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Abstract 

Transition metal catalysis has emerged as one of the most versatile methods 
for the selective formation of carbon‒carbon and carbon‒heteroatom bonds.  
In particular, oxidative carbon‒carbon bond forming reactions have been 
widely studied due to their atom economic feature. This thesis has been fo-
cused on the development of new palladium(II)-catalyzed carbocyclization 
reactions under oxidative conditions. 

The first part of the thesis describes the palladium(II)-catalyzed oxidative 
carbocyclization-borylation and -arylation of enallenes. In these reactions, 
the (σ-alkyl)palladium(II) intermediate, which was shown previously to un-
dergo β-hydride elimination, could be trapped in situ by organoboron rea-
gents (B2pin2 and arylboronic acids) to form new carbon‒boron and car-
bon‒carbon bonds. Through these two protocols, a range of borylated and 
arylated carbocycles were obtained as single diastereomers in high yields. 

The second part deals with a palladium(II)-catalyzed oxidative diarylative 
carbocyclization of enynes. The reaction was proposed to start with a syn-
arylpalladation of an alkyne, followed by insertion of the coordinated alkene. 
Subsequent arylation afforded a series of valuable diarylated tetrahydrofuran 
and tetrahydropyran products. 

The final part of the thesis advances the previously developed palla-
dium(II)-catalyzed oxidative carbocyclization-borylation of enallenes in an 
enantioselective manner. C2-symmetric chiral phosphoric acids were used as 
the novel co-catalyst to trigger the enantioselective formation of intramole-
cular carbon‒carbon bonds. By using this chiral anion strategy, a number of 
enallenes were converted to the borylated carbocycles with high to excellent 
enantioselectivity. 
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1. Introduction 

1.1 Catalysis 

The terminologies of “catalysis” and “catalytic force” were first introduced 
by the Swedish chemist J. J. Berzelius in 1836.2 Substances that provide the 
“catalytic force”, likewise as the promoting effect, were named as “cata-
lysts”. By definition, a catalyst is able to increase the rate of a chemical reac-
tion by lowering the activation energy. Under ideal conditions, the catalyst is 
not consumed in the reaction so that it can be reused for an infinite number 
of cycles. These remarkable features have made catalytic processes efficient, 
environmentally friendly and cost effective. Therefore, the field of catalysis 
has attracted enormous attention throughout the entire chemical community. 

Catalysis can normally be classified, depending on the aggregation state 
of the catalysts, as heterogeneous and homogeneous catalysis. For homoge-
neous catalysis, four types of catalytic reactions can be recognized as en-
zyme catalysis, acid/base catalysis, nucleophilic/electrophilic catalysis and 
transition metal catalysis.3 

1.2 Transition Metal Catalysis 

Transition metals (d-block elements) reside in the central part of the periodic 
table. The IUPAC definition of a transition metal is an element whose atom 
has an incomplete d sub-shell, or which can give rise to cations with an in-
complete d sub-shell.4 Owing to the diverse electronic configuration of the d-
orbital, transition metals can either accept or donate electrons. Such proper-
ties make them prime candidates for the development of new catalytic 
processes. 

Among the late transition metals, platinum group metals have received a 
particularly broad interest. The platinum group consists of ruthenium (Ru), 
rhodium (Rh), palladium (Pd), osmium (Os), iridium (Ir) and platinum (Pt). 
These six elements have been under comprehensive studies showing superior 
catalytic activities in a large variety of chemical transformations including 
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reductions, oxidations, carbon–carbon and carbon–heteroatom forming reac-
tions.5,6,7 

1.3 Palladium Catalysis 

The element palladium was first isolated by Wollaston in 1803.8 However, it 
was not until the late 1800s that palladium was found active in catalytic 
processes. Kolbe9 and Saytzeff10 independently reported the first palladium-
catalyzed hydrogenation of benzophenones, which opened up the door to 
palladium catalysis. The most important milestone in organopalladium catal-
ysis is commonly recognized as the invention of the Wacker process in 
1956.11,12 This industrialized protocol allows selective oxidation of ethylene 
into acetaldehyde in water in the presence of catalytic amount of PdCl2 and 
CuCl2, together with molecular oxygen (eq. 1). Other important palladium-
catalyzed reactions are mainly related to the formation of new carbon–
carbon and carbon–heteroatom bonds, such as the Heck, Stille, Negishi, Su-
zuki, Sonogashira, Tsuji-Trost and Buchwald-Hartwig reactions (eq. 2).13 

PdCl2, CuCl2

H2O, O2 H

O

R1 +
Pd(0) cat.

base

Wacker process eq. 1

X R2Heck reaction eq. 2R1
R2

 

The versatility of palladium for various chemical transformations can be 
ascribed to its unique physical properties. Palladium has an electron configu-
ration of  d10 in its elemental form and can exist in a number of different 
oxidation states. The oxidation states 0 (d10) and +II (d8) have been predomi-
nant in organopalladium chemistry for both the non-oxidative and oxidative 
protocols, 14  although recently palladium(IV)-involved reactions have also 
emerged as a new direction.15,16 In general, palladium(0) is considered to be 
nucleophilic while palladium(II) is electrophilic.17 Due to the fact that palla-
dium has a moderate electronegativity (χPd = 2.2 in Pauling’s scale) and has a 
rather “soft” character, palladium is less prone to interact with electronega-
tive “hard” functional groups. Instead, palladium shows high affinity to 
“soft” π-electron donors such as alkenes, alkynes and allenes, and the cor-
responding π-palladium complexes can be readily generated. 
 There are a number of fundamental reactions in transition metal catalysis 
that are also found in organopalladium chemistry. Six of those are listed 
below for their relevance to the content of this thesis (Scheme 1). Some key 
features are: (1) reductive elimination occurs with retention of configuration; 
(2) migratory insertion and β-hydride elimination proceed in a syn-fashion; 
(3) external nucleophilic attack on the ligand goes via a trans-mode. 
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Scheme 1. Fundamental reactions in organopalladium chemistry. 

1.4 Palladium(II)-Catalyzed Oxidation 

The electrophilicity of palladium(II) catalysts enables their interaction with a 
wide range of unsaturated hydrocarbons, such as alkenes, alkynes and al-
lenes and the resulting π-palladium complexes are susceptible toward the 
addition reactions. This establishes the general pattern of palladium(II)-
catalyzed chemistry. 

The addition reactions on the π-palladium complexes can occur in two 
modes. When the nucleophile attacks the unsaturated hydrocarbon ligand on 
the face opposite to the coordinated palladium, it is regarded as a trans or 
external attack (Wacker-type). On the other hand, if the nucleophile directly 
interacts with palladium, migratory insertion could occur in a cis manner. It 
is sometimes difficult to distinguish between these two pathways since they 
may operate in parallel in a certain reaction. Minor modifications of the reac-
tion conditions (addition of acids/bases or ligands, change in solvent etc.) 
can significantly alter the reaction mechanism and further influence the 
overall outcome.18,19 

One example that illustrates this scenario is the palladium(II)-catalyzed 
oxidative 1,4-diacetoxylation of 1,3-cyclohexadiene reported by Bäckvall 
and co-workers in the 1980s. It was shown that the acetate can be directed to 
undergo either cis-migratory insertion or trans-attack (Scheme 2).20 Normal-
ly, the intramolecular acetate migration of the (π-allyl)palladium(II) species 
2b afforded trans-4 via an η3-η1 allyl shift. However, in the presence of cata-
lytic amount of LiCl, the internal migration pathway was blocked due to the 
strong binding of chloride to palladium, thereby forcing the addition of ace-
tate to proceed externally to give the diacetoxylated product in a cis-fashion. 
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In these reactions, BQ not only acted as an oxidant, but also functioned as a 
ligand for maintaining an efficient catalytic system. 

 

Scheme 2. Palladium(II)-catalyzed 1,4-diacetoxylation of 1,3-cyclohexadiene. 

As shown in Scheme 2, palladium(II)-catalyzed oxidation reactions gen-
erate a palladium(0) species. Early studies in the field usually involved the 
usage of stoichiometric amounts of the palladium(II) source. For the modern 
catalytic protocols, it is crucial to select a suitable oxidant, which can effi-
ciently convert palladium(0) back to palladium(II) and also retain a good 
catalytic turnover. Common oxidants are copper salts,12b MnO2,

21 quinones,22 
and peroxides.23 Molecular oxygen O2 can also be used, but additional li-
gands are usually required for the stabilization of the palladium catalyst 
and/or the enhancement of chemo- or stereoselectivity.24,25 Both monodentate 
(DMSO,26 pyridine,27 and N-heterocyclic carbenes28) and bidentate (1,10-
bathophenanthroline29 and sparteine30) ligands have been successfully uti-
lized. 

1,4-Benzoquinone and its analogues have been widely used as the oxidant 
in palladium(II)-catalyzed oxidation chemistry. The proposed pathway for 
the re-oxidation of palladium(0) by BQ is depicted in Scheme 3, in which 
two proton equivalents are required for the regeneration of the palladium(II) 
species.31 

 

Scheme 3. Re-oxidation of palladium(0) to palladium(II) by 1,4-benzoquinone. 
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1.4.1 Palladium(II)-Catalyzed Oxidation with Carbon–Carbon 
Bond Formation 

The carbon atom constitutes the skeleton of most natural and synthetic 
products, therefore carbon–carbon bond forming reactions are of central 
importance for synthetic purposes. So far, methodologies regarding the non-
oxidative palladium-catalyzed carbon–carbon formation have been well do-
cumented, especially on various cross-coupling reactions.13 However, for the 
palladium(II)-based alternative involving oxidative conditions, the reports 
are relatively scarce.32 The bottleneck of this field is ascribed to the fact that 
active carbon nucleophiles (carbanions) can be easily oxidized by oxidants 
to form radicals and/or lead to side reactions. Besides this, the carbon nuc-
leophile can also reduce palladium(II) leading to the deactivation of the cata-
lyst. Despite the restriction, many elegant reactions have been discovered for 
the oxidative carbon–carbon bond formation, mainly in the area of Saegusa 
oxidation,33 Fujiwara-Moritani-Heck type reaction34 and allylic C–H alkyla-
tion reactions.35 

One of the recent studies by White and co-workers is of great value.36 
With a novel bissulfoxide/Pd(OAc)2 catalyst (8), an intermolecular palla-
dium(II)-catalyzed allylic C–H alkylation was realized under oxidative con-
ditions by using a stabilized carbon nucleophile (Scheme 4). The reaction 
proceeded only in the presence of sulfoxide ligands and the linear alkylation 
product was formed predominately. It was also verified that the reaction 
initiated with the allylic C–H activation of allylbenzene and the resulting (π-
allyl)palladium(II) intermediate was subsequently attacked by an α-nitro 
ester to form the new carbon–carbon bond. 

 

Scheme 4. White’s palladium(II)-catalyzed oxidative allylic C–H alkylation. 

1.4.2 Palladium(II)-Catalyzed Oxidative Carbocyclization 

Intramolecular carbon–carbon bond forming reactions provide direct 
access to various cyclic structures. Palladium(II)-catalyzed oxidative carbo-
cyclizations have attracted less attention, mainly due to the above-mentioned 
incompatibility between the oxidant and the carbon nucleophile. Therefore, 
molecules incorporating stabilized nucleophilic carbon moieties are often 
designed for the development of new oxidative carbocyclization reactions.37 
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Early studies on the palladium(II)-catalyzed oxidative carbocyclization 
were mainly derived from the original Saegusa oxidation.33 Silyl enol ethers 
were used as the carbon nucleophile to perform the intramolecular alkylation 
of an alkene. As the result, carbocycles were provided and molecular oxygen 
was used for the re-oxidation of the expelled palladium(0).38 Later on, suc-
cessful examples were disclosed by Bäckvall and co-workers on a number of 
palladium(II)-catalyzed oxidative carbocyclization of cyclic 1,3-dienes, 
which incorporated stabilized carbon nucleophiles such as α-nitro sulfo-
nates39 and allylsilanes.40 More recently, Widenhoefer and co-workers re-
ported the intramolecular palladium(II)-catalyzed oxidative alkylation of 
unactivated alkenes with 1,3-diketo-type nucleophiles (Scheme 5).41 The key 
step in the proposed mechanism was a trans nucleophilic attack of the enol-
form on the π-coordinated Pd(II)-alkene complex (M4). In this case, a stoi-
chiometric amount of CuCl2 was used as the oxidant. Meanwhile, Liu and 
co-workers achieved an oxidative carbocyclization of ω-unsaturated α-cyano 
ketones employing a Pd(OAc)2/BQ catalytic system.42 Further modification 
aiming at employing aerobic oxidative conditions was reported by Yang and 
co-workers through a Pd(II)/lanthanide Lewis acids co-catalytic strategy.43 
The oxidative carbocyclization via intramolecular allylic C–H alkylation was 
also accomplished by Shi and co-workers using White’s Pd(OAc)2/bissulf-
oxide catalytic system.44 

 

Scheme 5. Widenhoefer’s palladium(II)-catalyzed intramolecular oxidative alkylation of 
unactivated alkenes. 

Palladium(II)-catalyzed oxidative carbocyclization reactions can also pro-
ceed via the Fujiwara-Moritani (oxidative Heck) type pathway. Recently, 
Stoltz and co-workers demonstrated a ligand modulated carbocyclization of 
olefin-substituted electron-rich arenes under aerobic oxidative conditions 
(Scheme 6).45,46  The reaction was proved to commence with an arene C–H 
activation, followed by cis-insertion of the alkene to form the tricyclic struc-
ture. An analogous protocol on the oxidative cyclization of indoles was also 
reported independently by Beccalli’s group.47 Studies following the similar 
reaction pattern have been further described including several applications in 
natural product syntheses.48,49 
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Scheme 6. Stoltz’s palladium(II)-catalyzed oxidative carbocyclization of indoles. 

In the past decade, Bäckvall and co-workers have focused on the devel-
opment of novel carbocyclization reactions using allenes as the carbon nuc-
leophile. Several unsaturated hydrocarbon models have been discovered and 
investigated including dienallenes, 50  enallenes 51  and recently allenynes. 52 
The key feature of these allene-participating reactions is the efficient and 
stereoselective formation of intramolecular carbon–carbon bonds under 
oxidative conditions (Scheme 7). Replacement of stoichiometric amount of 
BQ with molecular oxygen in these carbocyclization reactions gave a suc-
cessful biomimetic oxidation process.53 

 

Scheme 7. Palladium(II)-catalyzed oxidative carbocyclization of enallenes and dienallenes. 

 The proposed mechanism of these oxidative carbocyclization reactions is 
exemplified with enallenes in Scheme 8. The reaction is initiated by activa-
tion of the allene via an allenic C–H abstraction (M5) to generate a (σ-
vinyl)palladium(II) intermediate (M6). This intermediate undergoes a cis-
insertion (carbopalladation) of the coordinated alkene to form the carbocycle 
(M7). Subsequent β-hydride elimination of the (σ-alkyl)palladium(II) inter-
mediate affords the triene product 14. 
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Scheme 8. Proposed mechanism for the palladium(II)-catalyzed oxidative carbocyclization of 
enallenes. 

An alternative mechanism is that the reaction is initiated with the allyl 
C‒H abstraction forming a (π-allyl)palladium(II) intermediate. However, this 
was deemed much less likely since no scrambling was observed in the deute-
rium-labeling experiments. Also, bicyclic 14 was not formed when subject-
ing enallene 17 to the carbocyclization conditions (Scheme 9). 

 

Scheme 9. Disfavored allylic C‒H activation pathway. 

For the dienallene analogues, carbocyclization results in the formation of 
a (π-allyl)palladium(II) intermediate, which could be further attacked by an 
external nucleophile such as carboxylic acids or even H2O.50d An overall 1,4-
carbooxygenation was achieved for the carbocyclization of dienallenes. 
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1.4.3 Palladium(II)-Catalyzed Asymmetric Oxidative Cyclization 

In general, palladium(II)-catalyzed oxidation chemistry is dominated by 
ligand-free conditions, mainly because common ligands for late transition 
metals, such as Lewis-basic phosphine ligands, are incompatible with oxida-
tive conditions. This indeed hamper the development of the asymmetric pro-
tocols in this particular field. Efforts toward finding suitable chiral ligands, 
which are capable of inducing high level of enantioselectivity and resisting 
oxidation, have been largely addressed.54 Several key discoveries are dis-
cussed below. 

The first palladium(II)-catalyzed asymmetric oxidative protocol was in-
troduced by Hosokawa and Murahashi in 1981 on the cyclization of 2-
allylphenol using a chiral [(+)-(η3-pinene)PdOAc]2 catalyst (Scheme 10).55 
Copper(II) acetate was used as the co-oxidant together with molecular oxy-
gen as the terminal oxidant. Although the reaction resulted in fairly poor 
enantioselectivity (up to 26% ee), it illustrated that palladium(II)-catalyzed 
oxidative cyclization can be performed in an enantioselective manner. 
Moreover, this study demonstrated a highly innovative strategy of employ-
ing chiral anions for the asymmetric induction, which may inspire further 
applications. 

 

Scheme 10. Hosokawa and Murahashi’s chiral anion-induced asymmetric oxidative cycliza-
tion of 2-allylphenol. 

A major breakthrough for the palladium(II)-catalyzed asymmetric oxida-
tive cyclization was achieved by Uozumi and Hayashi using a C2-symmetric 
bis(oxazoline) ligand (Scheme 11, A).56 This neutral bidentate ligand (L2), 
which was developed based on a 1,1’-binaphthyl backbone, was resistant to 
oxidation and could promote the cyclization of 2-allylphenols with excellent 
enantioselectivity (up to 97% ee). A similar catalytic system was later de-
scribed by Sasai and co-workers using a novel spirocyclic bis(oxazoline) 
ligand (L3). The reaction converted acyclic diene 23 to enantio-enriched 
bicyclic 24 with 95% ee (Scheme 11, B).57 In both studies, weakly coordi-
nating anions, such as trifluoroacetate and tetrafluoroborate, were used to 
ensure both catalytic activity and enantioselectivity. 
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Scheme 11. Palladium(II)-catalyzed enantioselective oxidative cyclization using chiral 
bis(oxazoline) ligands. 

In addition to the imine-type nitrogen ligands, chiral diamine (–)-
sparteine has also been successfully demonstrated by Stoltz as a stable and 
effective ligand for the enantioselective cyclization of 2-allylphenols under 
aerobic oxidative conditions.58 Yang and co-workers further expanded the 
substrate scope to 2-allylacetanilide (25), which was converted to the tricyc-
lic 26 in 88% ee via a dual C–N and C–C bond formation (Scheme 12). Ad-
dition of molecular sieves and a bulky base was essential for obtaining high 
level of enantioselectivity.59 

 

Scheme 12. Yang’s palladium(II)-catalyzed asymmetric oxidative dual cyclization using (–)-
sparteine. 

Strong σ-donor N-heterocyclic carbenes (NHC) can form stable complex-
es with palladium, which can be potential candidates for palladium(II)-
catalyzed asymmetric oxidative cyclization. Though a number of chiral Pd-
NHC catalysts have been shown effective in asymmetic transformations,60 
their application in enantioselective oxidative cyclization was not accom-
plished until recently. Stahl and co-workers described the unprecedented 
asymmetric oxidative cyclization of 2-allylacetanilides using a chiral Pd(II)-
NHC catalyst and moderate enantioselectivity (up to 63% ee) was obtained 
(Scheme 13).61 Further studies using this strategy have been limited, proba-
bly due to the difficulty in the synthesis of the Pd(II)-NHC catalysts and the 
selectivity toward different substrates. 
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Scheme 13. Stahl’s chiral NHC-Pd(II) catalyzed asymmetric oxidative cyclization. 

Another asymmetric study, though without cyclization, is worth mention-
ing as the proof of principle. Bäckvall and co-workers utilized chiral oxi-
dants for the asymmetric 1,4-difunctionalization of 1,3-dienes under aerobic 
oxidative conditions (Scheme 14).62,63 A chiral benzoquinone was generated 
in situ from the corresponding chiral hydroquinone to act as a ligand and 
asymmetric dialkoxylation of 2-phenylcyclohexa-1,3-diene was accom-
plished with moderate enantioselectivity (up to 54% ee). This chiral oxidant 
strategy can also be considered in the development of palladium(II)-
catalyzed asymmetric oxidative cyclization reactions. 

 

Scheme 14. Bäckvall’s enantioselective 1,4-dialkoxylation of 1,3-dienes using a chiral oxi-
dant. 

Diverse strategies have been displayed in this section for the palla-
dium(II)-catalyzed asymmetric oxidative cyclizations. However, both the 
scope of substrates and the selection of ligands is hardly satisfactory. The 
limitation lies in the fact that a specific substrate usually matches only with a 
few chiral ligands and even a tiny change in the substrate structure may re-
sult in a disastrous drop in enantioselectivity. Moreover, several concomitant 
pathways may significantly decrease the selectivity of any kind. Therefore, a 
detailed investigation of the reaction mechanism is necessary for the effi-
cient development of asymmetric oxidative protocols. In principle, reactions 
involving a single mechanistic pathway are mostly likely to deliver highly 
enantio-enriched products with the aid of a proper chiral ligand. 

One illustrative example is the palladium(II)-catalyzed intramolecular 
oxidative amination of olefins.64 Stahl and co-workers first showed that un-
der the developed aerobic oxidative conditions, aminopalladation of the ole-
fin occurred exclusively in a cis-fashion (Scheme 15, M8).64a,b As a step 
forward, by adding chiral quinox ligand L4, the cyclization proceeded in a 
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highly enantiodiscriminating fashion to give the cyclic product 32 was af-
forded in 98% ee.64c,d Studies involving a similar racemic-mechanistic-
asymmetric sequence have also been demonstrated by Hayashi,19,56 Sig-
man, 65  and Yang 66  for advancing the palladium(II)-catalyzed asymmetric 
oxidative cyclization reactions. 

 

Scheme 15. Stahl’s mechanism-directed enantioselective oxidative amination of olefins. 

1.5 Aim of the Thesis 

The aim of this thesis has been to extend the scope, generality and know-
ledge of our previously developed methodologies on palladium(II)-catalyzed 
oxidative carbocyclization reactions. The primary focus is to perform the in 
situ functionalization of the (σ-alkyl)palladium(II) intermediate in the oxida-
tive carbocyclization of enallenes, possibly with some suitable transmetallat-
ing reagents to form new chemical bonds. Furthermore, we would like to 
investigate the possibility of using active transmetallated palladium(II) spe-
cies to trigger new carbocyclization reactions. The ultimate goal is to ad-
vance our series of oxidative carbocyclization reactions into an enantioselec-
tive fashion. 
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2. Synthesis of the Starting Materials and the 
Chiral Catalysts 

Most of the required starting materials and chiral catalysts for this thesis 
have been reported previously. The following section generally described 
their synthesis for additional clarity. 

2.1 Representative Starting Materials. 

Allenyl bromides and enallenes were prepared according to the literature 
(Scheme 16).50,51 

 

Scheme 16. Synthesis of allenyl bromides and enallenes. 

O-tethered enynes were prepared according to the literature (Scheme 17).67 

 

Scheme 17. Synthesis of O-tethered enynes. 
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2.2 Representative Chiral Catalysts. 

Preparation of the biphenol-type chiral phosphoric acid and phosphoramide 
was performed according to the literature with additional modifications 
(Scheme 18).68,69 

 

Scheme 18. Synthesis of the biphenol-type chiral phosphoric acid and phosphoramide. 
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3. Palladium(II)-Catalyzed Oxidative 
Carbocyclization-Borylation and -Arylation of 
Enallenes (Paper I and II) 

Our group has previously been involved in the palladium(II)-catalyzed oxid-
ative carbocyclization of dienallenes50 and enallenes,51 both using stoichi-
ometric amounts of BQ or aerobic oxidative conditions. The main feature of 
this methodology is the selective and efficient formation of intramolecular 
carbon–carbon bonds to construct carbocycles and N-heterocycles. In partic-
ular, carbocycles incorporated the 6,5- and 7,5-fused bicyclic substructures, 
are common motifs in many naturally occurring products such as retigeranic 
acid70 and guanacastepene (Figure 1).71 These compounds could be the po-
tential synthetic targets to apply our carbocyclization strategy. 

 

Figure 1. Examples of natural products bearing similar bicyclic skeleton. 

In our previous report of palladium(II)-catalyzed oxidative carbocycliza-
tion of enallenes, the reaction was terminated with a β-hydride elimination to 
generate a new olefin, which may be used as a valuable unit for subsequent 
transformations. On the other hand, instead of elimination, we intended to 
realize direct functionalization of the (σ-alkyl)palladium(II) intermediate by 
promoting transmetallation with suitable reagents (Scheme 19). To the best 
of our knowledge, such an oxidative approach has not been reported. 
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Scheme 19. Palladium(II)-catalyzed oxidative carbocyclization of enallenes. 

The suggested functionalization of the (σ-alkyl)palladium(II) intermediate 
seems feasible based on our previous DFT-calculation on the 1,4-
carbohydroxylation of dienallenes.72 This theoretical study suggested that 
after carbocyclization, the exocyclic isopropenyl group coordinates to the (π-
allyl)palladium(II) intermediate, making it more susceptible toward nucleo-
philic attack (Scheme 19, M9). We anticipated that a similar coordination 
also existed in the carbocyclization of enallenes and the resulting stabiliza-
tion would facilitate the functionalization of the analogous (σ-alkyl)-
palladium(II) intermediate. 

Recently, Cárdenas and co-workers reported a non-oxidative borylative 
carbocyclization reaction (Scheme 20),73 which was considered as the direct 
experimental support for our proposed functionalization. Cárdenas showed 
that unsaturated hydrocarbon substrates, such as enynes and enallenes, un-
derwent palladium-catalyzed carbocyclization and the (σ-alkyl)palladium(II) 
species could be quenched with bis(pinacolato)diboron (B2pin2). In this the 
cyclic alkylboronates could be obtained in good yields. 

 

Scheme 20. Cárdenas’ palladium-catalyzed borylative carbocyclization of enallenes. 

On the basis of these two studies, we envisioned a similar palladium(II)-
catalyzed oxidative carbocyclization followed by in situ coupling with bo-
ron-containing reagents. If possible, we could quickly gain access to diverse 
borylated or arylated carbocycles under oxidative conditions. 
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3.1 Palladium(II)-Catalyzed Oxidative 

Carbocyclization-Borylation of Enallenes 

3.1.1 Development of the Oxidative Carbocyclization-Borylation 
of Enallenes 

Enallene 13 was chosen as the model substrate, which was in line with our 
previous studies on the carbocyclization reactions.51 In the preliminary expe-
riment, we found that treatment of 13 with 5 mol% of Pd(OAc)2, 1 equiv of 
B2pin2 and 1.5 equiv of BQ in THF at 40 oC for 4 hours gave 40% of the 
desired borylated carbocycle 39, which was obtained as one single diaste-
reomer. As expected, formation of the β-hydride elimination product 14 was 
also observed (Scheme 21). 

 

Scheme 21. Initial attempts at the palladium(II)-catalyzed oxidative carbocyclization-
borylation of enallenes. 

Encouraged by this result, we set out to optimize various reaction parame-
ters, among which the solvent effect was firstly evaluated (Table 1). As 
shown, the choice of solvent played a crucial role for the selectivity between 
39 and 14, and toluene was found as the most effective solvent (Table 1, 
entry 7). In toluene at 40 oC, 70% of 39 and only 5% of 14 was observed in 
the crude mixture. When acetonitrile and DCM were used as the solvent 
(Table 1, entries 2 and 3), a poor selectivity between the two products was 
observed. Other solvents, though affording the desired product in reasonable 
yields, gave the eliminated product 14 in a larger amount. 

Once toluene was identified as the ideal solvent, the influence of different 
Pd(II) sources was investigated. Previous studies on the oxidative carbocyc-
lization reactions showed that Pd(OAc)2 and Pd(OOCCF3)2 were superior 
catalysts. These two salts was found effective in this borylation reaction, as 
Pd(OAc)2 gave the highest conversion and best selectivity. Other commer-
cially available Pd(II) salts such as PdCl2, PdCl2(CH3CN)2, PdCl2(PPh3)2 and 
Pd(acac)2 showed no or poor activity. Minimizing the catalyst loading was 
also successfully achieved. When using 1 mol% of Pd(OAc)2 at 40 oC, com-
parable yield and selectivity could be obtained simply by prolonging the 
reaction time from 4 to 10 hours. 
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Table 1. Solvent effect in the palladium(II)-catalyzed oxidative carbocyclization-borylation of 
enallene 13.a 

Entry Solvent Yield of 39 (%)b Yield of 14 (%)b 

1 THF 40 8 

2 DCM 45 34 

3 CH3CN 20 46 

4 EtOH 56 13 

5 EtOAc 55 12 

6 acetone 60 30 

7 toluene 70 5 

(a) Reaction conditions: Enallene 13 (0.1 mmol), Pd(OAc)2 (5 mol%), B2pin2 (1 equiv) and BQ (1.5 
equiv) in the indicated solvent (1 mL) at 40 oC for 4 hours. (b) Yields were determined by 1H NMR 
analysis of crude reaction mixtures using anisole as the internal standard. 

Attempts to suppress the formation of β-hydride elimination product 14 
were made. The reactions were run under different temperatures with 1 
mol% of Pd(OAc)2 (Table 2). The reaction at room temperature was less 
efficient (Table 2, entry 1) while at elevated temperatures, significantly larg-
er amount of the elimination product was afforded (entries 3 and 4). The 
optimal temperature was found at 40 oC (Table 2, entry 2). 

Table 2. Temperature influence on the distribution of borylated/eliminated products 39/14.a 

Entry Temp (oC) Yield of 39 (%)b Yield of 14 (%)b 

1c r.t. 54 6 

2 40 79 7 

3 60 62 14 

4 80 43 50 

(a) Reaction conditions: Enallene 13 (0.1 mmol), Pd(OAc)2 (1 mol%), B2pin2 (1 equiv) and BQ (1.2 
equiv) in toluene (1 mL) at indicated temperature until completion. (b) Yields were determined by 1H 
NMR analysis of crude reaction mixtures using anisole as the internal standard. (c) Full conversion could 
not be reached after 24 hours. 

Further optimization toward the amounts of B2pin2 and BQ showed no 
improvement in either yield or selectivity. However, slight excess amount of 
BQ (1.2 equiv) was required for the efficient re-oxidation of Pd(0) to Pd(II) 
due to the formation of quinhydrone, which had poor solubility in toluene. 
Attempts were also made to employ our previously developed biomimetic 
oxidation system using catalytic amount of BQ, FePc (ETM) and molecular 
oxygen as the terminal oxidant.53 However, they turned out to be less effi-
cient comparing to the reactions with stoichiometric amount of BQ. In our 
previous carbocyclization reactions, quinones was found as the only class of 
effective oxidants.50d Therefore, other potentially effective oxidants were not 
examined. 
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A few common additives such as HOAc, NaOAc and H2O were intro-
duced to evaluate whether the acidity/basicity and the water content of the 
reaction medium would affect the reaction outcome. It was found that only 
the addition of water led to a minor increase in the reaction rate while neither 
HOAc nor NaOAc showed any noticeable effects. These results suggested 
that this oxidative carbocyclization-borylation reaction could be easily han-
dled without tedious exclusion of air and/or moisture (Scheme 22). 

 

Scheme 22. Optimized conditions for the palladium(II)-catalyzed oxidative carbocyclization-
borylation of enallenes. 

3.1.2 Investigation of the Scope and Limitations 

After establishing the efficient protocol on the model substrate 13, the scope 
of enallene substrates was explored. In general, this palladium(II)-catalyzed 
oxidative carbocyclization-borylation reaction provided borylated carbo-
cycles in good to excellent yields (Table 3). 

Table 3. Scope of the palladium(II)-catalyzed oxidative carbocyclization-borylation of enal-
lenes.a 

Entry Enallene Carbocycle Yieldb (%) 

1 

E E

13 77 

2 

E E

36 78 

3 68 
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Table 3 Contd. Scope of the palladium(II)-catalyzed oxidative carbocyclization-borylation of 
enallenes.a 

Entry Enallene Carbocycle Yield (%)b 

4 

 

E E

Bpin
44

E:Z = 10:1

E E

Bpin 44'

60 

5 

E E

45 58 

6 

E E

47 5c,d 

7 

E E

49 86 

8e 64 

9 

E E

53 89 

10f 63 

11f 

E E

57

E E

58

Bpin

62 

(a) Reaction conditions: Enallene (0.2 mmol), Pd(OAc)2 (1 mol%), B2pin2 (1 equiv) and BQ (1.2 equiv) 
in toluene (2 mL) at 40 oC for 10 hours. (b) Isolated yields after column chromatography. (c) Full conver-
sion could not be reached after 36 hours. (d) Determined from crude reaction mixture. (e) 51 is consisted 
of an inseparable mixture of allene/alkyne (1:1.6) where the alkyne does not react during catalysis. (f) 
Reaction time is 20 hours. 

For most of the enallene substrates, the β-elimination product was formed 
in minor amount (< 10%), which could be separated easily from the desired 



 21

borylated product. It is also worth mentioning that we could not observe any 
side products arising from palladium(0) catalysis, which were previously 
described by Morken74 and Cárdenas73c separately. 

Cyclic enallenes (Table 3, entries 1 and 9–11) underwent the carbocycli-
zation-borylation sequence smoothly and the products were obtained with 
stereospecific cis-addition of the carbon and boron elements to the olefin. 
Notably, the 5-, 6- and 8-membered cyclic enallenes (53, 13 and 57) gave 
the cis-fused bicyclic borylated products exclusively (Table 3, entries 9, 1 
and 11). On the contrary, 7-membered cyclic enallene 55 provided the prod-
uct in a trans-fused ring junction (Table 3, entry 10), which was in accor-
dance with the previous observation.51b Another clear trend related to the 
ring size effect was observed as a significant drop in yield for 7- and 8-
membered cyclic enallenes (63% and 62%, respectively), whereas the 5- and 
6-membered substrates afforded the borylated products in much higher yield 
(89% and 77%, respectively). The rationale behind these observations would 
attribute to the coordination between cyclic substrates and the palladium(II) 
catalyst. Through modeling, we reasoned that the slightly rigid structures of 
the 5- and 6-membered cyclic enallenes rendered a favored coordination of 
the catalyst and thereby the desired products were formed in high yields. 
However, along the ring expansion to 7- and 8-membered, such coordination 
was probably weakened by the ring flipping leading to the decrease in the 
corresponding yields. 

Acyclic mono-substituted enallenes underwent the carbocyclization-
borylation sequence to furnish primary alkylboronates in moderate yields 
(Table 3, entries 2–3). When two different substituents were installed on the 
allene, a moderate selectivity of the conjugated diene was observed due to 
the low regioselectivity of the allenic hydride abstraction (Table 3, entry 4). 
Introduction of an internal substituent on the olefin rendered the formation of 
the borylated carbocycle bearing a new quaternary stereogenic center (Table 
3, entry 7). The product was obtained in 86% yield, which stood out as the 
highest in all the tested acyclic enallenes. This result also matched our ex-
pectation by the fact that the (σ-alkyl)palladium(II) intermediate could only 
undergo transmetallation with the diboron reagent when the absence of β-
hydrides suspended the undesired elimination pathway. 

Enallenes with terminal substituent on the olefin (E) with alkyl (45) or 
aryl groups (51) provided borylated carbocycles 46 and 52 in moderate 
yields (Table 3, entries 5 and 8). The relative configuration was instead de-
termined with the aid of various NMR experiments (COSY, HSQC, HMBC, 
2D-NOESY and NOE-diff) together with molecular modeling. 

A clear limitation on the malonate-tethered substrates was found with 
terminal di-substituted enallene 47. Only 25% conversion of the starting 
material was reached after 36 hours (Table 3, entry 6). The major product in 
this case was identified as the β-hydride elimination product and maximum 
5% of the desired borylated carbocycle could be detected in the crude reac-
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tion mixture. Poor compatibility may arise from the unfavored coordination 
between the substrate and the palladium(II) catalyst as well as the presence 
of the readily available β-hydrogens. 

Finally, we decided to investigate whether the previously developed aza-
enallenes would adapt to this novel transformation. Gratifyingly, treatment 
of aza-enallene 59 under the optimized reaction conditions [1 mol% of 
Pd(OAc)2, 1 equiv of B2pin2, 1.2 equiv of BQ, toluene, 40 oC] afforded the 
desired borylated dihydropyrrole 60 in acceptable yield together with large 
amount of the Diels-Alder adduct 61. Minor modification of the protocol, 
mainly with reduction of the amount of BQ to 1.05 equivalent, allowed the 
formation of the desired dihydropyrrole 60 in 71% isolated yield (Scheme 
23). Under the same reaction conditions, aza-enallene 62 was converted to 
the borylated product 63 as one single isomer in 60% yield. 

 

Scheme 23. Palladium(II)-catalyzed oxidative carbocyclization-borylation of aza-enallenes. 

3.1.3 Stereochemical Assignment of the Borylated Carbocycles 

The stereochemistry of the borylated carbocycles 39, 54 and 58 was estab-
lished by careful NMR analysis. 2D-NOESY experiments clearly indicated 
that the two bridgehead protons (Ha and Hb) along with the proton adjacent 
to boron (Hc) were placed in an overall cis-configuration (Figure 2). 

axial-Bpin equatorial-Bpin

Bpin

Hc
E

E

Ha

Hb

Hc

Bpin
Hb Ha

E

E

Coupling constants of Ha, Hb and Hc in 39

Ha: 3.03 ppm (ddd) J = 11.9, 6.3, 4.9 Hz
Hb: 3.54 ppm (ddd) J = 6.3, 6.3, 2.6 Hz
Hc: 1.30 - 1.24 ppm (m) poor resolution

 

Figure 2. Coupling constants of the bridgehead protons in the borylated carbocycle 39. 

After several attempts, we managed to obtain borylated product 39 in the 
crystal form, which was suitable for X-ray analysis. The results were in good 
agreement with our assignment of “all-cis” (Figure 3, left). In contrast to the 
6,5-cis-fused product, the 7,5-fused bicyclic carbocycle 56 did not present 
the same coupling pattern in the NOE experiments suggesting a different 
ring junction of trans. The configuration of 56 was later confirmed with X-
ray analysis after the original publication (Figure 3, right). It is worth men-
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tioning that X-ray results of both cases showed that the large boryl group 
was situated on the axial position while the adjacent hydrogen possessed the 
equatorial position. 

 

Figure 3. X-ray structures of the borylated carbocycles 39 (left) and 56 (right). 

3.1.4 Mechanistic Proposal 

Our proposed mechanism is based on the previous studies on palladium(II)-
catalyzed carbocyclization of enallenes.51 We suggest that the π-coordination 
of Pd(OAc)2 with enallene substrate (olefin and allene simultaneously) oper-
ates in a cis form to the exsiting stereogenic center (Scheme 24, M10). The 
palladium catalyst undergoes a facile allenic C–H abstraction, denoted as the  
“allene attack” on palladium, to generate a relative stable (σ-vinyl)-
palladium(II) intermediate M11. To M11, an exclusive cis-insertion of the 
coordinating olefin occurs, mostly likely mediated by the coordination of 
one molecule of BQ, to form a (σ-alkyl)palladium(II) intermediate M12. As 
previously observed, M12 usually go through a syn-β-hydride elimination to 
give an alkene. In the present case, M12 undergoes transmetallation with 
B2pin2 and subsequent reductive elimination affords the borylated product. 
Our results strongly suggest that the coordination of the exocyclic olefin 
(isopropenyl) to (σ-vinyl)palladium(II) intermediate provides certain stabili-
zation so that the transfer of boron functionality can proceed smoothly. Not-
ably, among all the cyclic substrates, cyclopentenyl substrate 53 gave the 
borylated carbocycle in the highest yield. We believe that this result can be 
explained by the highly favored coordination in the corresponding 5,5-cis-
fused intermediate. Along the expansion of the ring size, such coordination 
becomes weaker and decreased yields were obtained for the 7- and 8-
memebered enallenes 55 and 57. After the formation of the borylated carbo-
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cycles, palladium(0) is generated and re-oxidized to palladium(II) by BQ to 
complete a catalytic cycle. 

 

Scheme 24. Proposed mechanism for the palladium(II)-catalyzed oxidative carbocyclization-
borylation of enallenes. 

There are a few other considerations regarding the reaction mechanism. 
The ambiguity is mainly related to the transmetallation between the palla-
dium catalyst and the diboron reagent. If the transmetallation occurs at an 
early stage, for instance in M10, an AcO–Pd–Bpin species would be gener-
ated prior to the initial step (C–H abstraction). We reason that the allene 
attack on the palladium center would be favored for a more electrophilic 
palladium species, in this case Pd(OAc)2 other than AcO–Pd–Bpin. The 
same rationale based on electronic effects may be applied to another hypo-
thesis as well, which is that the transmetallation with B2pin2 takes place with 
M11. Consequently, the (σ-vinyl)palladium(II)‒Bpin intermediate would be 
formed, which is less favored to trigger the carbocyclization. Our experi-
mental data further exclude this possibility since we did not observe any 
borylated 1,3-diene product, which may arise from reductive elimination of 
the (σ-vinyl)palladium(II)‒Bpin intermediate derived from M11. 

In addition to the above-mentioned mechanisms, we have also considered 
another two pathways, one involves a Pd(IV) intermediate and the other 
relates to oxidative addition of Pd(0) into B2pin2. The high oxidation state 
pathway was presumed unlikely when using BQ as the oxidant. The latter 
pathway was also ruled out since in the presence of stoichiometric amount of 
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BQ and proton equivalents, Pd(0) would be readily oxidized to Pd(II).31 This 
is also supported by a control experiment using a Pd(0) catalyst (Pd2dba3) in 
the absence of BQ, in which no borylated product was detected. 

We should point out that the detailed mechanism of the transmetallation 
was not further investigated. However, we believe the presence of acetate 
promotes the transmetallation between palladium and the diboron, which 
was proposed previously in the Miyaura borylation reactions.75 
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3.2 Palladium(II)-Catalyzed Oxidative 

Carbocyclization-Arylation of Enallenes 

3.2.1 Development of the Oxidative Carbocyclization-Arylation 
of Enallenes 

After succeeding with the oxidative carbocyclization-borylation of enallenes, 
we raised the question whether it was possible to furnish the (σ-alkyl)-
palladium(II) intermediate with other functionalities, presumably using rea-
gents that transmetallate also through the boron element. Arylboronic acids, 
which is the key coupling partner in the Suzuki cross-coupling reaction, have 
been widely used due to their versatility and easy commercial accessibility. 
This attempted carbocyclization-arylation sequence would substantially 
broaden the substrate scope and provide further knowledge on the oxidative 
cyclization reactions of enallenes. Starting from the borylation protocol de-
scribed in Chapter 3.1, arylboronic acids were used in order to achieve aryla-
tion instead of borylation. Re-optimization of the reaction conditions was 
initiated by using acyclic enallene 36 as the model substrate, in which the β-
hydride elimination was less prone to occur. 

In the preliminary experiment, under similar conditions as in the boryla-
tion reaction, treatment of enallene 36 with 5 mol% of Pd(OAc)2, 1 equiv of 
PhB(OH)2 and 1.2 equiv of BQ in toluene at 40 oC gave the desired pheny-
lated carbocycle 64a in 53% yield after 16 hours. Only trace amount of the 
elimination product 65 (< 2%) was observed in the crude mixture (Scheme 
25). 

 

Scheme 25. The initial attempt at the palladium(II)-catalyzed oxidative carbocyclization-
arylation of enallene 36. 

The optimization regarding different reaction parameters started with var-
iation of the solvent (Table 4). A quick screening revealed that this oxidative 
carbocyclization-arylation reaction proceeded well in most solvents except 
strongly coordinating acetonitrile. Notably, only tiny amount of the β-
hydride elimination product 65 was formed in all cases. The best solvent was 
found to be THF, in which the reaction gave the phenylated carbocycle 64a 
in 92% yield after 16 hours together with 4% of 65 (Table 4, entry 7). 
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Another identifiable side product was biphenyl generated via the oxidative 
homo-coupling of phenylboronic acid, however the amount was usually 
below 5%. Among the tested palladium(II) catalysts, Pd(OAc)2 and 
Pd(OOCCF3)2 showed the best reactivity while PdCl2(DMSO)2 and 
Pd(acac)2 were much less active. 

Table 4. Solvent effect in the palladium(II)-catalyzed oxidative carbocyclization-arylation of 
enallene 36.a 

Entry Solvent Yield of 64a (%)b Yield of 65 (%)b 

1 acetone 90 7 

2 acetonitrile 0 0 

3 DCM 67 4 

4 DCE 64 5 

5 1,4-dioxane 86 2 

6 EtOAc 63 3 

7 THF 92 4 

8 toluene 53 1 

(a) Reaction conditions: Enallene 36 (0.1 mmol), Pd(OAc)2 (5 mol%), PhB(OH)2 (1 equiv) and BQ (1.2 
equiv) in the indicated solvent (1 mL) at 40 oC for 16 hours. (b) Yields were determined by 1H NMR 
analysis of crude reaction mixtures using anisole as the internal standard. 

The catalyst loading could be lowered to 1 mol% without significant de-
crease in yield and selectivity. A slight excess amount of BQ (1.1 equiv) was 
proved necessary for the re-oxidation of palladium(0). Elevated temperature 
accelerated the reaction (Table 5) and the optimized conditions were found 
in THF at 60 oC for 2 hours (entry 3). 

Table 5. Temperature influence on the palladium(II)-catalyzed oxidative carbocyclization-
arylation of enallene 36.a 

Entry Temp (oC) Time (h) Yield of 64a (%)b,c 

1 40 16 77 

2 50 3.5 83 

3 60 2 86 (83) 

4 70 1 75 

(a) Reaction conditions: Enallene 36 (0.1 mmol), Pd(OAc)2 (1 mol%), PhB(OH)2 (1 equiv) and BQ (1.1 
equiv) in THF (1 mL) at indicated temperatures until completion. (b) Yields were determined by 1H NMR 
analysis of crude reaction mixtures using anisole as the internal standard. (c) Isolated yield in parenthesis. 

Some additional attempts to improve this transformation focused on the 
examination of various boronic acid derivatives. Unfortunately, all of the 
tested derivatives such as boronic esters (PhBpin and phenyl MIDA boro-
nate) and potassium trifluoroborates (PhBF3K) were inactive in this reaction. 
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In these cases, the major product was identified as the elimination product 
65, indicating a less facile transmetallation. An excess amount of phenylbo-
ronic acid (1.3 equiv) did not show improvement in the overall yield. There-
fore, the reaction conditions for this palladium(II)-catalyzed oxidative carbo-
cyclization-arylation of enallenes were established (Scheme 26). 

 

Scheme 26. Optimized conditions for the palladium(II)-catalyzed oxidative carbocyclization-
arylation of enallenes. 

3.2.2 Investigation of the Scope and Limitations 

The generality of this palladium(II)-catalyzed oxidative carbocyclization-
arylation sequence was investigated using the optimized conditions shown in 
scheme 26. Functionalized arylboronic acids with both electron-donating and 
-withdrawing substituents were evaluated and the results are summarized in 
Table 6. Overall, mono-substituted enallene 36 underwent the desired se-
quence efficiently giving the arylated carbocycles in good to excellent 
yields. 

Arylboronic acids bearing electron-donating substituents such as alkyl- 
(Table 6, entries 2–4 and 8), alkoxyl- (entries 5–7) and silyl- (entry 9) groups 
reacted well under the optimized conditions. However, para-hydroxy-
phenylboronic acid, which had the most electron-rich nature, could not reach 
full conversion even after 24 hours and the isolated yield was only 68% (Ta-
ble 6, entry 18). During the investigation of the substitution pattern, a possi-
ble meta effect was observed as the reaction with 3-methyl-phenylboronic 
acids gave the highest yield (88%) compared to the ortho- or para-methyl 
substituted analogues (79% and 84%, respectively). The same trend also 
applied to the methoxy-substituted phenylboronic acids. Among those, 2-
methoxyphenylboronic acid rendered the overall least efficient reaction. We 
believe that these results can be attributed to electronic character and/or ster-
ic effect mainly for the transmetallation between arylboronic acids and cer-
tain active palladium(II) intermediate. 
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Table 6. Scope of arylboronic acids in the palladium(II)-catalyzed oxidative carbocycliza-
tion/arylation of enallenes.a 

1 mol% Pd(OAc)2

1 equiv ArB(OH)2
1.1 equiv BQ

THF, 60 oC

E E E
E

Ar

36 64
E = COOMe



 

Entry Ar Carbocycle Time (h) Yield (%)b 

1 C6H5 64a 2 83 

2 2-Me-C6H4 64b 4 79 

3 3-Me-C6H4 64c 4 88 

4 4-Me-C6H4 64d 4 84 

5 2-OMe-C6H4 64e 4 61 

6 3-OMe-C6H4 64f 4 87 

7 4-OMe-C6H4 64g 4 75 

8 4-tBu-C6H4 64h 5 82 

9 4-TMS-C6H4 64i 5 88 

10 4-vinyl-C6H4 64j 5 90 

11 4-F-C6H4 64k 5 90 

12 4-Cl-C6H4 64l 5 82 

13 4-Br-C6H4 64m 5 92 

14 4-CF3-C6H4 64n 5 73 

15 4-Ac-C6H4 64o 5 86 

16 4-CHO-C6H4 64p 5 95 

17 3-NO2-C6H4 64q 5 86 

18c 4-OH-C6H4 64r 21 68 

(a) Reaction conditions: Enallene 36 (0.2 mmol), Pd(OAc)2 (1 mol%), ArB(OH)2 (1 equiv) and BQ (1.1 
equiv) in THF (2 mL) at 60 oC. (b) Isolated yield after column chromatography. (c) Using ArB(OH)2 (1.3 
equiv). 

 Halogen-containing arylboronic acids reacted smoothly in this carbocyc-
lization-arylation sequence (Table 6, 11–13). Notably, the bromo-substituted 
phenylboronic acid was well tolerated in the reaction and no side coupling 
products based on palladium(0)-catalysis were detected. Unfortunately, 4-
iodophenylboronic acid, which had poor solubility in THF, completely failed 
to give any arylated product (not shown). Another synthetically useful 4-
vinylphenylboronic acid was also compatible in the reaction giving the de-
sired product in high yield without any secondary catalytic reactions, e.g. 
cross-insertion into the vinyl group (Table 6, entry 10). 

Other electron-deficient arylboronic acids (Table 6, entries 15–17) did not 
influence the reaction to large extent and only slightly prolonged time was 
required to reach full conversion. We were pleased to find that both 4-formyl 
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and 4-acetylphenylboronic acids provided the desired products in high 
yields. These two pre-installed carbonyl groups may serve as useful chemi-
cal handles for the further transformation. 
 After examining the scope of arylboronic acids, we set out to investigate 
the scope and limitation of the enallenes. As shown in Table 7, chemical 
yields were noticeably lower when introducing substituents on either the 
alkene or the allene moiety. 

Table 7. Scope of enallenes in the palladium(II)-catalyzed oxidative carbocyclization-
arylation of enallenes.a 

1 mol% Pd(OAc)2

1 equiv PhB(OH)2

1.1 equiv BQ

THF, 60 oC

E E E
E

Ph
E = COOMe  

Entry Enallene Carbocycle Time (h) Yield (%)b 

1 

E E

36

E
E

Ph

64a 2 83 

2 

E E

49 7 76 

3c 24 55 

4c 

E E

13 2 61 

5c 

E E

69

Ph

4 63 

6c 24 N.R.d 

(a) Reaction conditions: Enallene (0.2 mmol), Pd(OAc)2 (1 mol%), PhB(OH)2 (1 equiv), and BQ (1.1 
equiv), THF (2 mL), 60 oC. (b) Isolated yield after column chromatography. (c) Using PhB(OH)2 (1.3 
equiv). (d) No reaction based on 1H NMR analysis of the crude mixture. 

Internal methyl substituted enallene 49 afforded the desired phenylated 
product 66, which incorporated a new quaternary stereogenic center, in good 
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yield (Table 7, entry 2). Prolonged reaction time (24 hours) was required for 
the cinnamyl substrate 51 to reach completion, but the arylated product 67 
could only be isolated in moderate yield (55%).  

For cyclic enallene 13 and 53 bearing β-hydrogens, a slight excess of 
PhB(OH)2 was required to suppress the formation of the elimination product. 
The carbocyclization-arylation sequence of 13 and 53 gave the products with 
an exclusive cis-addition of the central carbon (allene) and the phenyl to the 
olefin (Table 7, entries 4 and 5). The stereochemistry of these phenylated 
carbocycles was assigned in correlation with the borylated products. 

In our previous study of the oxidative carbocyclization-borylation reac-
tion, we took into account that borylation at the allene moiety could possibly 
occur. However, those products were not observed in the reaction mixtures 
(Section 3.1.4). On the contrary, in the case of the oxidative carbocycliza-
tion-arylation sequence, acyclic side products with arylation on the allene 
moiety could be isolated and fully characterized (Figure 4). The formation of 
these adducts was the main reason for the loss in the overall yields. Never-
theless, this type of side products is of special interest when considering 
different mechanistic pathways. 

 

Figure 4. Isolated side products with arylated 1,3-diene moieties. 

 Increasing the steric hindrance on the allene moiety completely shut down 
any reactivity and the starting material could be recovered (Table 7, entry 6). 
This was in sharp contrast with our previous studies on the oxidative carbo-
cyclization-borylation reaction. At this point our explanation for this unex-
pected outcome was that the transmetallation between phenylboronic acid 
and palladium(II) catalyst may occur prior to the coordination of the enal-
lene. Formation of a Ph–Pd–OAc species would probably hamper the “allene 
attack” on palladium, therefore the overall reaction failed to proceed. 

3.2.3 Mechanistic Proposal 

We propose that the mechanism for this palladium-catalyzed oxidative car-
bocyclization-arylation sequence resembles the one for the previous boryla-
tion reaction (Scheme 27). After the initial coordination between the palla-
dium(II) catalyst and enallenes, “allene attack” on the Pd(OAc)2 forms a (σ-
vinyl)palladium(II) intermediate M15. Migratory insertion of the coordinat-
ing olefin operates in a cis-fashion to form a (σ-alkyl)palladium(II) interme-
diate M16, which may be stabilized by chelating to the exo-cyclic isopro-
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penyl group. This intermediate undergoes transmetallation between the aryl-
boronic acid and reductive elimination to afford the desired arylated carbo-
cycle. Side products can be generated from M16 via β-hydride elimination, 
especially at elevated temperatures. 

 

Scheme 27. Proposed mechanism for the palladium(II)-catalyzed oxidative carbocyclization-
arylation of enallenes. 

If the transmetallation occurs early at M15 prior to the carbocyclization, a 
(σ-vinyl)palladium(II)–Ar intermediate would be formed and further go 
through reductive elimination to give the uncyclized arylated 1,3-diene 
products (Figure 4). These adducts are regarded as the valuable evidence for 
that the oxidative carbocyclization of enallenes involves a (σ-
vinyl)palladium(II) intermediate. However, it is important to point out that 
we are not able to rule out the possibility that a (σ-vinyl)palladium(II)–Ar 
intermediate may also trigger the carbocyclization leading to the same ary-
lated product. 
 Another mechanism has been brought into consideration as that the reac-
tion is initiated with an Ar–Pd–OAc species, which is generated by facile 
transmetallation at early stage (Scheme 28). This Ar–Pd–OAc species may 
undergo carbopalladation of the alkene to form a (σ-alkyl)palladium(II) in-
termediate M20, which is subsequently inserted by the coordinating allene. 
The forming (π-allyl)palladium(II) species M21 undergoes β-hydride elimi-
nation to afford the 1,3-diene moiety. We argue that this proposal is much 
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less likely since control experiments with malonate-tethered dienes and 
enynes did not give any arylated or cyclized products, which suggest that the 
reaction essentially initiates from the allene side. Furthermore, this pathway 
could not explain the formation of the elimination product. We should point 
out that intermediate M19 may potentially undergo arylation of allene 
(phenyl adds to the middle carbon of the allene) followed by reductive eli-
mination to form the arylated 1,3-diene product, which differs from the pro-
posal in Scheme 27. 

 

Scheme 28. Another mechanistic consideration of the carbocyclization-arylation sequence. 
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3.3 Conclusion on the Oxidative Carbocyclization-

Borylation and -Arylation of Enallenes 

In conclusion, we have developed two novel and efficient protocols deriving 
from our previous studies on palladium(II)-catalyzed oxidative carbocycliza-
tion of enallenes. The general aspect is that instead of β-hydride elimination, 
the (σ-alkyl)palladium(II) intermediate can undergo transmetallation with 
boron-containing reagents to furnish new functionalities. 

Firstly, we introduced an oxidative carbocyclization-borylation of enal-
lenes. The developed system employed minimum amounts of catalyst 
[Pd(OAc)2] and reagents (B2pin2 and BQ) with mild conditions. Secondly, 
with modification of the reaction conditions, mainly by replacing the diboron 
with arylboronic acids, carbocyclization-arylation of enallenes was accom-
plished. A wide range of functionalized arylboronic acids with different elec-
tronic properties was tolerated for this reaction. 
 Both protocols could convert a number of cyclic and acyclic enallenes to 
the borylated or arylated carbocycles in moderate to high yields. In all the 
cases, the product was obtained as one single stereomer. We determined that 
for both the borylative and arylative carbocylization sequences, the migrato-
ry insertion of the olefin proceeded exclusively in a cis-fashion. Results from 
the NMR and X-ray experiments were also analyzed thoroughly. Further-
more, a plausible mechanism for both the borylation and arylation processes 
was suggested based on the reaction outcome. 
 It is worth mentioning that in situ trapping the (σ-alkyl)palladium(II) in-
termediate by other suitable reagents is also the reasonable extension to our 
oxidative carbocyclization chemistry. Investigations toward those reactions 
such as alkynylations and carbonylations have also been disclosed later by 
our group.76 
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4. Palladium(II)-Catalyzed Oxidative 
Diarylative Carbocyclization of Enynes (Paper 
III) 

Cyclic skeletons are common motifs in most natural and synthetic products. 
Therefore methodologies for the construction of various cyclic structures, 
especially from simple acyclic building blocks, are always welcomed in the 
synthetic community. Enynes, which incorporate two unsaturated hydrocar-
bon moieties, have been extensively used in the transition metal-catalyzed 
isomerization reactions for the rapid assembly of complex carbo- and hete-
rocycles. A number of transition metal catalysts, such as Pd, Pt and Au, have 
been studied comprehensively.77 Generally, complexation of the π-electrons 
of enynes with a transition metal catalyst activates either the alkene or al-
kyne, or both simultaneously. Depending on the relative reactivity of the 
unsaturated subunits, three major mechanisms have been proposed involving 
a metallacycle intermediate (Scheme 29, path A), a π-allyl complex (path B), 
or a vinyl-metal complex (path C).77f In particular, the “vinyl-metal com-
plex” is generated by the addition of an R–M species to the alkyne, which 
subsequently reacts with the alkene to form the cyclic structure. 

 

Scheme 29. Three major mechanistic pathways for the isomerization of enynes. 

In our previous study of the palladium(II)-catalyzed oxidative carbocycli-
zation-arylation of enallenes, we noticed that the substrate bearing a cyclo-
hexylidene allene moiety completely failed to provide the arylated carbo-
cycle (Chapter 3.2). However, for the fact that the formation of biaryls was 
still detected in the reaction, the transmetallation between the palladium(II) 
catalyst and arylboronic acid was apparently successful. For the resulting 
Ar–Pd–X species, we anticipated that it may be possible to intercept the 
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second transmetallation with other reactions, which would lead to the con-
struction of new chemical bonds. 

As mentioned above, isomerization reactions of enynes can proceed via a 
“vinyl-metal” intermediate (Scheme 29, path C). By analogy, such interme-
diate may also be generated by the addition of an Ar–Pd–X species to the 
alkyne. A related study have been disclosed by Miura, who reported a palla-
dium(II)-catalyzed oxidative arylation reaction for the synthesis of highly 
substituted 1,3-butadienes from diarylacetylene.78  Larock also achieved a 
palladium(II)-catalyzed diarylation of internal alkynes under aerobic oxida-
tive conditions (Scheme 30).79 Arylboronic acids were used as the arylating 
agent and the diarylation occurred exclusively in a cis-fashion to give tetra-
substituted olefins as the product. 

 

Scheme 30. Larock’s palladium(II)-catalyzed oxidative diarylation of internal alkynes. 

On the other hand, arylation of alkenes has also been reported through a 
Pd(II)/ArB(OR)2 oxidative protocol. In 2003, Jung and co-workers described 
the palladium(II)-catalyzed oxidative arylation of electronically biased al-
kenes such as acrylates and styrenes.80 The substrate scope was recently 
broadened by Sigman and co-workers to the non-biased olefins by using a 
NHC-Pd(II)/Cu(OTf)2/O2 system, in which arylboronic esters acted as the 
arylating agent (Scheme 31).81 

 

Scheme 31. Sigman’s palladium(II)-catalyzed oxidative arylation of non-biased olefins. 

 These studies have illustrated the addition of the Ar–Pd–X species to both 
alkenes and alkynes. To our long-standing interest in the carbocyclization 
reactions, we would like to further investigate the cyclization of enynes, 
which may be initiated by the arylation of either the unsaturated hydrocarbon 
moiety. 
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4.1 Results and Discussion 

4.1.1 Development of the Oxidative Diarylative Carbocyclization 
of Enynes 

We chose O-tethered enyne 78 as the model substrate, which could be easily 
prepared by an etherification reaction. In the preliminary experiment, similar 
conditions as the previous oxidative carbocyclization-arylation reaction were 
applied. Treatment of enyne 78 with 10 mol% of Pd(OAc)2, 3 equiv of 
PhB(OH)2 and 1 equiv of BQ in THF at room temperature for 16 hours gave 
full conversion of the starting material. Gratifyingly, the desired diarylated 
heterocycle 79a was obtained in 32% yield. The major side product was also 
isolated in 52% yield and characterized as the uncyclized diarylated diene 80 
(Scheme 32). Both products were obtained as one single diastereomer and 
the stereochemistry of the newly formed olefins in both 79a and 80 was as-
signed as Z with the assistance of NOE experiments. 

 

Scheme 32. The initial attempt at palladium(II)-catalyzed oxidative diarylative carbocycliza-
tion of enynes. 

 The outcome of our initial attempt suggested that arylation of enynes 
could occur and further trigger the carbocyclization reaction. Formation of 
the uncyclized product 80 may be attributed to the slow insertion of the 
coordinated olefin (carbocyclization). Therefore, optimization of the reaction 
conditions commenced on the evaluation of palladium(II) catalysts. We 
found that electron-deficient Pd(OOCCF3)2 was superior to Pd(OAc)2 for the 
selectivity between 79a and 80. With 1 mol% of Pd(OOCCF3)2 at room tem-
perature, the desired diarylated tetrahydrofuran product 79a was obtained in 
73% yield together with 8% of uncyclized 80. Several other palladium(II) 
catalysts such as PdCl2, PdCl2(PPh3)2 and Pd(acac)2 were found completely 
inactive and the starting material could be partially recovered. 

Once Pd(OOCCF3)2 was identified as the optimal catalyst, we continued 
to examine other reaction parameters. Screening of various solvents indi-
cated that THF was by far the best solvent for this diarylation reaction, 
which is in accordance with our previous study. Reactions in other polar 
solvents such as acetone and DCE could afford the desired product 79a, but 
both the yield and selectivity decreased to some extent (Table 8, entries 2 
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and 3). No reaction was observed in strongly coordinating acetonitrile and 
non-polar toluene (Table 8, entries 6 and 7). At elevated temperature (50 oC), 
a notable drop in both the yield and selectivity was observed. In this case, 
the desired diarylated product was only obtained in 42% yield (Table 8, en-
try 8). Some unknown decomposition of the starting material was also no-
ticed during the optimization. 

Table 8. Solvent effect of the palladium(II)-catalyzed oxidative diarylative carbocyclization of 
enynes.a 

Entry Solvent Yield of 79a (%)b Yield of 80 (%)b 

1 THF 73 8 

2 acetone 65 12 

3 DCE 52 11 

4 DMF 25 trace 

5 Et2O 11 trace 

6 acetonitrile 0 0 

7 toluene 0 0 

8c THF 42 10 

(a) Reaction conditions: Enyne 78 (0.2 mmol), Pd(OOCCF3)2 (1 mol%), PhB(OH)2 (3 equiv) and BQ (1 
equiv) in the indicated solvent (2 mL) at room temperature for 16 hours. (b) Isolated yields after column 
chromatography. (c) Reaction was run at 50 oC. 

Efforts to improve the reaction outcome were further carried out. Reac-
tions using other stoichiometric oxidants such as DDQ and Cu(OAc)2·2H2O 
turned out to be ineffective. When triphenylboroxine [(PhBO)3] was used 
instead of phenylboronic acid, the desired product was obtained in a much 
lower yield. This result may be attributed to a less facile transmetallation 
between the boron reagent and the palladium(II) catalyst under the reaction 
conditions.82 Other boronic acid derivatives such as PhBpin and PhBF3K 
were not examined due to the low reactivity observed in our previous study 
(Chapter 3.2). Therefore, the reaction conditions were set as 1 mol% of 
Pd(OOCCF3)2, 3 equiv of PhB(OH)2 and 1 equiv of BQ in THF at room 
temperature (Scheme 33). 

 

Scheme 33. Optimized conditions for the palladium(II)-catalyzed oxidative diarylative carbo-
cyclization of enynes. 
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4.1.2 Investigation of the Scope and Limitation 

With the optimized conditions, we set to investigate the scope of arylboronic 
acids. A series of functionalized arylboronic acids with both electron-
withdrawing and -donating substituents were evaluated and the results are 
shown in Table 9. In general, this oxidative diarylative carbocyclization pro-
tocol proceeded well and the electronic nature of arylboronic acids had mi-
nor influence on the reaction outcome. It is noteworthy that each diarylated 
tetrahydrofuran product was obtained as one single diastereomer. The uncyc-
lized diarylated side product and the homo-coupled biaryls were also ob-
served in small amounts in each case. 

Table 9. Scope of functionalized arylboronic acids. 

 

Entry Ar Heterocycle Yield (%)b 

1 C6H5 79a 73 

2 4-F-C6H4 79b 70 

3 4-Cl-C6H4 79c 71 

4 3,4-diCl-C6H3 79d 65 

5 2-Br-C6H4 79e 64 

6 4-Br-C6H4 79f 66 

7c 4-Me-C6H4 79g 75 

8c 3-Me-C6H4 79h 72 

9c 4-tBu-C6H4 79i 77 

10c 3-OMe-C6H4 79j 81 

11 4-TMS-C6H4 79k 65 

12 4-vinyl-C6H4 79l 76 

13 2-furyl 79m 81 

14 3-furyl 79n 77 

15 (E)-styryl 79o 71 

(a) Reaction conditions: Enyne 78 (0.2 mmol), Pd(OOCCF3)2 (1 mol%), ArB(OH)2 (3 equiv.) and BQ (1 
equiv.), THF (2 mL) at room temperature for 16 hours. (b) Isolated yield after column chromatography. 
(c) Reaction time is 24 hours. 

Arylboronic acids bearing electron-withdrawing groups such as different 
halides (Table 9, entries 2–6) reacted well under the optimized conditions 
giving the diarylated tetrahydrofuran derivatives in good yields. In accor-
dance with the previous carbocyclization-arylation of enallenes, bromo-
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substituted arylboronic acids could be well tolerated under the oxidative 
conditions. No side reactions based on palladium(0)-catalyzed cross-
coupling pathways were detected (Table 9, entry 5 and 6). This bromo-
functionality can be treated as a valuable handle for subsequent transforma-
tions.  

Electron-rich arylboronic acids bearing alkyl (Table 9, entries 7–9) and 
alkoxyl group (entry 10) showed good compatibility under the optimized 
conditions, however a prolonged reaction time (24 hours) was required to 
reach full conversion. Silyl-incorporated arylboronic acid could deliver the 
diarylated product 79k in good yield (Table 9, entry 11) and this arylsilyl 
functionality may undergo subsequent transformations such as the Hiyama 
cross-coupling83 or the oxidation into the corresponding phenol. Another 
synthetic useful arylboronic acid containing a para-vinyl group also fur-
nished the diarylated product 79l and we did not detect any side reaction of 
cross-insertion into the olefin (Table 9, entry 12). For heteroarylboronic ac-
ids (Table 9, entries 13 and 14) and (E)-styrylboronic acid (entry 15), the 
reactions worked well affording the corresponding diarylated products in 
good yields. 
 Some observations during our investigation of arylboronic acids requires 
additional comments. In our previous study of carbocyclization-arylation 
reaction, we showed that arylboronic acids with strongly electron-donating 
substituents, such as para-hydroxy and ortho- and para-methoxy groups, 
were well tolerated giving high yields of the products (Chapter 3.2). On the 
contrary, these three arylboronic acids completely failed in this oxidative 
diarylative carbocyclization reaction. Several attempts in order to promote 
the transmetallation, including the addition of H2O and increasing the tem-
perature, turned out unsuccessful. We reasoned that these electron-rich aryl-
boronic acids were highly susceptible to experience dehydration to generate 
the boroxines, which appeared to be less efficient in transmetallation under 
the developed reaction conditions. Another two unsuccessful attempts were 
with 4-formyl and 4-acetyl phenylboronic acids. Only tiny amount of the 
desired products (< 20%) were formed according to the 1H NMR spectra of 
the crude mixtures (not shown). 

After the examination of arylboronic acids, we continued to explore the 
scope of enynes. As shown in Table 10, a number of substituents could be 
installed on the enynes and the chemical yields were fairly consistent. 
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Table 10. Substrate scope of the palladium(II)-catalyzed oxidative diarylative carbocycliza-
tion of enynes.a 

Entry Enyne ArB(OH)2, Ar Carbocycle Yield (%)b 

1c O

Ph

Et

81

 

2-furyl 87 

2c O

Ph

tolyl

83

 

2-furyl 51 

3 

 

3-furyl 68 

4 

 

(E)-styryl 53 

5c 
 

4-vinyl-C6H4 41 

6 O

Ph

90

C6H5 

91

O
Ph

Ph
Ph

 

73 

7 

 

4-vinyl-C6H4 68 

8 

 

4-Br-C6H4 

O

H

94

Ph
Br

Br

62 

 (a) Reaction conditions: Enyne (0.2 mmol), Pd(OOCCF3)2 (1 mol%), ArB(OH)2 (3 equiv), and BQ (1 
equiv), THF (2 mL) at room temperature for 16 hours. (b) Isolated yield after column chromatography. 
(c) Using Pd(OOCCF3)2 (3 mol%) at 50 oC for 8 hours. 
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When a terminal substituent was introduced on the alkyne, the reaction be-
came slower under the optimized conditions (Table 10, entries 1 and 2). This 
phenomenon may rely on the fact that the terminal substituent on the alkyne 
increased the sterics on the substrate, which in turn made the coordination of 
the palladium(II) catalyst less favored. Therefore, increasing the catalyst 
loading to 3 mol% along with elevating the temperature to 50 oC was re-
quired. The ethyl-substituted enyne 81 underwent the diarylative carbocycli-
zation with 2-furylboronic acid to give the tetrahydrofuran product 82 in 
87% yield (Table 10, entry 1). For the tolyl-enyne 83, the yield of the prod-
uct dropped to 51% (Table 10, entry 2). Geminal dimethyl substituents at the 
propargyl position had minor influence on the reaction outcome and enyne 
85 could be converted to the desired heterocycle 86 in a good yield using 3-
furylboronic acid (Table 10, entry 3). Enyne 85 was able to undergo diaryla-
tive carbocyclization smoothly with (E)-styrylboronic acid, though resulting 
in a lower yield of 53% (Table 10, entry 4). The non-substituted enyne 88 
proceeded at elevated temperature giving the desired product 89 in 41% 
yield (Table 10, entry 5). The low yield may be due to the volatility and un-
known decomposition of the starting material. When 1,7-enyne 90 was used, 
the coordination scenario differed and modification of the reaction condi-
tions was also proved necessary. We were gratified to find that with 3 mol% 
of Pd(OOCCF3)2 at 50 oC, the tetrahydropyran products 91 and 92 were 
formed in good yields (Table 6, entries 6 and 7). The success on the 1,7-
enyne could practically offer an expansion of the substrate scope to give a 
number of interesting oxygen-incorporated heterocycles. Furthermore, as the 
comparison with (E)-isomer 78, (Z)-enyne 93 was also tested affording the 
diarylated product 94 in 62% yield (Table 10, entries 8 and 9). The stereo-
chemistry of both 79f and 94 was assigned with the aid of molecular model-
ing. 
 By altering the terminal substituent on the alkene to an alkyl group (me-
thyl for example), a mono-arylated tetrahydrofuran product 95 was obtained 
(Scheme 34). Apparently, in the presence of readily available β-hydrogen, a 
syn-elimination was much favored over a transmetallation-reductive elimina-
tion sequence and the exocyclic vinyl moiety was formed consequently. 

 

Scheme 34. Arylative carbocyclization of 95 with terminal methyl substituted olefin. 

Encouraged by the results from acyclic enynes, we continued to examine 
the possibility of converting cyclic enynes into the corresponding bicyclic 
products. Unfortunately, both the 6- and 7-membered cyclic enynes (97 and 
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98) failed the reaction and no peaks belonging to the desired product could 
be identified from the 1H NMR spectrum of the crude mixture (Scheme 35). 
With the aid of molecular modeling, we reasoned that the coordination be-
tween the cyclic enynes and the active arylpalladium species was not favora-
ble for initiating the reaction. Moreover, the desired products appeared to be 
highly unstable owing to the severe 1,3-allylic strain. Therefore, further at-
tempts toward cyclic enynes were not implemented. 

 

Scheme 35. Unsuccessful attempts at cyclic enynes. 

 1,6-Enynes with different tethers such as malonate and protected nitrogen 
were considered as well, however these substrates failed to afford the cor-
responding carbocycles and heterocycles under the developed reaction con-
ditions. The rationale for the failure is discussed in the following section 
related to the mechanistic discussion. 

4.1.3 Mechanistic Proposal 

For the mechanistic perspective, we propose a pathway based on the experi-
mental results (Scheme 36). We suggest that a facile transmetallation be-
tween arylboronic acid and Pd(OOCCF3)2 occurs generating an Ar–Pd–
OOCCF3 species. This active species undergoes a syn-addition to the alkyne 
leading to the formation of a (σ-vinyl)palladium(II) intermediate M22. For 
M22, its electron-deficient nature triggers the carbocyclization as the coor-
dinated olefin inserts into the vinyl–Pd bond. Upon the closure of the tetra-
hydrofuran ring, a relatively stable (σ-benzyl)palladium(II) intermediate 
M23 is formed. On the basis of molecular modeling, we suggest that π-
coordination of M23 to either the exocyclic olefin or the vinylphenyl group 
would provide additional stabilization to facilitate subsequent steps. Trans-
metallation of M23 with the second arylboronic acid followed by reductive 
elimination, presumably promoted by the coordination to BQ, would furnish 
the diarylated heterocycle. Re-oxidation of the released palladium(0) by BQ  
would give palladium(II), which re-enters the catalytic cycle. 
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Scheme 36. Proposed mechanism for the palladium(II)-catalyzed oxidative diarylative carbo-
cyclization of enynes. 

 Regarding the formation of uncyclized side products, we argue that it is 
ascribed to a slow carbocyclization step where the competing transmetalla-
tion of M22 with the second arylboronic acid would occur to afford uncyc-
lized diarylated adducts (Scheme 36, pathway B). This explanation is well 
supported by the fact that when using a less electron-deficient palladium(II) 
catalyst, Pd(OAc)2 instead of Pd(OOCCF3)2, the diarylated acyclic diene 
compound was received as the major product (Scheme 32). We also believe 
that pathway B may offer an explanation for the observed unknown decom-
position, which arise from the β-oxygen elimination of the (σ-vinyl)-
palladium(II) intermediate M22. In the presence of the β-hydrogen (R2 = 
Me), the elimination of M23 took place rapidly to form the mono arylation 
product (Scheme 36, pathway C). 
 Though all the experimental data indicated that arylpalladation of the 
alkyne was the initial step of the reaction, we intended to investigate the 
reactivity of the olefin moiety. An analogous diene substrate 99 was tested in 
this oxidative diarylative carbocyclization reaction, however we did not ob-
serve any arylation or any cyclization process (Scheme 37). This observation 
provides support that the reaction starts on the alkyne moiety and the alkene 
probably behaves as an intramolecular ligand when the initial step (arylpal-
ladation of the alkyne) occurs. 
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Scheme 37. The attempted palladium(II)-catalyzed oxidative diarylative carbocyclization of 
diene 99. 

 For the unsuccessful attempts on malonate- and protected nitrogen-
tethered enynes, we carried out some further analysis. Comparison of the 1H 
NMR spectra of 1,6-enynes 78, 100, 101 and 102 quickly reveals the differ-
ence in the chemical shift of the alkynyl protons: 2.42 ppm (78), 2.02 ppm 
(100), 2.02 ppm (101) and 2.90 ppm (102) (Scheme 38). We suggest that the 
tethered oxygen atom, which has the higher electronegativity, provides a 
notable induction effect along the propargyl chain. As a result, the alkyne is 
activated toward a syn-arylpalladation by an in situ generated Ar–Pd–
OOCCF3 species. On the contrary, such induction effect is rather weak in the 
carbon- and nitrogen-tethered substrates and no arylation on the alkyne was 
observed. The ester-tethered enyne 102, which shows the largest induction 
effect among its analogues, successfully underwent the arylpalladation on 
the alkyne. However, fast protonolysis of the (σ-vinyl)palladium(II) inter-
mediate occurred prior to the carbocyclization, and the formal Michael addi-
tion product 103 was obtained. Evidently, the oxygen-tether (propargyl ether 
substrates) is crucial for the desired diarylation reaction to occur. 

X
H

78, X = O, H = 2.42
100, X = NTs, H = 2.02
101, X = C(COOMe)2, H = 2.02

O
H

O

102, H = 2.90

1 mol% Pd(OOCCF3)2

3 equiv PhB(OH)2

1 equiv BQ

THF, r.t., 16 h
70%Ph

O

O

Ph

Ph

Ph

103

 

Scheme 38. Influence of the tether for the oxidative diarylative carbocyclization of enynes. 

 
 
 
 



 46 

4.2 Conclusion on the Oxidative Diarylative 

Carbocyclization of Enynes 

To conclude, we have developed a novel diarylation protocol closely related 
to our previous studies on the palladium-catalyzed oxidative carbocycliza-
tion of unsaturated hydrocarbons. We realized that transmetallation between 
arylboronic acid and a palladium(II) catalyst generated an Ar–Pd–X species, 
which could undergo a syn-addition to an activated alkyne (propargyl ethers) 
under mild conditions. Subsequent carbocyclization afforded a series of te-
trahydrofuran and tetrahydropyran derivatives with two functionalized 
arenes. We analyzed both the steric and induction effect and presented the 
scope and limitation of the reaction. Furthermore, a plausible mechanism for 
this palladium(II)-catalyzed oxidative diarylation protocol was suggested 
based on the reaction outcome. 
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5. Pd(II)/Brønsted Acid-Catalyzed 
Enantioselective Oxidative Carbocyclization-
Borylation of Enallenes (Paper IV) 

Intramolecular carbon–carbon bond formation enables quick assembly of 
diverse cyclic structures. Recently palladium(II)-catalyzed oxidative carbo-
cyclization reactions have emerged as efficient and atom-economic routes 
for the construction of carbo- and heterocycles. Compared to the non-
oxidative analogues, the oxidative variant can usually convert substrates 
with less pre-functionalizations to the target molecule in fewer steps. 
 In Chapter 3.1, we described an efficient palladium(II)-catalyzed oxida-
tive carbocyclization-borylation sequence of enallenes. The reaction pro-
ceeded exclusively via a cis-insertion of the olefin to afford the carbocycle, 
which contained a stereogenic center. This outcome raised a new question 
that whether it is possible to further establish an asymmetric version of the 
reaction. 
 As mentioned in Section 1.4.4, palladium(II)-catalyzed asymmetric 
oxidative carbocyclization still remains challenging due to the lack of stable 
and effective chiral ligands. Uncertainties about the reaction mechanism 
have also made the related studies complicated. For our developed carbocyc-
lization-borylation sequence, the reaction was proposed to operate via one 
single pathway (see Section 3.1.4 for the mechanistic discussion), which 
largely increased the possibility of advancing a corresponding asymmetric 
protocol. 
 With a closer inspection of our proposed mechanism, the olefin insertion 
to the (σ-vinyl)palladium(II) intermediate is the enantio-determining step of 
the reaction. Only few examples of enantioselective cis olefin insertion have 
been reported with the use of benzoquinone, which is the only effective oxi-
dant in our enallene cyclization reactions.56,84 Therefore, the search for a 
suitable chiral ligand for our BQ-participating oxidative system was needed. 
 Recently, two BQ-involved protocols have been described in palla-
dium(II)-catalyzed asymmetric oxidation chemistry. In 2008, White and co-
workers demonstrated a palladium(II)-catalyzed enantioselective allylic C–H 
acetoxylation of terminal alkenes using a chiral Lewis acid, (R,R)-
(salen)CrIIIF (106) (Scheme 39). 85 The reaction mechanism was proposed to 
involve a (π-allyl)palladium(II) intermediate M25, which incorporated a 
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chiral CrIII-binding BQ. Though moderate enantioselectivity (up to 63% ee) 
was obtained, this reaction is the first report using a chiral Lewis acid co-
catalytic strategy in palladium(II)-catalyzed asymmetric oxidation. 

 

Scheme 39. White’s chiral Lewis acid strategy for the asymmetric allylic C‒H acetoxylation. 

The other course was achieved by recruiting chiral Brønsted acids for the 
palladium(II)-catalyzed asymmetric transformation. In 2012, Rainey and co-
workers reported an enantioselective synthesis of indenes through a novel 
Pd(II)/Brønsted acid co-catalyzed strategy (Scheme 40). 86  C2-symmetric 
BINOL chiral phosphoric acids were used and the reaction underwent an 
allylic/benzylic C–H activation followed by semipinacol ring expansion to 
generate spirocyclic products with excellent enantioselectivity (up to 98% 
ee). 

 

Scheme 40. Rainey’s enantioselective oxidative allylic C‒H activation/semipinacol rear-
rangement sequence by Pd(II)/Brønsted acid co-catalysis. 

 These two elegant studies shed light on our pursuit of the enantioselective 
oxidative carbocyclization of enallenes. We assume that for the cyclization 
precursor, the (σ-vinyl)palladium(II) intermediate, introducing chiral binding 
species on the palladium will trigger the carbocyclization in an enantioselec-
tive manner. 
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5.1 Results and Discussion 

5.1.1 Development of the Enantioselective Oxidative Protocol 

Inspired by the recent studies, we set out to develop the asymmetric version 
of our palladium(II)-catalyzed oxidative carbocyclization-borylation of enal-
lenes. Preferably, we intended to apply Rainey’s Pd(II)/Brønsted acid co-
catalyzed strategy to induce the enantioselective carbon‒carbon bond forma-
tion, which would require a minimum change (with a chiral anion) to our 
previously developed protocol. Mono-substituted enallene 36 was chosen as 
the model substrate, which would afford the borylated product bearing a 
tertiary stereogenic center. In our initial experiment, enallene 36 was treated 
with 2.5 mol% of Pd(OAc)2, 5 mol% of BINOL phosphoric acid (R)-110a, 1 
equiv of B2pin2 and 1.2 equiv of BQ in toluene at room temperature for 24 
hours. We were delighted to observe that addition of a chiral Brønsted acid 
did not interfere with the reaction to any noticeable extent. The borylated 
carbocycle 40 was obtained in nearly quantitative yield and the enantiomeric 
excess was determined as 30% (Scheme 41). A parallel reaction using (S)-
110a gave the product in identical yield and ee, albeit in the preference of 
the other enantiomer. 

E E E E

Bpin

2.5 mol% Pd(OAc)2

5 mol% (R)-110
1 equiv B2pin2

1.2 equiv BQ

toluene, r.t., 24 h
> 95%
30% ee

O
O

(R)-110a

P
OH

O

36 40

H

 

Scheme 41. The initial attempt on the palladium(II)-catalyzed enantioselective oxidative 
carbocyclization-borylation of enallenes. 

 This preliminary result encouraged us as that the Pd(II)/Brønsted acid co-
catalyzed strategy was effective for the enantioselective oxidative carbocyc-
lization reaction. Optimization of the reaction conditions commenced with 
the screening of various solvents. As shown in Table 11, the choice of sol-
vent was crucial for this reaction. In accordance with our previous report, 
toluene was the best solvent at this stage giving the highest yield and enanti-
oselectivity (Table 11, entry 1). Some other solvents, such as acetone, DCE 
and EtOAc, could also deliver satisfying yields after prolonged reaction 
time, but the enantioselectivity suffered dramatically (Table 11, entries 2–5). 
No reaction occurred in highly polar acetonitrile and DMF (Table 11, entries 
7 and 8). 
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Table 11. Solvent screen for the asymmetric oxidative carbocyclization-borylation sequence.a 

Entry Solvent Time (h) Yield (%)b ee (%)c 

1 toluene 24 > 95 30 

2 acetone 70 75 8 

3 DCE 70 76 8 

4 DCM 70 70 8 

5 EtOAc 70 85 10 

6 THF 70 34 6 

7 CH3CN 70 0 N.D.d 

8 DMF 70 6 N.D.d 

(a) Reaction conditions: Enallene 36 (0.1 mmol), Pd(OAc)2 (2.5 mol%), (R)-110a (5 mol%), B2pin2 (1 
equiv) and BQ (1.2 equiv) in the indicated solvent (1 mL) at room temperature. (b) Yields were deter-
mined by 1H NMR analysis of crude reaction mixtures using anisole as the internal standard. (c) Enanti-
omeric excess (ee) was determined by chiral HPLC. (d) N.D. = not determined. 

 In order to improve the enantioselectivity of the carbocyclization, a series 
of 3,3’-disubstituted BINOL chiral phosphoric acids were prepared and eva-
luated in this asymmetric reaction (Table 12). All reactions with chiral phos-
phoric acids afforded the product in good yields, however the enantio-
enrichment of the product was rather insufficient. The highest enantiomeric 
excess was obtained in 45% with allyl and 2-naphthyl di-substituted (R)-
110d and (R)-110f, respectively (Table 12, entry 4 and 6). Bulky silyl or aryl 
substituents at 3,3’-positions of the BINOL backbone did not show any im-
provement in the enantioselectivity (Table 12, entries 9–13). In particular, 
phosphoric acid (R)-110n (TRIP), which was the optimal acid in related 
asymmetric studies,86,87 could only give the product in 24% ee (Table 12, 
entry 14). 

Table 12. Optimization with 3,3’-disubstituted (R)-BINOL phosphoric acids.a 

 

Entry BINOL phosphoric acid, R Yield (%)b ee (%)c 

1 H, (R)-110a > 95 30 

2 Me, (R)-110b > 95 18 

3 Ph, (R)-110c > 95 8 

4 allyl, (R)-110d > 95 45 

5 COtBu, (R)-110e > 95 24 

6 2-naphthyl, (R)-110f > 95 45 
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Table 12 contd. Optimization with 3,3’-disubstituted (R)-BINOL chiral phosphoric acids.a 

Entry BINOL phosphoric acid, R Yield (%)b ee (%)c 

7 9-anthracenyl, (R)-110g 67 6 

8 TMS, (R)-110h > 95 42 

9 SiPh3, (R)-110i > 95 10 

10 SitBuPh2, (R)-110j > 95 26 

11 mesityl, (R)-110k > 95 20 

12 3,5-di-CF3-C6H3, (R)-110l > 95 2 

13 3,5-di-tBu-C6H3, (R)-110m  > 95 8 

14d 2,4,6-tri-iPr-C6H2, (R)-110n  67 24 

(a) Reaction conditions: Enallene 36 (0.1 mmol), Pd(OAc)2 (2.5 mol%), (R)-BINOL phosphoric acid (5 
mol%), B2pin2 (1 equiv) and BQ (1.2 equiv) in toluene (1 mL) at room temperature for 24 hours. (b) 
Yields were determined by 1H NMR analysis of crude reaction mixtures using anisole as the internal 
standard. (c) Enantiomeric excess (ee) was determined by chiral HPLC. (d) Reaction time is 16 hours. 

 Our endeavor continued on the investigation toward the structure modifi-
cation of chiral phosphoric acids. As shown in Table 13, phosphoric acids 
incorporating different chiral backbones, including 8H-BINOL, VAPOL, 
TADDOL and biphenol, were examined. No enhancement in enantioselec-
tivity was observed for 8H-BINOL phosphoric acid (R)-111 comparing with 
its BINOL analogue (R)-110a (Table 13, entry 1). Neither VAPOL nor 
TADDOL-type chiral phosphoric acids provided better results (Table 13, 
entries 2–4). Finally, we were excited to find that the biphenol chiral phos-
phoric acid (S)-34a led to a significant increase of the enantioselectivity and 
the borylated carbocycle was obtained in 77% ee (Table 13, entry 5). We 
suggest that the 6,6’-dimethyl groups on the biphenol backbone steadily 
locked the conformation of (S)-34a. And the difference of the dihedral angle, 
comparing with the BINOL backbone, would account for the higher enanti-
oselectivity of the reaction. A few modifications were further made on (S)-
34a. Introduction of electron-withdrawing chlorides on the backbone in-
creased the acidity of the phosphoric acid, however the product was received 
in a slightly lower ee (Table 13, entry 6). Removal of the 3,3’-di-tert-butyl 
groups showed a deleterious impact on the enantioselectivity (Table 13, en-
try 7). However, the product was still obtained in noticeably higher ee (40%) 
than that with (S)-110a (30%). This result further confirmed that the dihedral 
angle of the chiral phosphoric acids had a pivotal influence on the enantiose-
lectivity of the reaction. Di-2-naphthyl substituted phosphoric acid (S)-34c 
only gave moderate results indicating that the sterically demanding 3,3’-di-
tert-butyl groups were essential to guarantee a high level of enantioselectivi-
ty (Table 13, entry 8). We also found that phosphoramide (S)-35 was totally 
incompatible with the reaction conditions and only trace amount of the prod-
uct was detected after prolonged reaction time (Table 13, entry 9). 
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Table 13. Chiral phosphoric acids with different backbones.a 

 

Entry Chiral phosphoric acid Time (h) Yield (%)b ee (%)c 

1 (R)-111 16 > 95 30 

2 (R,R)-112a 40 68 20 

3 (R,R)-112b 94 22 19 

4 (R)-113 60 70 40 

5 (S)-34a 24 > 95 77 

6 (S)-34b 16 67 76 

7 (S)-34c 16 > 95 40 

8 (S)-34d 16 > 95 48 

9 (S)-35 48 < 5 N.D.d 

 (a) Reaction conditions: Enallene 36 (0.1 mmol), Pd(OAc)2 (2.5 mol%), chiral phosphoric acid (5 
mol%), B2pin2 (1 equiv) and BQ (1.2 equiv) in the indicated solvent (1 mL) at room temperature. (b) 
Yields were determined by 1H NMR analysis of crude reaction mixtures using anisole as the internal 
standard. (c) Enantiomeric excess (ee) was determined by chiral HPLC. (d) N.D. = not determined. 

 Once identifying the ideal catalyst, we went on with the further optimiza-
tion of other reaction parameters. In our previous study, we noticed that our 
palladium(II)-catalyzed oxidative carbocyclization-borylation of enallenes 
was not sensitive to air and/or moisture (Chapter 3.1). This was not true for 
the developed enantioselective protocol. Addition of H2O significantly dimi-
nished the enantioselectivity while complete exclusion of moisture gave a 
slight increase (ca. 2% increase in ee). Evaluation of the solvent effect was 
carried out under anhydrous conditions at lowered temperature (Table 14). 
m-Xylene was found as the best solvent (Table 14, entry 7), and a decreased 
temperature increased the enantioselectivity of the reaction. Further attempts 
including increasing the catalyst loading and concentration also improved 
the enantioselectivity (Table 14, entries 11–13). 
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Table 14. Further optimization on the enantioselective oxidative protocol.a 

Entry Solvent Temp (oC) Time (h) Yield (%)b,c ee (%)d 

1 toluene r.t. 48 > 95 79 

2 toluene 13 84 71 80 

3 benzene 13 84 85 73 

4 PhCF3 13 84 > 95 80 

5 PhCl 13 60 > 95 73 

6 o-xylene 13 84 > 95 79 

7 m-xylene 13 84 85 80 

8 p-xylene 13 84 85 77 

9e toluene 13 84 > 95 80 

10e PhCF3 13 60 > 95 81 

11e m-xylene 13 84 > 95 83 

12f m-xylene 13 60 > 95 83 

13e,g m-xylene 13 36 > 95 (93) 83 

14e,g m-xylene 3 66 > 95 83 

15f,g m-xylene 3 48 > 95 83 

 (a) Reaction conditions: Enallene 36 (0.1 mmol), Pd(OAc)2 (2.5 mol%), (S)-34a (5 mol%), B2pin2 (1 
equiv) and BQ (1.2 equiv) in anhydrous solvent (1 mL) under argon. (b) Yields were determined by 1H 
NMR analysis of crude reaction mixtures using anisole as the internal standard. (c) Isolated yield in 
parenthesis. (d) Enantiomeric excess (ee) was determined by chiral HPLC. (e) Using Pd(OAc)2 (5 mol%) 
and (S)-34a (10 mol%). (f) Using Pd(OAc)2 (10 mol%) and (S)-34a (20 mol%). (g) In anhydrous solvent 
(0.5 mL). 

 The last stage of the optimization focused on the evaluation of the oxi-
dant. Benzoquinone analogues bearing substituents with different electronic 
and steric features were tested. It turned out that none of them gave compa-
rable results as the unsubstituted BQ. It was also found that an additional 
amount of BQ (1.5 equiv) could offer a tiny enhancement in enantioselec-
tivity (84% ee of the product). Therefore, the optimized conditions were 
established for this palladium(II)-catalyzed enantioselective oxidative carbo-
cyclization-borylation of enallenes (Scheme 42). 
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Scheme 42. Optimized conditions for the palladium(II)-catalyzed enantioselective oxidative 
carbocyclization-borylation of enallenes. 

 

5.1.2 Investigation of the Scope and Limitations 

After establishing the conditions for the enantioselective oxidative protocol, 
we continued to investigate the scope of enallenes. 

Table 15. Scope of the palladium(II)-catalyzed enantioselective oxidative carbocyclization-
borylation of enallenes.a 

Entry Enallene Carbocycle Time (h) Yield (%)b ee (%)c 

1 42 93 84 

2 

EtOOC COOEt

Bpin

116H 42 88 84 

3 

 

84 79 93 

4 

E E

117 72 83 92 

5 

E E

119
72 68 92 
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Table 15 contd. Scope of the palladium(II)-catalyzed enantioselective oxidative carbocycliza-
tion-borylation of enallenes.a 

Entry Enallene Carbocycle Time (h) Yield (%)b ee (%)c 

6 

 

96 86 88 

7 96 34 51 

8 48 75 71 

9 

E E

Bpin

50 96 79 75 

10 48 0 N.D.d 

11 

E E

127
Ph

 

E E

Ph

128

Bpin

86 10 68 

12 

Ts
N

Bpin

60H 48 0 N.D.d 

 (a) Reaction conditions: Enallene (0.2 mmol), Pd(OAc)2 (5 mol%), (S)-34a (10 mol%), B2pin2 (1 equiv) 
and BQ (1.5 equiv) in anhydrous m-xylene (1 mL) under argon at 13 oC. (b) Isolated yields after column 
chromatography. (c) Enantiomeric excess (ee) was determined by chiral HPLC. (d) N.D. = not deter-
mined. 

 We first investigated the reaction with symmetric enallenes. Diethyl ma-
lonate enallene 115 underwent the reaction providing similar results in both 
the yield and enantioselectivity compared to its dimethyl analogue 36 (Table 
15, entry 2). Improved enantioselectivity was obtained with substrates incor-
porating the cyclic allene moiety. Cyclohexylidene enallene 41, which was 
successfully used in our original study, afforded the borylated carbocycle in 
79% yield with 93% ee (Table 15, entry 3). Cyclopentylidene substrate 117 
delivered the product in slightly higher yield, probably due to a more favored 
coordination between the substrate and the active catalyst. In this case, enan-
tiomeric excess of the product was obtained in 92% (Table 15, entry 4). Ex-
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panding the ring size of the allene showed minor effects on the enantioselec-
tivity of the reaction as cycloheptylidene substrate 119 was converted to the 
borylated cycle 120 in 92% ee. However, the isolated yield decreased to 
68% (Table 15, entry 5). Further increasing the ring size to 8-membered 
cyclooctylidene gave 122 in a higher yield, but enantiomeric excess of the 
product was lowered to 88% (Table 15, entry 6). 
 Due to the fact that the allene moiety was converted to an achiral 1,3-
diene after the reaction, two unsymmetric enallenes were prepared and eva-
luated for both the reactivity and enantioselectivity. To our surprise, the 
mono-methyl substituted enallene 123 behaved poorly in the racemic reac-
tion and no full conversion could be reached after 96 hours (not shown). 
Also the corresponding asymmetric attempt resulted in low yield (34%) and 
low ee (51%) (Table 15, entry 7). We strongly believe that the geminal dis-
ubstitution at the terminal allene position is essential for a favorable coordi-
nation of palladium catalyst to the substrate, which successively ensured the 
reactivity and enantioselectivity. This rationale was well supported by the 
reaction with methyl/phenyl substituted enallene 125, which was fully con-
verted within 48 hours. The borylated product 126 was obtained in 75% 
yield with a higher ee of 71% (Table 15, entry 8). 
 When substituents were introduced on the olefin moiety, we observed 
some negative influence on the reaction outcome. Internal methyl substitu-
tion was tolerated and the corresponding carbocycle was isolated in a good 
yield, but enantiomeric excess of the product showed a notable drop to 75 % 
(Table 15, entry 9). Cinnamyl enallene 51, as a compatible substrate in the 
racemic carbocyclization-borylation reaction, turned out to be completely 
inactive and no product could be detected from the crude mixture (Table 15, 
entry 10). Replacement of the chiral phosphoric acid from (S)-34a to (R)-
110a also failed to give any conversion (not shown). We argued that such 
circumstance is attributed to the huge steric repulsion between the trans-
phenyl group and the chiral catalyst. For comparison, a cis-phenyl derivative 
127 was prepared and tested. Although the observed enantioselectivity was 
fairly moderate (68% ee), the reaction suffered from a low conversion sug-
gesting an unfavored coordination between the substrate and the chiral cata-
lyst. The corresponding borylated product could only be obtained in 10% 
after 86 hours (Table 15, entry 11). 
 Finally, we intended to use aza-enallenes for this asymmetric protocol 
since enantio-enriched heterocycles are highly valuable synthetic interme-
diates. Unfortunately, this approach failed due to the acid-sensitive nature of 
aza-enallenes, which quickly underwent a Brønsted acid-catalyzed rear-
rangement to the corresponding 1,3-diene adduct (Table 15, entry 12).88 
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5.1.3 Mechanistic Proposal 

Based on the successful asymmetric induction in the reaction, we suggest a 
tentative mechanism, which is well related to the previous proposal on the 
oxidative carbocyclization-borylation of enallenes (Scheme 43). The reac-
tion commences with an acid-catalyzed anion exchange, from the acetate to 
the chiral phosphate, on the palladium(II) catalyst to form the active chiral 
palladium(II) species.89 An “allene attack” on this chiral species forms a 
diastereomeric mixture of (σ-vinyl)palladium(II) intermediates M25. Migra-
tory insertion of the coordinated alkene into the vinyl‒Pd bond produces the 
carbocycle containing a stereogenic center. Subsequent transmetallation with 
the diboron reagent (B2pin2) followed by reductive elimination gives the 
enantio-enriched products. The released palladium(0) is re-oxidized by BQ 
to palladium(II), which re-enters the catalytic cycle. 

 

Scheme 43. Proposed mechanism for the palladium(II)-catalyzed enantioselective carbocycli-
zation-borylation of enallenes. 

 Regarding the proposed mechanism, there are a few issues that can be 
further discussed. An ambiguity in this enantioselective reaction is undoub-
tedly related to the (σ-vinyl)palladium(II) intermediate M25, which is the 
precursor of the carbocyclization step. We believe that in this intermediate, 
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the chiral phosphate anion is actually bound to the palladium(II) center. Such 
binding is also expected to stay rather tight since in the non-polar solvent, m-
xylene in this case, charge separation is much less likely to occur. Therefore, 
the intramolecular carbon‒carbon bond can be formed with high level of 
enantioselectivity. We also consider the steric influence of the biphenyl chir-
al phosphoric acids, which in particular arises from the 3,3-di-tert-butyl 
groups. With the aid of molecular models, we argue that these two bulky 
groups are capable to fit with the binding in M25 to further ensure the high 
enantioselectivity. However, we need to point out that the role of the remain-
ing acetate is not clear at this stage. Furthermore, we cannot rule out the 
possibility that the reaction may involve an intermediate of palladium(II)-
BQ-phosphoric acid, which was previously suggested by White and co-
workers (scheme 39). 
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5.2 Conclusions on the Enantioselective Oxidative 

Carbocyclization-Borylation of Enallenes 

In conclusion, we have achieved an enantioselective oxidative carbocycliza-
tion-borylation of enallenes by using a novel Pd(II)/Brønsted acid co-
catalytic strategy. Biphenol-type chiral phosphoric acids, which are stable 
under oxidative conditions, were found as the superior co-catalyst for induc-
ing the asymmetric carbocyclization. Through this protocol, a number of 
borylated carbocycles were formed with good to excellent enantioselectivity. 
Based on the enantio-outcome of the reaction, we proposed a mechanism 
involving a (σ-vinyl)palladium(II)-chiral phosphate intermediate, which 
triggered the enantioselective insertion of the coordinated alkene to form the 
carbocycles. This study has advanced our palladium(II)-catalyzed oxidative 
carbocyclization chemistry and proved the feasibility that cyclization reac-
tions can be promoted by a chiral anionic ligand. 
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6. Concluding Remarks 

This thesis has described a series of palladium(II)-catalyzed carbocyclization 
reactions of unsaturated hydrocarbons under oxidative conditions. 

The first part was focused on the extension of our oxidative carbocycliza-
tion reactions. Based on the previous studies on enallenes and a related DFT-
calculation, two protocols were successfully developed on the oxidative car-
bocyclization-functionalization of enallenes. Organoboron reagents, B2pin2 
and arylboronic acids, were used as the transmetallating reagent to furnish 
the (σ-alkyl)palladium(II) intermediate and new carbon‒boron and car-
bon‒carbon bonds were formed respectively. In the reaction mechanism, the 
(σ-alkyl)palladium(II) intermediate was suggested to be stabilized by the 
coordination to a pending olefin, which allowed the transmetallation to occur 
smoothly. 

The second part has shown that the scope of oxidative carbocyclization 
was broadened to enynes with a diarylation protocol. This reaction was rea-
lized by the syn-addition of an Ar‒Pd‒X species to the alkyne, followed by 
carbocyclization and transfer of the second aryl group. Overall, a series of 
diarylated tetrahydrofuran and tetrahydropyran products were generated 
through the build-up of three carbon‒carbon bonds. 

The ultimate goal of our oxidative carbocyclization chemistry has been to 
achieve an asymmetric reaction for the construction of highly enantio-
enriched carbo- and heterocycles. A novel chiral anion strategy was success-
fully applied – by combining chiral phosphoric acids and palladium(II) ca-
talysis, the oxidative carbocyclization of enallenes was accomplished in an 
enantioselective manner. A number of borylated carbocycles were obtained 
in high yields and high enantioselectivity. This chiral anion strategy has 
offered a new insight into asymmetric catalysis, especially for the transfor-
mations under oxidative conditions. 
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