sequence including [3,3]-propargylic Claisen  
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Figure 1 Dearomatizationof 2-naphthols as direct synthetic entry to the naphthalen-2(1H)-one core. 

Biologically relevant compounds featuring dearomatized 2-naphthyl units. 

rearrangement
[8]

 and successive nucleophilic annulation of the resulted allenyl intermediate
[9]

 is 

presented by our group. This cascade sequence of dearomatization process rewards the entitative 

attitude of [Au(I)] species on performing powerful electrophilic activation of alkynes
[10] 

and 

allenes
[11]

 towards nucleophilic additions, leading to efficient dearomatization of the naphthol and 

derivatives accompanied with construction of naphthalene -2(1H)-one core and elaborated 

side-chains in one pot (Scheme 1).
[12]

 

2.3 Experiments and results: To approve the reliability of our proposed idea, a 

initiatory survey on reaction parameter was carried out by using the easily accessable naphthyl- 

 

Scheme 1. Working hypothesis of the present gold catalyzed cascade sequence. 
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propyn-ol 1a as starting material. Fortunately, the treatment of 1a with in situ PPh3AuCl/AgSbF6  

Table 1. Screening of reaction conditions.[a] 

 

Entry Cat Solvent Yield(%) 

1 cat 1/AgSbF6 toluene 28 

2 cat 2 toluene 98 

3 cat 3/AgSbF6 toluene 30 

4
[c]

 cat 4/AgSbF6 toluene 58 

5 cat 5 toluene 67 

6 cat 6/AgSbF6 toluene NR 

7
[d]

 cat 7/AgSbF6 toluene 40 

8
[e]

 cat 2 toluene 97 

9 JohnPhosAuCl/AgNTf2 toluene 83 

10 JohnPhosAuCl/AgTFA toluene traces 

11 JohnPhosAuCl/AgOTs toluene NR 

12 cat 2 DCM 73 

13 cat 2 THF 90 

14 cat 2 Et2O 50 

15
[f]

 -/AgSbF6 toluene 21 

16 JohnPhosAuCl/- toluene NR 
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[a] All the reactions were run under nitrogen on 0.05 mmol scale of 1a (0.5 M) in the presence of AgX 

2.5 mol%, unless otherwise specified. [b] Isolated yield after flash chromatography. [c] Reaction time 

40 min. [d] AgSbF6 was used 5 mol%. [e] With reagent grade solvent, open air vial. [f] A series of 

unknown compounds was detected in the reaction crude. NR: no reaction. 

(2.5 mol%) in dry toluene at room etemperature offered successfully the desired and targeted 

dearomatized naphthalene-one 2a in inspiring yield (28%) along with a complicated mixture of 

byproducts. 

A series of gold(I)-complexes bearing different substituents which can affect the electronic and 

steric effection on ligand were then examined respectively(entries 2-7, Table 1) and consequently 

cat 2 ([JohnPhosAu(ACN)]SbF6, entry 2) was chose as the optimal promoting catalyst by 

providing 2a in almost quantitative yield (98%) whithin 10 min reaction time. With this delightful 

result, we were also encouraged to approve that when reagent grade toluene in an open air-vial 

conditions was employed, no decreasement in catalytic performance was observed by still 

obtaining excellent yield(entry 8, yield = 97%). Even excellent yield was obtained in hand, 

different stabilizing counterions (entries 9-11) were aslo used to inspect the function and result in 

this transformation. Except 
-
NTf2 counter anion which gave good yield (83%, entry 9), both 

ï
TFA 

and 
-
OTs failed to offer the final product 2a. Moreover, different from aromatic solvent like 

toluene, DCM, THF and Diethyl Ether were also tested separately(entry 12-14) and the 

decreasement of product 2a was found which means that aromatic solvent is helpful on this 

transformation. Additionally, single JohnPhosAuCl (entry 16) and AgSbF6(entry 15) were also 

tested individually and the result excluded the affects from Silver salts during the catalytic process 

and highlight the function of Au(I) and 
-
SbF6, which have to intergrated in one pot. 

Having achieved the optimized reaction conditions in hand, we next turned our attention onto the 

exploration of the substrate scope to test the tolerance of functional group. To obtain this purpose, 

numerous of differently substituted ɓ-naphtholyl ethers (1b-t) were synthetized (see SI for details) 

and treated with the optimal condition of using cat 2 (2.5 mol%) as the best catalyst in toluene at 

room temperature without moisture precautions.  

As summarized in Scheme 2, the protocol showed high stability and kept the efficiency with 

variously modified C(3)-substituted precursors (R = Et, nBu, allyl, Bn, Br and arenes 1b-i) and   
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Scheme 2. Scope of the reaction. All compounds were obtained in racemic form. a Reaction time = 15 

h. b Reaction time = 50 min at ï 15 °C (NMR conversion). c Reaction time = 30 min at rt. 

furnished the corresponding dearomatized and cyclized dihydrofuryl naphthlenon product in good 

to excellent yield (up to 97% ). Additionally, when the functional group including EDG and EWG 

were introduced to C6, the corresponding dearomatized compounds were still promisingly 

obtained (1j and k: x = nBu and Ph) in high yields (73 and 87%). Identically, this protocol also 

was friend greatly with the substrates when the alkyne chain was decorated by substituent (1l) by 

offering excellent yield (85%) even though the reaction time was prolonged. However, when 

homopropargylic side-chains was extent to longer (1m with n = 2), this catalytic system lost its 

control on the pathway of dearomatization. In this case, under best reacction conditions, the 

formation of the dihydrofuranyl compound 2mô was colleted (yield = 85%)
[12] 

rather than the 

normal dearomatization reaction since  gold promoted intramolecular -OH addition to the triple 

bond was more ccompetetive that the carbon nucleophile which form the target product. 

In order to further detect the ultimately accessible substrates diversity in this catalytic strategy, 

modification on the terminal hydroxyl unit was considered. With this consideration, other moieties 

such as benzyloxy-, aryl and allyl moieties (1p-t) were used to replace the hydroxyl group which 
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Scheme 3. Examples of gold catalyzed synthesis of C(1)-allenyl dearomatized naphthalone cores 

(2p-t). All compounds were obtained in racemic form. a Reaction carried out at 0 °C for 2 h. 

could stop the cyclization process by affording the corresponding allenyl dearomatized product. 

Inspiringly, in all cases  we designed, all the corresponding dearomatized allenyl compounds 

(2p-t) were harvested in good to excellent yields(62-96%) under optimal reaction conditions 

(Scheme 3). Interestingly, terminal propargylic ether 1t exhibited great competence in this 

catalytic system via offering the corresponding monosubstituted allenyl naphthalenone 1t in 

excellent yield (91%). In this monment, It is worthy to highlight that the existence of ethyl (1n) 

and n-butyl (1o) groups at C1 instead of methyl group exploited another reaction pathway to form 

an unexpected by-product that were isolated in significant amounts (28% and 29%, respectively) 

along with producing the desired dearomatized species in moderate yield (2n 48% and 2o 22%). 

Moreover, The structure of byproduct 2oô (Rô = nBu) was proved to be the diastereomerically pure  

 

 

Scheme 4. Dimeric structure of the byproduct encountered with substrates 1o. 
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dimeric compound depicted in Scheme 4. Mechanistically, the reaction result brought several 

interesting interrogatives such us: 1) the regiochemistry between C(1) and C(3) in the 

dearomatization event; 2) Concerted or stepwise Claisen rearrangement? 3) Mechanisticly driving 

force on the divergence between C(1)-Me and C(1)-Bu of naphtol derivatives. 

To scatter the light into these aspects we resorted to assistance of computational simulation. 

Firstly we focused our attention on the regioselectivity issue. We computed the diverted reaction 

profiles for the alternative sigmatropic rearrangements onto positions 1 and 3 of the naphthol 

respectively and the results told us that the reaction pathway toward C3 was energetically less 

favoured since the associated energy penalty was significant (between 6 and 20 kcal/mol, 

becoming larger than the reaction evolved towards products, see SI). We tried to trace this energy 

penalty back to aromaticity. The sigmatropic rearrangement onto C1 implies the loss of 

aromaticity at one of the rings of the naphthol system was lower than while the same migration 

onto C3 broke the conjugation in an o-quinodimethane form which resulted in the complete loss of 

aromaticity across the entire naphthol structure as shown in Scheme 5. Both structural (bond 

length alternation) and magnetic (ACID, NICS) parameters were consistent with this interpretation 

(see SI). 

 

 

Scheme 5. [3,3]-Sigmatropic rearrangement selectivity governed by aromaticity. Fragments showing 

aromaticity highlighted with bold green bonds, those loosing aromaticity in bold red. 

 

Then we turned our attention on the mechanism of affording the favoured regioisomer. The major 

characterictic of the proposed mechanism on where we started this work were confirmed by our 

simulations. However, it is worth noting that the [3,3]-sigmatropic rearrangement happened in a 

step-wise method through a six membered ring intermediate
[8a]

 while the naphthol has already lost 

the aromaticity at one ring by tautomerization process which formed a naphthalenone isomer 

whose carbonyl oxygen can then stabilize the activated allene via a dative bond (Mi n2 in Scheme 

6). The subsequent allene intermediate arrived at the key and important step which has two 

available pathways respectively to form the expected product in dimethyl-naphthols and the 



Chapter 2 

101 
 

unexpected ones in ethyl and butyl naphthol derivatives. The activated allene fragment in Min3  

can be attacked by two internal nucleophiles including the allenyl alcohol or ketene group. The 

first approach requires a rotation of the gold catalyst (Min3  vs Min5 ) along the allenyl axis 

because when the allene was formed in TS2, the catalyst was oriented syn direction to the alcohol. 

In another direction, the second way required an alkyl 1,2-migration to transfered the ketone back 

into an alkoxyde that stabilized the final fused furan system. 

To understand this competitive transformation in depth, we computed the reaction profiles for 

systems containing groups bearing different migrating ability. Substrates with methyl and ethyl 

groups at C1 position since they have been experimentally tested were selected as model sdample, 

and isopropyl group was also additionally considered to explore the influence of group along with 

increased migratory ability.  

 

 
Scheme 6. Computed mechanistic alternatives for the formation of the expected furanyl naphthalenone 

(Min7 ) and the unexpected dimer (via Min5b ). Free energies in kcal/mol-1 computed at the 

M06/Def2SVPP level with toluene parameters in the PCM solvation model (1atm,298 K).[13] For 

adetailed description of the computational methodology see the Supporting Information. 
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The obtained results are consistent exceptionally well with the experimental observations and are 

summarized in Scheme 6. The methyl group showed lower migratory ability so that the favoured 

path was the attack of the allenyl alcohol (10.2 kcal/mol) from the allene intermediate Min3 . 

Moreover, calculation showed that the C-O bond formation was not the selectivity determining 

step in this pathway, since the rotation of the gold complex to the anti posistion is slightly more 

energy demanding (12.1 kcal/mol). Dependent on our calculations, once the initial barrier is 

overcome, the formation of the key allene intermediate (Min3) is quite favourable. In the 

experimental parameter, this intermediate can actually be detected in the TLC plate which has 

priority to form product. To certify that our computed mechanism is in agreement with this finding, 

stochastic kinetic simulations (see the SI for details) was run, which verified that, within our 

computed mechanism, Min3  was accumulates significantly on concentration before the second 

reacting site of the mechanism got involved into the reaction. Despite the essential reluctance of 

the methyl group to participate in a migration process, the energy gap between 

mono-dearomatization and the alternative path yielding the dimer(higher) is only 1.3 kcal/mol 

(13.4 kcal/mol for the transition state involving the migration). This is a rather small energy 

difference which is enough to guarantee selectivity due to the mild thermal conditions utilized in 

this experiment. However, it is also possible to divert the reaction pathway. When an ethyl group 

was featured, the energy requirements for the migration step were significantly reduced so that 

migration process became easier since it was no longer the determining step in this branch, 

resulting in that the 5 membered ring formation of Min5b  becomes the determining step. In the 

meantime, for the route leading to the expected product, all barriers were holisticly reduced by 

about 2 kcal/mol, adjusting energy barrier of the determining step to 10.2 kcal/mol. This small 

energy difference (10.8 vs 10.2 kcal/mol) can be almost ignored among both branches resulting in 

the experimental findings of significant amounts of both kinds of products. In addition, the energy 

difference between two pathways becomes smaller along with increasing migration ability of the 

alkyl group. When the alkyl group is isopropyl derivative, the competitive situation completely 

reverts and the formation of the unexpected product seems to become obviously prefered (5.8 vs 

10.6 kcal/mol). Additionally, the formation of 2mô by using homopropargyl alcohol 1m is also 

explained on the grounds of aromaticity loss (see the SI). 
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Finally, to strongly corroborate the mechanistic outcome resulting form the computational 

investigation, the allenyl-ol intermediate 2aô (33% conversion, 
1
H-NMR) was detected and 

isolated successfully of by running the classic dearomatization reaction in the presence of dried 

4Å MS whose abundant hydroxyl group prevented the final C-O bond forming transformation 

(Scheme 7a).
[14]

 Then, the formation of 2aô in the whole catalytic cycle was unambiguously 

proved. In other hand, by treating 2aô with fresh [JohnPhosAu(CH3CN)]SbF6 (2.5 mol%) in 

toluene without MS, as expected, it was completely converted into 2a in 2h, similarly to the 

one-pot protocol (Table 1, entry 8).  

 

Scheme 7. a) Proving the step-wise cascade mechanism involving allenyl-ol 2aô the key intermediate, 

[Au] -1: JohnPhosAu(CH3CN)SbF6. b) Stereoselective dearomatization reaction with chiral gold 

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

 

Moreover, the step-wise sigmatropic rearrangement resulting from computations encouraged us to 

further investigate an enantioselective transformation by means of chiral gold(I) complexes that 

are directly engaged in the stereoselection of the sequent process. Interestingly, the use of in situ 

(R)-xylyl -BINAP(AuCl)2 /AgNTf2 (5 mol%) in reagent grade CF3-C6H5 at -20 °C enabled the 

isolation of 2a in 81% yield and 65% ee, proving the suitability of our methodology to be 

implemented into a stereoselective variant (Scheme 7b). 
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2.4 Summary 

In conclusion, we have successfully presented a novel and efficient strategy for the site-selective 

dearomatization of ɓ-naphthols via gold catalysis. Benefiting from unique advantages of gold(I) 

complex, readily availability of the starting material is converted to varied dearomatized 

naphthalenone skeleton including products via a cascade process involving an initial 

[3,3]-rearrangement followed cyclized addition on resulted allenyl-ol derivatives. In the meantime, 

a computational investigation spreads light on the whole stepwise reaction machinery and 

provides important theoretical support for the high regioselectivity observed as well as for the 

chemical divergence relating to substrates 2n and 2o. Further studies on the steeroselective 

dearomatization of different aromatic rings are undergoing and will be presented in near future. 
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General Methods. 

1H-NMR spectra were recorded on Varian 400 (400 MHz) spectrometers. Chemical shifts are 

reported in ppm from TMS with the solvent resonance as the internal standard 

(deuterochloroform: 7.24 ppm). Data are reported as follows: chemical shift, multiplicity (s = 

singlet, d = doublet, t = triplet, q = quartet, sext = sextet, sept = septet, p = pseudo, b = broad, 

m = multiplet), coupling constants (Hz). 13C-NMR spectra were recorded on a Varian 400 

(100 MHz) spectrometers with complete proton decoupling. Chemical shifts are reported in 

ppm from TMS with the solvent as the internal standard (deuterochloroform: 77.0 ppm). 

GC-MS spectra were taken by EI ionization at 70 eV on a Hewlett-Packard 5971 with GC 

injection. They are reported as: m/z (rel. intense). LC-electrospray ionization mass spectra 

were obtained with Agilent Technologies MSD1100 single-quadrupole mass spectrometer. 

Chromatographic purification was done with 240-400 mesh silica gel. Other anhydrous 

solvents were supplied by Sigma Aldrich in Sureseal® bottles and used without any further 

purification. Commercially available chemicals were purchased from Sigma Aldrich, Stream 

and TCI and used without any further purification. Analytical high performance liquid 

chromatography (HPLC) was performed on a liquid chromatograph equipped with a variable 

wave-length UV detector (deuterium lamp 190-600 nm), using a Daicel ChiracelTMOD-H, 

(0.46 cm I.D. x 25 cm Daicel Inc). HPLC grade isopropanol and n-hexane were used as the 

eluting solvents. Melting points were determined with Bibby Stuart Scientific Melting Point 

Apparatus SMP 3 and are not corrected.Agilent Technologies LC/MSD Trap 1100 series 

(nebulizer: 15.0 PSI, dry Gas: 5.0 L/min, dry Temperature: 325 °C, capillary voltage positive 

scan: 4000 mA, capillary voltage negative scan: 3500 mA). 

The X-ray intensity data for нƻΩ were measured on a Bruker Apex II CCD diffractometer. Cell 

dimensions and the orientation matrix were initially determined from a least-squares 

refinement on reflections measured in three sets of 20 exposures, collected in three 

different w regions, and eventually refined against all data. A full sphere of reciprocal space 

was scanned by 0.3̄w steps. The software SMART[1] as used for collecting frames of data, 

indexing reflections and determination of lattice parameters. The collected frames were 

then processed for integration by the SAINT program, and an empirical absorption 

correction was applied using SADABS.[2] The structures were solved by direct methods (SIR 

97)[3] and subsequent Fourier syntheses and refined by full-matrix least-squares on F2 

(SHELXTL),[4] using anisotropic thermal parameters for all non-hydrogen atoms. All the 

hydrogen atoms were located in difference Fourier maps. The aromatic, methyl and 

methylene hydrogen atoms were placed in calculated positions and refined with isotropic 

thermal parameters U(H) = 1.2 Ueq(C) or U(H) = 1.5 Ueq(C) (methyl H), respectively and 

allowed to ride on their carrier carbons. The molecular graphics were generated by using 

ORTEP.[5] Color codes for the molecular graphics: red (O), grey (C), white (H).  Crystal data 
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and other experimental details for нƻΩ are reported in Table S3 whereas bond lengths [Å] 

and angles (deg) are shown in Table S4.CCDC- 1575784 contains the supplementary 

crystallographic data for this paper. These data can be obtained free of charge at 

www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data 

Centre, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44-1223-336-033; e-mail: 

deposit@ccdc.cam.ac.uk). 

Computational Methods 

Throughout this work the Density Functional Theory has been employed in its Kohn-Sham 

formulation[6] The meta-GGA exchange-correlation functional, M06, by Zhao and Truhlar[7] 

was used with the double-ʸ ǉǳŀƭƛǘȅ 5ŜŦн{±tt ōŀǎƛǎ ǎŜǘΦ ¢Ƙƛǎ ƳƻŘŜǊƴ ōŀǎƛǎ ǎŜǘ ƛǎ ǿŜƭƭ 

balanced and densely populated which, in terms of size and number of Gaussian functions, 

makes it comparable with popular triple-ʸ ǉǳŀƭƛǘȅ ƻǇǘƛƻƴǎ ƭƛƪŜ ǘƘŜ с-311+G(3df,2p) basis set 

by Pople. This model chemistry has been tested in a through benchmark focused on 

[Au(I)]/alkyne chemistry and renders improved results with respect to other density 

functional/basis set combinations.[8] All geometry optimizations have been carried out using 

tight convergence criteria in order to obtain accurate stationary points. Such accuracy in the 

geometries also required a pruned grid for numerical integration with 99 radial shells and 

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

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

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

normal modes obtained via diagonalization of the Hessian matrix was used to confirm the 

topological nature of each stationary point. The wave function stability for each optimized 

structure has also been checked.[9] The ACID surfaces and vectorial field were computed 

using the continuous set of gauge transformations, (CSGT) [10]. All the calculations reported in 

this manuscript were performed with Gaussian 09. [11] 

 

tǊŜǇŀǊŀǘƛƻƴ ƻŦ ʲ-naphthols (N)[12], propargyl bromide(A1), [13] propargyl bromides(A2/A3), [14] 

propargyl bromides(A4/A5)[15] and 6-bromohex-1-en-4-yne(A7)[16] were accomplished 

following the reported procedures. 3-Bromoprop-1-yne(A6) was purchased from 

Sigma-Aldrich. 
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Synthesis of 4-((naphthalen-2-yl)oxy)but-2-yn-1-ol derivatives 1a-o 

 

To a flamed two-necked flask was added DMF(15ml), the desired 2-naphthol 

N(1mmol) and A1(1.5 mmol, 1.5 equiv.). Then K2CO3(2 mmol, 2 equiv.) was added under 

N2 atmosphere and keep stirring at room temperature.  After the reaction was 

complete(monitored by TLC), the solution was quenched with water and extracted with 

EtOAc three times. Then the combined organic layers were washed with brine, dried with 

Na2SO4, filtered and concentrated by rotary evaporation. The residue (мΩ) was directly 

hydrolyzed by tetrabutylammonium fluoride (TBAF, 1.5mmol) in reagent grade THF at 

room temperature for 2h. Afterquenchingwith water,the solution was extracted with 

EtOAc three times. Next the combined organic layerswere washed with brine, dried with 

Na2SO4, filtered and concentrated by rotary evaporation. The residue was purified with 

silica gel column chromatography to afford the 1. 

 

1a. Light yellowoil, cHex:EtOAc = 20:1­8:1, yield = 83%. 1H NMR 

(400 MHz, CDCl3ύ ʵ Ґ тΦфл όŘΣ J=8.0Hz, 1H), 7.71 (d, J=4.0 Hz, 1H), 

7.51 (s, 1H), 7.47-7.38 (m, 2H), 4.57 (t,J=2.0Hz, 2H), 4.32 

(t,J=2.0Hz, 2H), 2.63 (s, 3H), 2.48 (s, 3H). 13C NMR (100 MHz, CDCl3ύ ʵ Ґ мроΦлфΣ монΦппΣ 

131.14, 130.98, 127.57, 127.49, 125.23, 125.13, 124.87, 123.92, 85.33, 81.19, 60.82, 51.01, 

17.42, 11.99.GC-MS (m/z): 240.Anal. Calc.for (C16H16O2: 240.12): C, 79.97; H, 6.71; found: C, 

80.03, H, 6.59. 

 

 

1b. Light yellowoil, cHex:EtOAc = 20:1­8:1,yield = 73%. 1H NMR 

(400 MHz, CDCl3ύ ʵ Ґ тΦф0 (d, J=8.0 Hz, 1H), 7.73 (d, J=8.0 Hz, 1H), 

7.53 (s, 1H), 7.46-7.37 (m, 2H), 4.57 (t, J=3.2 Hz, 2H), 4.32 (t, 

J=3.2 Hz, 2H), 2.86 (q, J=7.2 Hz, 2H), 2.63 (s, 3H), 1.33 (t, J=7.6 Hz, 3H). 13C NMR (100 MHz, 

CDCl3ύ ʵ Ґ мрнΦфлΣ 136.94, 132.33, 131.22, 127.77, 125.67, 125.23, 125.07, 124.81, 123.83, 

85.22, 81.32, 61.26, 51.12, 23.67, 14.54, 12.06. GC-MS (m/z): 254. Anal. Calc.for (C17H18O2: 

254.13): C, 80.28; H, 7.13; found: C, 80.11, H, 7.21. 
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1c.Light yellowoil, cHex:EtOAc = 20:1­10:1, yield = 68%. 1H NMR 

(400 MHz, CDCl3ύ ʵ Ґ тΦфм όŘΣ J=8.0 Hz, 1H), 7.74 (d, J=8.0 Hz, 1H), 

7.52 (s, 1H), 7.46 ς 7.38 (m, 2H), 4.57 (s, 2H), 4.32 (s, 2H), 2.80 ς 

2.84 (t, J=16.0Hz, 2H), 2.63 (s, 3H), 1.74-1.66 (m, 2H), 1.51 ς 1.36 (m, 2H), 0.97 (t, J=7.2 Hz, 

3H). 13C NMR (100 MHz, CDCl3ύ ʵ Ґ мроΦлфΣ морΦсуΣ монΦорΣ момΦмрΣ мнтΦтпΣ мнсΦрмΣ мнрΦнмΣ 

125.12, 124.80, 123.84, 85.25, 81.32, 61.36, 51.11, 32.70, 30.60, 22.75, 14.01, 12.11. GC-MS 

(m/z): 282. Anal. Calc.for (C19H22O2: 282.16): C, 80.82; H, 7.85; found: C, 80.65, H, 7.70. 

 

 

1d.Light yellowoil, cHex:EtOAc = 20:1­8:1, yield = 65%.1H NMR 

(400 MHz, CDCl3) ɻ  = 7.92 (d, J=8.0 Hz, 1H), 7.76 (d, J=8.0 Hz, 1H), 

7.53 (s, 1H), 7.48-7.39 (m, 2H), 6.14-6.04 (m, 1H), 5.18-5.14 (m, 

2H), 4.58 (s, 2H), 4.32 (s, 2H), 3.63 (d, J=8.0 Hz, 2H), 2.64 (s, 3H).13C NMR (100 MHz, CDCl3) ɻ  

= 152.67, 137.06, 133.01, 132.61, 131.11, 127.87, 127.09, 125.51, 125.38, 124.93, 123.88, 

116.26, 85.48, 81.09, 61.44, 51.01, 34.91, 12.11.GC-MS (m/z):266.Anal. Calc.for (C18H18O2: 

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

 

 

1e. Light yellowoil, cHex:EtOAc = 20:1­8:1, yield = 63%.  1H 

NMR (400 MHz, CDCl3ύ ʵ ҐтΦфн όŘΣ J=8.0, 1H), 7.70 (d, J=8.0, 1H), 

7.50 ς 7.36 (m, 3H), 7.34 ς 7.17 (m, 5H), 4.45 (t, J=1.6, 2H), 4.30 

(t, J=1.6, 2H), 4.22 (s, 2H), 2.64 (s, 3H). 13C NMR (100 MHz, CDCl3ύ ʵ Ґ мрнΦфсΣ мплΦссΣ мопΦмрΣ 

132.72, 131.02, 129.04(2C), 128.41(2C), 127.94, 127.78, 126.09, 125.54, 125.42, 124.91, 

123.83, 85.34, 81.30, 61.41, 51.12, 37.00, 12.18. GC-MS (m/z): 316.Anal. Calc.for (C22H20O2: 

316.15): C, 83.52; H, 6.37; found: C, 83.40, H, 6.21. 

 

 

1f. Light yellowoil, cHex:EtOAc = 20:1­10:1, yield = 80%.1H 

NMR (400 MHz, CDCl3ύ ʵ Ґ 7.91 ς 7.95 (m, 2H), 7.70 (d, J=8.0 Hz, 

1H), 7.52 (t, J=8.0 Hz, 1H), 7.43 (t, J=4.0 Hz, 1H), 4.73 (s, 2H), 

4.31 (s, 2H), 2.70 (s, 3H). 13C NMR (100 MHz, CDCl3ύ ʵ Ґ мпфΦсмΣ монΦсуΣ момΦтпΣ молΦофΣ 

128.18, 127.40, 126.44, 125.83, 124.31, 116.93, 85.64, 80.94, 61.29, 51.16, 12.82. GC-MS 

(m/z): 304/306.Anal. Calc.for (C15H13BrO2: 304.01): C, 59.04; H, 4.29; found: C, 58.89, H, 4.12. 
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1g. Light yellowoil, cHex:EtOAc = 20:1­10:1, yield = 76%.1H NMR 

(400 MHz, CDCl3ύ ʵ Ґ тΦфф όŘΣ J=8.0 Hz, 1H), 7.82 (d, J=8.0 Hz, 1H), 

7.69-7.66 (m, 3H), 7.54-7.50 (m, 1H), 7.47 ς 7.43 (m, 3H), 7.40 ς 

7.36 (m, 1H), 4.18 (t, J=4.0 Hz, 2H), 4.15 (t, J=4.0 Hz, 2H), 2.72 (s, 3H).13C NMR (100 MHz, 

CDCl3ύ ʵ Ґ мрмΦнлΣ моуΦтфΣ мопΦтмΣ мооΦлмΣ момΦллΣ мнфΦоо(2C), 128.43, 128.34(3C), 127.33, 

126.38, 126.11, 125.14, 124.09, 84.96, 81.23, 60.68, 50.98, 12.19. GC-MS (m/z): 302.Anal. 

Calc.for (C21H18O2: 302.13): C, 83.42; H, 6.00; found: C, 83.31, H, 6.89. 

 

1h(Ar = pOMe-C6H4).Light yellowoil, cHex:EtOAc = 20:1­10:1, 

yield = 77%.1H NMR (400 MHz, CDCl3ύ ʵ Ґ тΦфт όŘΣ J=8.0 Hz, 1H), 

7.80 (d, J=8.0 Hz, 1H), 7.65 (s, 1H), 7.62 ς 7.59 (m, 2H), 7.52 ς 

7.48 (m, 1H),7.45 ς 7.41(m, 1H), 7.0-6.9(m, 2H),4.18-4.17 (m, 4H), 3.86 (s, 3H), 2.71 (s, 3H). 

13C NMR (100 MHz, CDCl3ύ ʵ Ґ мрфΦлпΣ мрмΦнфΣ мопΦнсΣ монΦтуΣ момΦлуΣ момΦлрΣмолΦофΣ мнуΦнфΣ 

127.91, 126.30, 125.89, 125.06, 124.06, 113.81, 84.85, 81.36, 60.48, 55.29, 51.04, 12.17. 

GC-MS (m/z): 332. Anal. Calc.for (C22H20O3: 332.14): C, 79.50; H, 6.07; found: C, 79.31, H, 

6.00. 

 

1i(Ar = pF-C6H4).Light yellowoil, cHex:EtOAc = 20:1­10:1, yield = 

73%.1H NMR (400 MHz, CDCl3) ɻ  = 7.98 (d, J=8.0 Hz, 1H), 7.81 (d, 

J=8.0 Hz, 1H), 7.65 ς 7.62 (m, 3H), 7.50 ς 7.54 (m, 1H), 7.47 ς 

7.43 (m, 1H), 7.16 ς 7.10 (m, 2H), 4.17 ς 4.16 (m, 4H), 2.71 (s, 3H).13C NMR (100 MHz, CDCl3) 

 ɻ= 163.56, 161.11, 151.01, 134.65, 133.67, 133.03, 130.96, 130.88, 128.36, 128.15, 126.53, 

126.19, 125.24, 124.09, 115.36, 115.15, 84.98, 81.09, 60.61, 51.02, 12.17. 19F NMR (377 MHz, 

CDCl3) ɻ  = -115.06 (m).GC-MS (m/z): 320.Anal. Calc.for (C21H17FO2: 320.12): C, 78.73; H, 5.35; 

found: C, 78.61, H, 5.14. 

 

 

1j. Light yellowoil, cHex:EtOAc = 20:1 ­10:1, yield = 65%.  
1H NMR (400 MHz, CDCl3ύ ʵ Ґ тΦун όŘΣ J=8.8, 1H), 7.48 (s, 1H), 

7.44 (s, 1H), 7.29 (dd, J=8.4, 1.6, 1H), 4.55 (t, J=2.0, 2H), 4.31 

(s, 2H), 2.83 ς 2.68 (m, 2H), 2.61 (s, 3H), 2.46 (s, 3H), 1.71 ς 1.60 (m, 2H), 1.37 (m, 2H), 0.93 

(t, J=7.2, 3H). 13C NMR (100 MHz, CDCl3ύ ʵ ҐмрнΦрмΣ мофΦотΣ момΦн8, 130.84, 130.78, 126.95, 

126.79, 126.04, 124.90, 123.80, 85.12, 81.41, 60.76, 51.12, 35.51, 33.51, 22.32, 17.39, 13.95, 

11.96. GC-MS (m/z): 296, Anal. Calc.for (C20H24O2: 296.18): C, 81.04; H, 8.16; found: C, 81.21, 

H, 8.01. 
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1k. White solid, cHex:EtOAc = 20:1­10:1, yield = 60%. 1H 

NMR (400 MHz, CDCl3ύ ʵ ҐтΦфт όŘΣ J=8.0, 1H), 7.91 (d, J=1.2, 

1H), 7.72 ς 7.63 (m, 3H), 7.57 (s, 1H), 7.47 (t, J=7.6, 3H), 7.36 

(t, J=6.8, 1H), 4.59 (d, J=1.6, 2H), 4.33 (t, J=1.2, 2H), 2.65 (s, 3H), 2.49 (s, 3H). 13C NMR (100 

MHz, CDCl3ύ ʵ Ґ мроΦннΣ мпмΦлнΣ мотΦрмΣ момΦснΣ момΦпфΣ момΦосΣ мнуΦтф(2C), 127.74, 127.25, 

127.21(2C), 125.41, 125.07, 124.83, 124.51, 85.22, 81.33, 60.79, 51.14, 17.45, 12.03.GC-MS 

(m/z): 316.Anal. Calc.for (C22H20O2: 316.15): C, 83.52; H, 6.37; found: C, 83.35, H, 6.18. 

 

 

1l.Light yellowoil, cHex:EtOAc = 20:1­8:1, yield = 69%.1H NMR 

(400 MHz, CDCl3ύ ʵ Ґ тΦфл όŘΣ J=8.0 Hz, 1H), 7.71 (d, J=8.0 Hz, 1H), 

7.51 (s, 1H), 7.41 (m, 2H), 4.57 (s, 2H), 2.63 (s, 3H), 2.48 (s, 3H), 

1.49 (s, 6H). 13C NMR (100 MHz, CDCl3ύ ʵ Ґ мроΦмфΣ монΦпоΣ 

131.12, 131.09, 127.52, 127.35, 125.15, 125.11, 124.77, 123.86, 91.61, 77.61, 65.12, 60.82, 

31.14, 17.49, 12.06.GC-MS (m/z):268.Anal. Calc.for (C18H20O2: 268.15): C, 80.56; H, 7.51; 

found: C, 80.42, H, 7.38. 

 

 

1m. Light yellowoil, cHex:EtOAc = 20:1 ­10:1, yield = 70%. 1H 

NMR (400 MHz, CDCl3ύ ʵ Ґ тΦфл όŘΣJ=8.0 Hz,1H), 7.71 (m, ,1H), 

7.51 (s, 1H), 7.46-7.37 (m, 2H), 4.54 (t, J=2.4 Hz, 2H), 3.69 (t, 

J=8.0 Hz, 2H), 2.62 (s, 3H), 2.51-2.49 (m,2H), 2.48 (s, 3H). 13C NMR (100 MHz, CDCl3ύʵ Ґ 

153.11, 132.43, 131.13, 131.07, 127.53, 127.36, 125.17, 125.13, 124.79, 123.86, 84.29, 77.46, 

61.03, 60.86, 23.19, 17.44, 11.98. GC-MS (m/z): 254.Anal. Calc.for (C17H18O2: 254.13): C, 

80.28; H, 7.13; found: C, 80.35, H, 7.05. 

 

 

1n. Colorless oil, cHex:EtOAc = 20:1 ­10:1, yield = 65%.  1H 

NMR (400 MHz, CDCl3ύ ʵ ҐтΦфп όŘΣ J=8.0, 1H), 7.71  (d, J=8.0, 1H), 

7.51 (s, 1H), 7.40 (m, 2H), 4.59 (t, J=1.6, 2H), 4.34 (t, J=1.6, 2H), 

3.15 (q, J=7.2, 2H), 2.48 (s, 3H), 1.30 (t, J=7.6, 3H). 13C NMR (100 MHz, CDCl3ύ ʵ Ґ мрнΦснΣ 

131.57, 131.55, 131.42, 130.90, 127.84, 127.76, 125.20, 124.73, 123.87, 85.28, 81.27, 61.17, 

51.13, 19.21, 17.44, 15.42.GC-MS (m/z): 254.Anal. Calc.for (C17H18O2: 254.13): C, 80.28; H, 

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

 

 

1o. Colorless oil, cHex:EtOAc = 20:1 ­10:1, yield = 61%.  1H 

NMR (400 MHz, CDCl3ύ ʵ ҐтΦфн όŘΣ J=8.0, 1H), 7.71 (d, J=7.0, 1H), 



Chapter 2 

114 
 

7.51 (s, 1H), 7.47 ς 7.34 (t, 2H), 4.58 (t, J=2.0, 2H), 4.33 (t, J=2.0, 2H), 3.1 (t, J=8.0, 2H), 2.47(s, 

3H), 1.69 ς 1.61 (m, 2H), 1.56 ς 1.45 (m, 2H), 0.98 (t, J=7.2, 3H). 13C NMR (100 MHz, CDCl3ύ ʵ 

= 152.94, 131.68, 131.50, 130.83, 130.33, 127.80, 127.72, 125.13, 124.69, 123.97, 85.21, 

81.34, 61.11, 51.16, 33.15, 25.96, 23.27, 17.46, 13.97. GC-MS (m/z): 282. Anal. Calc.for 

(C19H22O2: 282.16): C, 80.82; H, 7.85; found: C, 80.70, H, 7.72. 

 

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

 

 

 

To a flamed two-necked flask was added DMF(15ml), N1(1mmol) and bromidesA2 or A3(1.5 

mmol, 1.5 equiv.). Then K2CO3(2 mmol, 2 equiv.) was added under N2 atmosphere and kept 

stirring at room temperature.  After the reaction was complete(monitored by TLC), the 

solution was quenched with water and extracted with EtOAc three times. Then the 

combined organic layerswere washed with brine, dried with Na2SO4, filtered and 

concentrated by rotary evaporation. The residue was purified with silica gel column 

chromatography to afford 1o and 1p. 

 

1p. Light yellowoil, cHex:EtOAc =80:1­15:1, yield = 

80%.1H NMR (400 MHz, CDCl3ύ ʵ Ґ тΦфн όŘΣ J=8.0 Hz, 1H), 

7.72 (d, J=8.0Hz, 1H), 7.52 (s, 1H), 7.47 ς 7.38 (m, 2H), 7.36 

ς 7.26 (m, 5H), 4.64(t, J=2.0 Hz, 2H), 4.54 (s, 2H), 4.23 (t, J=1.6 Hz, 2H), 2.65 (s, 3H), 2.50 (s, 

3H).13C NMR (100 MHz, CDCl3ύ ʵ Ґ мроΦмпΣ мотΦомΣ монΦпуΣ момΦм3, 131.07, 128.39(2C), 

128.00(2C), 127.82, 127.55, 127.45, 125.17, 125.15, 124.80, 123.90, 83.09, 82.05, 71.57, 

60.82, 57.37, 17.48, 12.05. GC-MS (m/z):330.Anal. Calc.for (C23H22O2: 330.16): C, 83.60; H, 

6.71; found: C, 83.51, H, 6.58. 
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Synthesis of 4-((naphthalen-2-yl)oxy)but-2-yn-1-ol derivatives 1r,s 

 
To a flamed two-necked flask was added DMF(15ml), N1 (1mmol), A4 or A5(1.5 mmol, 1.5 

equiv.). Then, K2CO3(2 mmol, 2 equiv.) was added under N2 atmosphere and kept stirring at 

room temperature.  After the reaction was complete(monitored by TLC), the solution was 

quenched with water and extracted with EtOAc three times. Then the combined organic 

layer was washed with brine, dried with Na2SO4, filtered and concentrated by rotary 

evaporation. The residue was purified with silica gel column chromatography (cHex:EtOAc = 

80:1) to afford the1ror 1s. 

 

 

1r.Light yellowoil, yield = 75%.1H NMR (400 MHz, CDCl3ύ ʵ Ґ 

7.94 (d, J=8.0 Hz, 1H), 7.72 (d, J=8.0 Hz, 1H), 7.53 (s, 1H), 

7.46-7.37 (m, 2H), 7.03 (s, 2H), 6.95 (s, 1H), 4.77 (s, 2H), 2.68 

(s, 3H), 2.53 (s, 3H), 2.26 (s, 6H). 13C NMR (100 MHz, CDCl3ύ ʵ 

= 153.36, 137.83(2C), 132.49, 131.26, 131.12, 130.42, 

129.33(2C), 127.52, 127.38, 125.26, 125.09, 124.72, 123.92, 122.05, 87.24, 83.90, 61.49, 

21.04(2C), 17.53, 12.11. GC-MS (m/z): 314.Anal. Calc.for (C23H22O: 314.17): C, 87.86; H, 7.05; 

found: C, 87.71, H, 6.90. 

 

 

1s.Light yellowoil, yield = 70%.1H NMR (400 MHz, CDCl3ύ ʵ 

= 7.92 (d, J=8.0 Hz, 1H), 7.72 (d, J=8.0 Hz, 1H), 7.53 (s, 1H), 

7.46 ς 7.37 (m, 2H), 6.55 (d, J=2.4 Hz, 2H), 6.43 (t, J=2.0 Hz, 

1H), 4.78 (s, 2H), 3.72 (s, 6H), 2.68 (s, 3H), 2.53 (s, 3H). 13C 

NMR (100 MHz, CDCl3ύ ʵ Ґ мслΦпсόн/ύΣ мроΦннΣ монΦпуΣ 

131.21, 131.13, 127.53, 127.41, 125.27, 125.13, 124.77, 123.92, 123.70, 109.40(2C), 101.99, 

86.95, 84.20, 61.32, 55.36(2C), 17.52, 12.11. GC-MS (m/z): 346. Anal. Calc.for (C23H22O3: 

346.16): C, 79.74; H, 6.40; found: C, 79.69, H, 6.29. 

  



Chapter 2 

116 
 

 

Synthesis of 4-((naphthalen-2-yl)oxy)but-2-yn-1-ol derivatives 1u,v 

 

 

To a flamed two-necked flask was added DMF(15ml), N1 (1mmol), A6 or A7(1.5 mmol, 1.5 

equiv.). Then, K2CO3(2 mmol, 2 equiv.) was added under N2 atmosphere and kept stirring at 

room temperature.  After the reaction was complete(monitored by TLC), the solution was 

quenched with water and extracted with EtOAc three times. Then the combined organic 

layer was washed with brine, dried with Na2SO4, filtered and concentrated by rotary 

evaporation. The residue was purified with silica gel column chromatography (cHex:EtOAc = 

80:1) to afford the1u or 1v. 

 

 

1u. Colorless oil, yield = 70%.1H NMR (400 MHz, CDCl3ύ ʵ Ґ тΦфо όŘΣ 

J=8.0 Hz, 1H), 7.73 (d, J=8.0 Hz, 1H), 7.53 (s, 1H), 7.48 ς 7.40 (m, 2H), 

4.57 (d, J=2.8, 2H), 2.66 (s, 3H), 2.51 (s, 3H).13C NMR (100 MHz, 

CDCl3ύʵ Ґ мроΦноΣ монΦптΣ момΦмсΣ момΦлмΣ мнтΦртΣ мнтΦпуΣ мнрΦмфΣ мнрΦмоΣ мнпΦупΣ мноΦфоΣ 

79.23, 75.15, 60.57, 17.45, 12.02.GC-MS (m/z): 210. Anal. Calc.for (C15H14O: 210.10): C, 85.68; 

H, 6.71; found: C, 85.76, H, 6.48. 

 

 

1v. Colorless oil, yield = 75%.1H NMR (400 MHz, CDCl3) ɻ  = 7.90 (d, 

J=8.0, 1H), 7.71 (d, J=8.0, 1H), 7.51 (s, 1H), 7.45 ς 7.36 (m, 2H), 

5.84-5.75 (m, 1H), 5.28 (dq, J=17.3, 1.6, 1H), 5.09 (dq, J=10.0, 1.6, 1H), 4.56 (t, J=2.0, 2H), 

3.03 ς 3.00 (m, 2H), 2.63 (s, 3H), 2.48 (s, 3H). 13C NMR (100 MHz, CDCl3)  ɻ=153.32, 132.47, 

131.97, 131.19, 131.07, 127.50, 127.34, 125.12, 125.07, 124.69, 123.88, 116.34, 84.17, 77.83, 

61.18, 23.13, 17.42, 11.97.,GC-MS (m/z): 250. Anal. Calc.for (C15H14O: 250.33): C, 86.36; H, 

7.25; found: C, 86.02, H, 7.12. 
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General procedurefor Gold-catalyzed intramolecular dearomatization reaction of 

naphthol derivatives: 

 

 

 

Ascrew-top vialwas chargedwith reagent grade toluene (1 ml), substrate 1a-s(0.05mmol) 

and cat 2(2.5mol%, 0.9 mg). Then,the reactionwas kept stirring at room temperature for 

10min (unless otherwise specified) when judged completeby TLC.To the mixture 2 mL of 

water were added, the layers separated and the aqueousphase and extracted with three 

times EtOAc. The combined organic layer was washed with brine, dried with Na2SO4, filtered 

and concentrated by rotary evaporation. The residue was purified with silica gel column 

chromatography (cHex:EtOAc = 20:1­15:1) to afford thedearomatized compounds2. 

 

(+/-)-2a.Light yellowoil, yield = 97%. 1H NMR (400 MHz, CDCl3ύ ʵ Ґ тΦоо ς 

7.24 (m, 5H), 5.76 (m, 1H), 4.68 ς 4.64 (m, 2H), 4.30-4.26 (m, 1H), 4.16-4.11 

(m, 1H), 1.98 (s,3H), 1.63 (s, 3H). 13C NMR (100 MHz, CDCl3ύ ʵ Ґ нллΦпфΣ 

143.22, 142.14, 141.53, 131.97, 129.43, 129.13, 128.60, 127.34, 127.14, 

123.13, 75.68, 74.41, 51.72, 26.26, 15.95. GC-MS (m/z): 240.Anal. Calc.for (C16H16O2: 240.12): 

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

 

 

(+/-)-2b.Light yellowoil, yield =82%. 1H NMR (400 MHz, CDCl3ύ ʵ Ґ тΦо4 ς 

7.25 (m, 4H), 7.19 (s, 1H), 5.83 ς 5.72 (m, 1H), 4.73 ς 4.62 (m, 2H), 

4.33-4.27(m, 1H), 4.15 ς 4.10 (m, 1H), 2.40 (q, J=3.2 Hz, 2H), 1.63 (s, 3H), 

1.12 (t, J=3.2 Hz, 3H).13C NMR (100 MHz, CDCl3ύ ʵ Ґ нллΦмнΣ мпоΦлоΣ мпнΦмнΣ 

139.75, 137.48, 129.52, 129.11, 128.79, 127.34, 127.07, 123.13, 75.67, 74.40, 51.88, 26.09, 

22.47, 12.52. GC-MS (m/z): 254.Anal. Calc.for (C17H18O2: 254.13): C, 80.28; H, 7.13; found: C, 

80.20, H, 7.01. 

(+/-)-2c.Light yellowoil, yield =97%.1H NMR (400 MHz, CDCl3)  ɻ= 7.32 ς 

7.25 (m, 4H), 7.19(s, 1H), 5.77 ς 5.75 (m, 1H), 4.68 ς 4.61 (m, 2H), 4.32 ς 

4.26 (m, 1H), 4.15-4.09 (m, 1H), 2.37 (t, J=7.6 Hz 2H), 1.62 (s, 3H), 1.51 ς 

1.44 (m, 2H), 1.40-1.30 (m, 2H), 0.91 (t, J=3.2 Hz, 3H).13C NMR (100 MHz, 
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CDCl3)  ɻ= 200.16, 143.09, 142.12, 140.58, 136.20, 129.52, 129.10, 128.74, 127.34, 127.06, 

123.14, 75.67, 74.40, 51.92, 30.54, 29.18, 26.08, 22.46, 13.87.GC-MS (m/z): 282. Anal. 

Calc.for (C19H22O2: 282.16): C, 80.82; H, 7.85; found: C, 80.55, H, 7.72. 

 

(+/-)-2d.Light yellowoil, yield =80%.1H NMR (400 MHz, CDCl3)  ɻ= 7.34 ς 

7.25 (m, 4H), 7.22 (s, 1H), 5.93-5.83 (m, 1H), 5.76 ς 5.75 (m, 1H), 

5.15-5.10 (m, 2H), 4.67 ς 4.61 (m, 2H), 4.31 ς 4.27 (m, 1H), 4.16-4.09 (m, 

1H), 3.13 (d, J=8.0 Hz, 2H), 1.63 (s, 3H).13C NMR (100 MHz, CDCl3)  ɻ= 

199.66, 143.19, 142.01, 141.31, 134.89, 134.06, 129.39, 129.31, 129.00, 127.39, 127.13, 

123.27, 117.14, 75.67, 74.38, 51.93, 33.34, 26.15.GC-MS (m/z): 266.Anal. Calc.for (C18H18O2: 

266.13): C, 81.17; H, 6.81; found: C, 81.09, H, 6.75. 

 

 

(+/-)-2e.Light yellowoil, yield =85%. 1H NMR (400 MHz, CDCl3ύ ʵ Ґ тΦо3 ς 

7.14 (m, 9H), 7.07 (s, 1H), 6.71 ς 6.70 (m, 1H), 4.70 ς 4.59 (m, 2H), 4.28 ς 

4.22 (m, 1H), 4.11-4.05 (m, 1H), 3.71 (s, 2H), 1.61 (s, 3H). 13C NMR (100 MHz, 

CDCl3ύ ʵ Ґ мффΦтмΣ мпоΦмоΣ мпмΦусΣ мпмΦслΣ моуΦупΣ морΦпрΣ мнфΦпнΣ мнфΦомΣ 

129.11, 129.08, 128.48, 127.37, 127.08, 126.32, 123.35, 75.66, 74.33, 52.06, 35.51, 25.89. 

GC-MS (m/z): 316.Anal. Calc.for (C22H20O2: 316.15): C, 83.52; H, 6.37; found: C, 83.35, H, 

6.29. 

 

 

(+/-)-2f.Light yellowoil, yield =73%. 1H NMR (400 MHz, CDCl3ύ ʵ Ґ тΦфл όǎΣ мIύΣ 

7.43 ς 7.39 (m, 1H), 7.34 ς 7.28 (m, 3H), 5.77-5.75 (m, 1H), 4.72 ς 4.61 (m, 

2H), 4.36-4.30 (m, 1H), 4.20-4.14 (m, 1H), 1.69 (s, 3H). 13C NMR (100 MHz, 

CDCl3ύ ʵ Ґ мфнΦфрΣ мпсΦртΣ мпоΦмуΣ мпмΦмнΣ молΦсрΣ мнфΦннΣ мнфΦлуΣ мнтΦутΣ 

127.52, 124.17, 120.97, 75.70, 74.24, 53.54, 26.43.GC-MS (m/z): 304/306.Anal. Calc.for 

(C15H13BrO2: 304.01): C, 59.04; H, 4.29; found: C, 58.99, H, 4.18. 

 

 

(+/-)-2g.Light yellowoil, yield =80%.1H NMR (400 MHz, CDCl3ύ ʵ Ґ тΦро όǎΣ мIύΣ 

7.50 ς 7.47 (m, 2H), 7.41-7.35 (m, 4H), 7.34 ς 7.30 (m, 3H), 5.82 ς 5.80 (m, 

1H), 4.75 ς 4.64 (m, 2H), 4.45 ς 4.39 (m, 1H), 4.26-4.20 (m, 1H), 1.75 (s, 

3H).13C NMR (100 MHz, CDCl3ύ ʵ Ґ мффΦлоΣ мпоΦппΣ мпмΦфлΣ мпмΦумΣ морΦпрΣ 

134.82, 129.92, 129.74, 129.52, 128.55(2C), 128.21(3C), 127.60, 127.11, 123.71, 75.73, 74.49, 

52.96, 25.86.GC-MS (m/z): 302. Anal. Calc.for (C21H18O2: 302.13): C, 83.42; H, 6.00; found: C, 

83.31, H, 5.85. 
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(+/-)-2h(Ar = pOMe-C6H4).Light yellowoil, yield =79%.1H NMR (400 MHz, 

CDCl3ύ ʵ Ґ тΦ48 ς 7.43 (m, 3H), 7.38 ς 7.29 (m, 4H), 6.94ς 6.90 (m, 2H), 5.81 ς 

5.80 (m, 1H), 4.75 ς 4.64 (m, 2H), 4.43 ς 4.37 (m, 1H), 4.24 ς 4.19 (m, 1H), 

3.82 (s, 3H), 1.73 (s, 3H). 13C NMR (100 MHz, CDCl3ύ ʵ Ґ мффΦплΣ мрфΦтлΣ 

143.21, 141.89, 140.68, 134.27, 129.78(2C), 129.72, 129.61, 129.52, 127.82, 127.56, 127.03, 

123.62, 113.71(2C), 75.72, 74.50, 55.31, 52.96, 25.89.GC-MS (m/z): 332. Anal. Calc.for 

(C22H20O3: 332.14): C, 79.50; H, 6.07; found: C, 79.25, H, 6.19. 

 

(+/-)-2i(Ar = pF-C6H4).Light yellowoil, yield =80%.1H NMR (400 MHz, CDCl3) ɻ  = 

7.50 ς 7.45 (m, 3H), 7.40 ς 7.37 (m, 2H), 7.35-7.31 (m, 2H), 7.10 ς 7.00 (m, 

2H), 5.82-5.80 (m, 1H), 4.75 ς 4.64 (m, 2H), 4.43-437 (m, 1H), 4.25 ς 4.19 (m, 

1H), 1.74 (s, 3H). 13C NMR (100 MHz, CDCl3)  ɻ = 199.02, 163.97, 161.51, 

143.41, 141.88, 141.73, 133.75, 130.37, 130.29, 130.03, 129.76, 129.34, 127.65, 127.15, 

123.78, 115.27, 115.06, 75.72, 74.45, 52.93, 25.91. 19F NMR (377 MHz, CDCl3)  ɻ= -113.49 

(m).GC-MS (m/z):320. Anal. Calc.for (C21H17FO2: 320.12): C, 78.73; H, 5.35; found: C, 78.51, H, 

5.21. 

 

 

(+/-)-2j.Light yellowoil, yield = 73%. 1H NMR (400 MHz, CDCl3) ɻ  = 7.22 (s, 

1H), 7.16-7.10 (m, 2H), 7.05 (s, 1H), 5.74 ς 5.73 (m, 1H), 4.72 ς 4.60 (m, 

2H), 4.31ς4.25 (m, 1H), 4.16ς4.10 (m, 1H), 2.59 (t, J = 8.0 Hz, 2H), 1.97 (s, 

3H), 1.66 ς 1.51 (m, 2H), 1.61 (s, 3H), 1.39-1.30 (m, 3H), 0.92 (t, J=8.0 Hz, 

3H). 13C NMR (100 MHz, CDCl3ύ ʵҐ нллΦтуΣ мпнΦофΣ мпнΦлоΣ мпмΦусΣ мплΦпрΣ момΦттΣ мнфΦонΣ 

129.23, 128.53, 127.06, 122.81, 75.68, 74.43, 51.43, 35.00, 33.38, 26.17, 22.28, 15.98, 13.89. 

GC-MS (m/z): 296.Anal. Calc.for (C20H24O2: 296.18): C, 81.04; H, 8.16; found: C, 80.85, H, 

8.00. 

 

 

(+/-)-2k.Light yellowoil, yield = 87%. 1H NMR (400 MHz, CDCl3ύʵ Ґ тΦр9 ς 

7.57 (m, 2H),7.54-7.52(dd, J=8.0 Hz, J=4.0 Hz, 1H), 7.46 ς 7.43 (m, 3H), 

7.38-7.32 (m, 3H), 5.89 ς 5.80 (m, 1H), 4.72 ς 4.63 (m, 2H), 4.36 ς 4.30 

(m, 1H), 4.22 ς 4.16 (m, 1H), 2.01 (s, 3H), 1.67 (s, 3H). 13C NMR (100 MHz, 

CDCl3ύ ʵ Ґ нллΦппΣ мпнΦлфΣ мпнΦлсΣ мпмΦпуΣ мплΦпнΣ мофΦфтΣ монΦоуΣ мнфΦуоΣ мнуΦутόн/ύΣ 

127.76, 127.66,127.65, 127.19, 126.94(2C), 123.22, 75.71, 74.44, 51.56, 26.21, 16.04. GC-MS 

(m/z): 316.Anal. Calc.for (C22H20O2: 316.15): C, 83.52; H, 6.37; found: C, 83.41, H, 6.21. 
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(+/-)-2l.Light yellowoil, yield = 85%. 1H NMR (400 MHz, CDCl3ύ ʵ ҐтΦфл όŘΣ 

J=8.0, 1H), 7.71 (d, J=8.0, 1H), 7.51 (s, 1H), 7.41 (m, 2H), 6.45 (s, 1H), 4.39 (s, 

2H), 2.58 (s, 3H), 2.43 (s, 3H), 2.28 (s, 3H), 1.99 (s, 3H). 13C NMR (100 MHz, 

CDCl3ύ ʵ Ґ 
13C NMR (100 MHz, CDCl3ύ ʵ Ґ мфрΦроΣ мрфΦмоΣ мроΦноΣ монΦрлΣ 

131.03, 130.60, 127.54, 125.18, 124.74, 124.51, 123.80, 119.39, 77.71, 28.10, 21.37, 17.19, 

11.54. GC-MS (m/z): 268.Anal. Calc. for (C18H20O2: 268.15): C, 80.56; H, 7.51; found: C, 80.68, 

H, 7.41. 

 

 

(+/-)-нƳΩ.Colorlessoil, yield = 85%. 1H NMR (400 MHz, CDCl3ύ ʵ Ґ тΦфм όŘΣ 

J=8.3 Hz, 1H), 7.71 (d, J=7.9 Hz, 1H), 7.51 (s, 1H), 7.40 (m,2H), 5.05 (t, 

J=2.5 Hz, 1H), 4.46 (t, J=9.5 Hz, 2H), 4.35 (d, J=0.9 Hz, 2H), 2.62 (s, 3H), 

2.47 (s, 3H). GC-MS (m/z): 254.Anal. Calc.for (C17H18O2: 254.13): C, 80.28; 

H, 7.13; found: C, 80.13, H, 7.25. 

 

 

(+/-)-2n.Colorless oil, yield = 48%. 1H NMR (400 MHz, CDCl3ύ ʵ ҐтΦо4 ς 7.23 

(m, 5H), 5.67-5.66 (m, 1H), 4.68 ς 4.56 (m, 2H), 4.32-4.26 (m, 1H), 

4.16-4.10 (m, 1H), 2.55-2.46 (m, 1H), 2.10 ς 2.00(m, 1H), 1.97 (s, 3H), 0.51 

(t, J=7.6, 3H). GC-MS (m/z): 254.Anal. Calc.for (C17H18O2: 254.13): C, 80.28; H, 7.13; found: C, 

80.10, H, 6.99. 

 

 

(+/-)-нƴΩ. White solid, yield = 28%. 1H NMR (400 MHz, CDCl3ύ ʵ Ґ 

7.17 (dt, J=1.2 Hz, 7.2 Hz, 2H), 7.04 (dt, J=1.2 Hz, 7.2 Hz, 2H),6.79 

(d, J=7.2 Hz, 2H), 6.58 (d, J=7.2 Hz, 2H), 4.95 (d, J=1.2 Hz, 2H), 

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

6H), 1.73 (s, 6H), 1.29-1.20 (m, 4H), 0.60 (t, J=7.2 Hz, 6H). 13C NMR (100 MHz, CDCl3ύ ʵ Ґ 

142.43, 139.40, 145.10, 135.82, 128.53, 127.71, 126.75, 126.59, 125.24, 121.50, 111.95, 

90.94, 77.16, 57.31, 32.03, 25.90, 16.91, 8.95. Anal. Calc.for (C34H36O4: 508.26): C, 80.28; H, 

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

 

 

(+/-)-2o.Colorless oil, yield = 22%. 1H NMR (400 MHz, CDCl3ύ ʵ Ґ тΦо4 ς 7.24 

(m, 5H), 5.66 ς 5.65 (m, 1H), 4.67 ς 4.55 (m, 2H), 4.32-4.26 (m, 1H), 

4.16-4.10 (1H), 2.49-2.42 (m, 1H), 2.10 ς 1.96 (m, 1H), 1.97 (s, 3H), 1.21 ς 

1.09 (m, 2H), 0.89 ς 0.80 (m, 2H), 0.72 (t, J=7.6, 3H), 1.74 (d, J=1.2 Hz, 6H), 
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1.72 (s, 6H), 1.08-1.00 (m, 8H), 0.69 (t, J=7.2 Hz, 6H).GC-MS (m/z): 282.Anal. Calc.for 

(C19H22O2: 282.16): C, 80.82; H, 7.85; found: C, 80.95, H, 7.71. 

 

 

(+/-)-нƻΩ.White solid, yield = 29%.1H NMR (400 MHz, CDCl3ύ ʵ Ґ 

7.18 (dt, J=1.2 Hz, 7.2 Hz, 2H), 7.04 (dt, J=1.2 Hz, 7.2 Hz, 2H), 6.78 

(d, J=7.2 Hz, 2H), 6.56 (d, J=7.2 Hz, 2H), 4.93 (d, J=1.6 Hz, 2H), 

4.49 (d, J=16.0 Hz, 2H), 4.37 (d, J=16.0 Hz, 2H),. 13C NMR (100 

MHz, CDCl3ύ ʵ Ґ мпнΦслΣ мофΦтфΣ морΦлрΣ мооΦпфΣ мнуΦпфΣ мнтΦттΣ мнсΦумΣ мнсΦруΣ мнрΦноΣ 

121.37, 111,92, 90.55, 57.33, 39.14, 26.49, 25.93, 22.85, 17.05, 13.82. Anal. Calc.for 

(C38H44O4: 564.32): C, 80.82; H, 7.85; found: C, 80.75, H, 7.72. 

 

 

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

MHz, CDCl3ύ ʵ Ґ тΦо3 ς 7.26 (m, 2H), 7.22 ς 7.16 (m, 6H), 7.08 ς 7.06 (m, 

2H), 5.20 ς 5.17 (m, 1H), 5.10 ς 5.07 (m, 1H),4.21 (d,J=12.0 Hz,2H), 4.07  

(d,J=12.0 Hz,2H),3.66 ς 3.76 (m, 2H), 1.87 (s, 3H), 1.45 (s, 3H). 13C NMR (100 

MHz, CDCl3ύ ʵ Ґ нлтΦттΣ нллΦуоΣ мппΦпуΣ мплΦтоΣ мотΦфоΣ монΦпоΣ молΦмнΣ мнуΦтлΣ мнуΦплΣ 

127.98(2C), 127.75(2C), 127.33, 127.24, 126.90, 105.52, 78.90, 71.59, 69.21, 51.71, 28.93, 

16.06. GC-MS (m/z): 330. Anal. Calc.for (C23H22O2: 330.16): C, 83.60; H, 6.71; found: C, 83.75, 

H, 6.51. 

 

 

(+/-)-2r.Colorlessoil, cHex:EtOAc = 40:1­20:1, yield = 80%. 1H NMR 

(400 MHz, CDCl3)  ɻ= 7.39 ς 7.29 (m, 3H), 7.25 ς 7.21 (m, 2H), 6.62 (s, 

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

3H), 1.48 (s, 3H).13C NMR (100 MHz, CDCl3ύ ʵ ҐнмлΦолΣ нлмΦтрΣ мпсΦнмΣ 

140.73, 137.34, 134.28, 132.43, 129.33, 129.16, 128.63, 128.25, 126.87, 

126.63, 124.54(2C), 80.53, 77.16, 53.73, 31.37, 21.21(2C), 16.03.MS (m/z):314.Anal. Calc.for 

(C23H22O: 314.17): C, 87.86; H, 7.05; found: C, 87.77, H, 7.18. 

 

 

(+/-)-2s.Colorlessoil, cHex:EtOAc = 40:1­20:1, yield = 87%. 1H NMR 

(400 MHz, CDCl3)  ɻ= 7.38 (s, 1H), 7.35 (dd, J=5.7, 3.3, 1H), 7.31 (dd, 

J=6.2, 2.7, 2H), 7.27 ς 7.22 (m, 1H), 6.12 (t, J=2.2 Hz, 2H), 6.03 (d, J=2.2, 

1H), 5.44 (q, J=12.0 Hz, 2H), 3.52 (s, 2H), 2.02 (s, 3H), 1.49 (s, 3H).13C 

NMR (100 MHz, CDCl3)  ɻ =210.37, 201.54, 160.33, 146.18, 140.79, 
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136.64, 132.43, 129.48, 129.05, 128.72, 127.04, 126.63, 109.83, 104.68, 99.39, 80.97, 54.94, 

53.75, 31.37, 16.06. GC-MS (m/z):346. Anal. Calc.for (C23H22O3: 346.16): C, 79.74; H, 6.40; 

found: C, 79.60, H, 6.22. 
 

 

(+/-)-2u.Colorlessoil, cHex:EtOAc = 40:1­20:1, yield = 91%.1H NMR (400 

MHz, CDCl3)  ɻ= 7.38 (d, J=8.0 Hz, 1H), 7.33 ς 7.29 (m, 1H), 7.27 ς 7.20 (m, 

4H), 5.25 (t, J=6.8 Hz, 1H), 4.90-4.79 (m, 2H), 1.99 (s, 3H), 1.53 (s, 3H).13C 

NMR (100 MHz, CDCl3)  ɻ= 208.03, 202.04, 144.53, 141.21, 131.85, 129.51, 128.74, 128.40, 

127.52, 127.03, 96.13, 78.55, 51.06, 26.22, 16.01. GC-MS (m/z): 210.Anal. Calc.for (C15H14O: 

210.27): C, 85.68; H, 6.71; found: C, 85.51, H, 6.50. 

 

 

(+/-)-2v. Colorlessoil, cHex:EtOAc = 40:1­20:1, yield = 96%.1H NMR (400 

MHz, CDCl3)  ɻ=7.35 ς 7.24 (m, 5H), 5.65-5.54 (m,1H), 5.10 ς 5.00 (m, 2H), 

4.84 ς 4.74 (m, 2H), 2.41 ς 2.30 (m, 1H), 2.25 ς 2.13 (m, 1H), 2.00 (s, 3H), 

1.42 (s, 3H).13C NMR (100 MHz, CDCl3)  ɻ=207.38, 202.35, 144.95, 141.37, 

135.39, 132.53, 130.07, 128.98, 128.38, 127.30, 127.01, 115.66, 106.86, 

79.55, 54.29, 34.24, 28.85, 15.96. GC-MS (m/z): 250.Anal. Calc.for (C18H18O: 250.14): C, 86.36; 

H, 7.25; found: C, 86.15, H, 7.09. 
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Interrupted dearomatization process 

 

 

 

 

Ascrew-top vialwas chargedwith reagent grade toluene (1 ml), substrate 1a (0.05mmol), cat 

2(2.5mol%, 0.9 mg) and 4 ÅMS. Then,the reactionwas kept stirring at room temperature for 

6h.To the mixture 2 mL of water were added, the layers separated and the aqueousphase 

and extracted with three times EtOAc. The combined organic layer was washed with brine, 

dried with Na2SO4, filtered and concentrated by rotary evaporation. The residue was purified 

with silica gel column chromatography (cHex:EtOAc = 20:1­10:1) to afford 

thedearomatized compounds2aΩ. 

 

 

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

MHz, CDCl3) = 7.33 ς 7.25 (m, 5H), 5.22 ς 5.11 (m, 2H), 3.87-3.70 (m,2H), 

2.00 (d, J=1.2, 3H), 1.45 (s, 1H).13C NMR (100 MHz, CDCl3) ɻ  =206.65, 202.77, 

144.37, 141.38, 132.14, 129.85, 129.08, 128.69, 127.18, 127.09, 108.64, 

80.50, 61.64, 52.91, 29.00, 16.05. GC-MS (m/z): 240.Anal. Calc.for (C16H16O2: 

240.30): C, 79.97; H, 6.71; found: C, 79.85, H, 6.85. 
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Table S1: Enantioselective dearomatization of 1a.[a] 

 

Run LAuX Conditions Yield (%)[b] Ee (%)[c] 

1 Cat 1 AgNTf2 (5 mol%), toluene, rt 89 0 

2 Cat 2 AgSbF6 (5 mol%), toluene, rt 88 0 

3 Cat 2 AgSbF6 (5 mol%), toluene, - 15 °C 75 0 

4 Cat 3 AgSbF6 (5 mol%), toluene, rt 74 0 

5 (R)-xylyl-BINAP(AuCl)2 AgNTf2 (5 mol%), toluene, rt 72 50 

6 (R)-xylyl-BINAP(AuCl)2 AgNTf2 (5 mol%), dry toluene, rt 69 52 

7 (R)-xylyl-BINAP(AuCl)2 AgNTf2 (5 mol%), ClC6H5, rt 49 36 

8 (R)-xylyl-BINAP(AuCl)2 AgNTf2 (5 mol%), CH2Cl2, rt 60 43 

9 (R)-xylyl-BINAP(AuCl)2 AgNTf2 (5 mol%), CF3C6H5, rt 82 58 

10 (R)-DTBM-MeO-biphep(AuCl)2 AgNTf2 (5 mol%), CF3C6H5, rt 67 20 

11[d] (R)-xyl-SDP(AuCl)2 AgNTf2 (5 mol%), CF3C6H5, rt 65 5 

12[d] (R)-Josiphos(AuCl)2 AgNTf2 (5 mol%), CF3C6H5, rt 33 13 

13[e] (R)-xylyl-BINAP(AuCl)2 AgNTf2 (5 mol%), CF3C6H5, - 20 °C 81 65 

14[f] (R)-xylyl-BINAP(AuCl)2 AgNTf2 (5 mol%), CF3C6H5, rt, 4Å MS 66 50 

15 (R)-xylyl-BINAP(AuCl)2 AgNTf2 (5 mol%), dry CF3C6H5, rt 79 56 
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[a]All the reactions were carried out in reagent grade solvent and 10 min reaction time, 

unless otherwise specified.[b]Isolated yield after flash chromatography.[c] Determined by 

chiral HPLC analysis. [d] Chiral gold chloride precursor was prepared in situ. [e] Reaction time 3 

h. [f]Referred to the allenyl-olнŀΩ(24 h reaction time). 

 

2a-(Entry 13).Yield = 81%.Ee= 65%. HPLC: Chiralcel-OD-H: eluent: nHex:IPA = 90:10, flow = 

0.5mL/min, T = 30 °C, Rtmajor(12.3 min), Rtminor(12.9 min). [a]D = -35.7° (c = 0.35, CHCl3). 
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Table S2. Crystal data and structure refinement for compound нƻΩ. 

Compound нƻΩ 

Formula C38H44O4 

Fw 564.73 

T, K 293 

l, Å 0.71073 

Crystal symmetry Triclinic 

Space group P-1 

a, Å 11.317(3) 

b, Å 11.631(2) 

c, Å 13.464(3) 

a 107.861(4) 

b 90.899(5) 

g 112.091(4) 

Cell volume, Å
3
 

1545.7(6) 

Z 2 

Dc,Mg m-3 1.213 

m(Mo-Ka), mm-1 0.077 

F(000) 608 

Crystal size/ mm 0.30 x 0.27 x 0.25 

q limits, ° 1.607 - 24.704 

Reflections collected 14840 

Unique obs. Reflections 

[Fo> 4s(Fo)] 

5169 [R(int) = 0.0854] 

Goodness-of-fit-on F2 1.029 

R1(F)a, wR2 (F
2) [I > 2s(I)] 

 

 

 

 

 

 

 

 

 
b 

0.0782, 0.1681 

 
Largest diff. peak and hole, e. Å-3 0.285 and -0.275 

a) R1= S||Fo|-|Fc||/S|Fo|.
b wR2 = 

[Sw(Fo
2-Fc

2)2/Sw(Fo
2)2]1/2where w = 1/[s2(Fo

2)+(aP)2+ bP]  

where P = (Fo
2 + Fc

2)/3. 

 

Table S3. Selected bond lengths (Å) and angles (deg) for нƻΩ 

O(1)-C(1) 1.408(4) C(1)-C(12) 1.503(4) 

O(1)-C(26) 1.412(4) C(11)-C(12) 1.316(4) 

O(3)-C(13) 1.416(4) C(24)-C(25) 1.310(4) 

O(3)-C(14) 1.416(4) C(25)-C(26) 1.485(4) 

O(2)-C(1) 1.424(4) C(1)-C(12) 1.503(4) 

O(2)-C(2) 1.433(4) C(12)-C(13) 1.474(4) 

O(4)-C(14) 1.415(4) C(14)-C(25) 1.494(4) 

O(4)-C(15) 1.429(4) C(5)-C(4) 1.444(5) 

    

C(1)-O(1)-C(26) 116.1(2) C(13)-O(3)-C(14) 115.7(2) 

O(3)-C(13)-C(12) 113.3(3) O(1)-C(26)-C(25) 113.8(3) 
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C(1)-C(12)-C(13) 122.5(3) C(14)-C(25)-C(26) 123.1(3) 

 

Figure S4.  Molecular structure of нƻΩ. Hydrogen atoms have been omitted for clarity. 
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Cartesian Coordinates 

 

Aromaticity governing regioselectivity 

Figure S5 illustrates the reaction profiles computed for the pathways leading to 

regioisomericnaphthalenones via [3,3]-sigmatropic rearrangement of the propargyl alcohol 

attached to the oxygen in position 2. It can be observed that the pathway involving position 

3 (red in Figure S5) is consistently higher in energy and renders a very unfavourable product 

devoid of aromaticity in the entire structure. On the contrary, dearomatization through 

position 1(blue in Figure S5) does not affect the aromaticity of half of the naphthol system, 

and renders a product that is more stable (by more than 20 kcal/mol) before 

protodeauration. 

 

FigureS5.Alternative regioisomeric profiles for the gold mediated dearomatization of 

naphthols. 

These findings are compatible with results obtained with the ACID method.[17] This 

methodology reveals regions of delocalized electron density, and it is particularly sensitive 

for aromatic areas, where diotropic currents can be observed through a vectorial field of flux 

(Figure S6). 
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FigureS6.ACID isosurface (0.05 au) for two simple phenols dearomatized at positions 1 (left) 

and 3 (right). The flux field shows clear aromatic currents in one (left) whereas currents 

vanished in the second (right). The external magnetic field is directed down into the paper 

plane. 

Table of Energies 

Table S4. Computed energies for the competing reactions 

Structure Methyl Ethyl i-Propyl 

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

Min1 0.0 0.0 0.0 

TS1 14.1 12.4 12.4 

Min2 1.9 2.9 -2.8 

TS2 11.7 9.3 7.6 

Min3 -2.9 -2.8 -6.2 

TS3a/b 9.0 12.0 7.5 10.8 10.6 5.8 

Min4a/b 0.0 -0.4 -2.3 -3.3 -1.4 -7.6 

TS4a/b 12.1 13.4 10.2 8.9 8.0 -0.1 

Min5a/b 0.0 -20.8 -1.9 -30.1 -4.1 -35.4 

TS5a 10.2  8.1  8.0  

Min6a 7.0  5.4  5.8  

Min7a -23.9  -26.8  -26.5  

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

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

CƻǊƳŀǘƛƻƴ ƻŦ нƳΩ 

We decided to also explore the formation of нƳΩ, obtained when homopropargyl alcohol 1m 

is used. In this case the reaction pathway bifurcation occurs right at the beginning of the 

computed mechanism. TS1 initiates the sigmatropic rearrangement and, due to the 

extended chain, another transition state (TS1c) is associated with the direct nucleophilic 

attack of the homopropargyl alcohol onto the activated alkyne. Satisfyingly, when we 
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computed both alternative transition states for this system, we observed that the activation 

energy to reach TS1c was 1.3 kcal/mol lower than that to reach TS1. Due to the comparable 

ring strain and electronic stability of the rings being formed in both alternatives (a 

dihydrofuran ring) the explanation for the favoured formation of нƳΩ must reside elsewhere. 

It seems reasonable that, again, the partial loss of aromaticity required in the sigmatropic 

rearrangement is the reason for the formation of 2m via a direct nucleophilic attack that 

maintains the entire aromatic character of the naphthol ring intact 
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Kinetic simulation 

To simulate concentration vs time in the dearomatization reaction and identify which 

intermediates may be detectable in the experiment we computed rate constants, using 

activation free energies derived from the values in Table S4 and applying the Eyring equation. 

Then we used these rate constants as inputs in a stochastic kinetic simulator. Due to the 

limitations of the numerical integrator we had to multiply all the rate constants by 10E-6. 

The reaction is artificially slowed in this way, however, the relative concentration of 

products vs time is maintained since the ratio between each pair of rate constants is held 

constant with this operation. The mechanism therefore used as input is as follows: 

*************************************************  

   Min1  <==>  Min2      k1=0.000283  k-1=0.007 

   Min2  <==>  Min3      k2=0.43  k-2=0.000122 

   Min3  <==>  Min4      k3=0.0116  k-3=1.56 

   Min4  <==>  Min5      k4=0.00829  k-4=0.00829 

   Min5  -->  Min6       k5=0.205 

 

 [Min1]=1 

*************************************************  

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

according to our calculations, the final product is stable with respect to the reactant by more 

than 20 kcal/mol. The results of this simulation confirm that the key allene intermediate 

(Min3) is accumulated before product formation occurs, and could be detected 

experimentally. FigureS7. Kinetic simulation for the dearomatization of Min1. 
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