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Abstract 

This thesis has been focused on enzymatic kinetic resolutions and stereose-
lective oxidative transformations of enallenes catalyzed by PdII.    
    In the first part of the thesis, a detailed discussion on Candida antarctica 
lipase B (CALB)-catalyzed kinetic resolution (KR) of δ-functionalized alkan-2-
acetates is shown. We gained a deeper insight into the mechanism of en-
zyme-substrate recognition. Changing from an anhydrous solvent to water 
or a water-containing organic solvent enhanced the enantioselectivity. The 
effect of –OH was also confirmed by a lipase mutant suggesting that the 
water molecule mentioned above can be partly mimicked.  
    In the second part of the thesis, we developed an efficient KR for allenic 
alcohols. On this basis, a novel synthesis of optically pure 2-substituted 2,3-
dihydrofurans from allenic alcohols via a Ru-catalyzed cycloisomerization 
was reported. The developed protocol enabled us to assemble an optically 
pure precursor for total synthesis with three chiral centers from readily 
available allenol in 2 days. 
    In the third part, we reported a class of reactions involving C–H cleavage 
under mild conditions: PdII-catalyzed oxidative transformations of enal-
lenes. These reactions are particularly attractive since a number of meticu-
lous structures have been achieved from readily accessible starting materi-
als. The directing effect of an unsaturated hydrocarbon was found to be key 
for these transformations.  
    In the final part, we developed the carbonylative insertion reaction dis-
cussed in the third part of the thesis into an asymmetric version. By using 
this methodology, a number of cyclopentenone compounds were obtained 
in good to excellent enantioselectivity.  
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Abbreviations and acronyms are used in agreement with the standard of 
the subject.1 Only nonstandard and unconventional abbreviations that ap-
pear in the thesis are listed here. 

Ala Alanine 
Asp Aspartic acid 
B2pin2 Bis(pinacolato)diboron 
Bpin (pinacolato)boron 
BQ 1,4-Benzoquinone 
CALA Candida antarctica lipase A 
CALB Candida antarctica lipase B 
Cat. Catalyst 
CCL Lipase from Candida cylindracea  
CIP Cahn-Ingold-Prelog 
Conv. Conversion 
de Diastereomeric excess 
DKR Dynamic kinetic resolution 
ee Enantiomeric excess 
E value Value of enantiomeric ratio 
Glu Glutamic acid 
His Histidine 
HQ 1,4-Hydroquinone 
IL Ionic liquid 
Int Intermediate 
KIE Kinetic isotope effect 
KR Kinetic resolution 
M Metal 
MS Molecular sieve 
nd. Not determined 
nr. No reaction 
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o.n. Overnight 
PA Phosphoric acid 
PPL Lipase from porcine pancreas 
PS Lipase from Pseudomonas cepacia 
rac Racemic 
RDS Rate-determining step  
Sec Secondary 
Ser Serine 
SI Supporting information 
Thr Threonine 
TI Tetrahedral intermediates 
VAPOL 2,2’-Diphenyl-(4-biphenanthrol) 
VANOL 3,3’-Diphenyl-2,2’-bi-1-naphthol 
WT Wild type 
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1 Introduction 

1.1 Selectivity in Organic Reactions and General 
Remarks of this Thesis 

IUPAC defines selectivity for a reaction as "the ratio of products obtained 
from given reactants" or "ratios of rate constants for the alternative reac-
tions."2 To be more specific, selectivity for a chemical reaction can mean: 
chemoselectivity, regioselectivity, diastereoselectivity or enantioselectivity. 
Chemoselectivity is defined as one instance of a generalized reaction that 
occurs preferentially over all other plausible reactions.2 Regioselectivity 
describes direction of bond formation or breaking that occurs preferentially 
over all other possible directions while diastereo- and enantioselectivity 
refer to the preferential formation of one diastereomeric product over 
another and one enantiomeric product over another, respectively.2 
    An important task for organic chemists is to realize chemo-, regio-, dia-
stereo- (mainly quantified as diastereomeric excess, de or diastereomeric 
ratio, dr) and enantioselective synthesis (mainly quantified as enantiomeric 
excess, ee or enantiomeric ratio, er). High selectivity sometimes means 
higher yield and easier purification. For pharmaceutical industry, which 
often sponsors organic chemistry research, development of such method-
ology is in high demand. 
    Highly chemo- and diastereoselective palladium-catalyzed 1,4-oxidation 
of 1,3-dienes has been developed by Bäckvall and his co-workers in the 
1980s (Scheme 1.1, eq 1.1, for a detailed discussion of this reaction, please 
see following sections). 3  

In the 1990s, efforts were made to synthesize optically pure 1,4-
diacetates obtained from 1,4-oxidation of 1,3-dienes. By conducting lipase-
catalyzed kinetic resolution, single enantiomers of trans-1,4 diacetates or 
their corresponding diols were obtained in high ee (Scheme 1.1, eq 1.2).4 In 
chapter 2, a detailed discussion is given on enzymatic hydrolysis of trans-
1,4 diacetates and other δ-functionalized alkan-2-acetates. Based on these 
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results and a previous computational study, we gained a deeper insight into 
the mechanism of the reaction catalyzed by Candida antarctica lipase B 
(CALB) catalyzed reactions. 

 

Scheme 1.1 PdII-catalyzed 1,4-diacetoxylation of 1,3-cyclohexadiene and the lipase-
catalyzed KR of the product from diacetoxylation. 

 

In the late 1990s, another type of metal catalyst-lipase combined method-
ology, dynamic kinetic resolution5 (DKR, Scheme 1.2, eq. 1.3), was devel-
oped within Bäckvall’s research group. However, in this thesis, we found 
that the behavior of allenols 11 toward Shvo catalyst M16 is different to 
that of normal secondary alcohols’ (Scheme 1.1, eq. 1.4) and a cycloisomer-
ization of 11 was discovered. A detailed discussion on this study is de-
scribed in Chapter 3. 

   

Scheme 1.2 Ru-catalyzed dynamic kinetic resolution and cycloisomerization of 
secondary alcohols. 
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In the early 2000s, Bäckvall’s research group extended the research inter-
ests from 1,3-dienes to 1,2-dienes (allenes). The reactivity and selectivity of 
1,2-dienes towards PdII, in particular under oxidative conditions, were in-
vestigated.  Dienallenes 14 as substrate were converted into carbocycles 15 
in a highly chemo-, regio- and diastereoselective manner under mild reac-
tion conditions (Scheme 1.3, eq. 1.5).7   A related carbocyclization was also 
observed for enallene 16 (Scheme 1.3, eq. 1.6).8 

 

Scheme 1.3 PdII-catalyzed oxidative carbocyclization of γ-allene-substituted dienes 
and olefins. 

Afterward, studies on the variants of this dehydrogenative carbocyclization 
were conducted within Bäckvall’s group and several types of carbocycles 
and hetercycles were obtained in good to excellent yields with high dia- 

Scheme 1.4 PdII-catalyzed oxidative carbocyclization of γ-allene-substituted olefins 
18 and β-allene-substituted olefins 21. 
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stereoselectivity.9 However, γ-allene-substituted olefins such as 18 always 
give carbocyclized five-membered ring products. In this thesis, PdII-
catalyzed oxidative transformations of β-allene-substituted olefins were 
studied and a number of structures were synthesized in excellent chemo-  
and diastereoselectivity with good yields. This part of the studies is summa-
rized in Chapter 4 and 5.     
    Very recently, an efficient asymmetric variant of oxidative carbocycliza-
tion-borylation of enallenes was developed in which a chiral phosphoric 
acid (PA) was employed as co-catalyst (Scheme 1.5, eq 1.7).10 Based on 
these results, we have made attempts to apply the strategy to transform 
enallene 21 asymmetrically via PdII catalysis under oxidative conditions. 
After intensive screening of reaction conditions, high er of 23 (up to 
95.5:4.5) was achieved by the use of catalytic amounts of a chiral anion as 
the asymmetric source (Scheme 1.5, eq 1.8). Readers can find the results 
and discussion of these reactions in chapter 5.  

 

Scheme 1.5 PdII-catalyzed oxidative asymmetric carbocyclization of enallenes. 
 

1.2 Chirality and Asymmetric Transformations 
Chirality is derived from the Greek word χειρ for hand, one of the most 
easily recognized chiral objects. A molecule is chiral (or said to have chirali-
ty) if it is not identical with its mirror image. The appearance of chirality 
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was first brought to light by Louis Pasteur in 1848 by his separation of the 
isomers of tartaric acid.11 In 1874, the theory of chirality was developed by 
Van’t Hoff and Le Bel independently.12 In the presence of asymmetric cen-
ters or chiral axes, chirality may be created. For instance, an atom that 
binds four different substituents may give two spatially different arrange-
ments with identical connectivity (Figure 1.1).  

 

Figure 1.1 Two enantiomers of a carbon atom bearing four different substituents. 

Enrichment of a single enantiomer from its racemate is not favored in 
terms of entropy in a closed system. This is the reason why an asymmetric 
environment is not very common in non-biological systems. Physicist Erwin 
Schrödinger mentioned in 1944 that "life feeds on negative entropy"13 and 
later chirality was viewed as the indicator of life.14  As we know, proteins, 
the most important functional molecule in living organisms, are built by 
chiral building blocks (L-amino acids except glycine), thereby forming a dis-
symmetric environment. Because of intricate biorecognition, important 
biomolecules such as carbohydrates, DNA, RNA and phospholipids are chi-
ral because of ingenious natural selection. Therefore many naturally occur-
ring compounds from living cells exist in chiral form. 
    Chemists working with nutrients, flavors, perfumes, pesticides, pharma-
ceuticals would need to have access to enantiomerically enriched com-
pounds. As a consequence of the potential negative effects of certain enan-
tiomers, the U.S. Food and Drug Administration (FDA) issued a requirement 
for the analysis of the pharmacological effects of both enantiomers of a 
racemic drug.15 Therefore, over the past several years, development of 
enantioselective synthesis is one of the most rapidly growing areas in or-
ganic chemistry.    
    "Chirality must come from somewhere." Where did the chirality in living 
organisms come from in the first place? The scientific community has not 
reached consensus on the answer of this question. However, for an asym-
metric transformation to occur, a chiral environment must be provided. In 
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this thesis, an enzyme or a chiral anion as co-catalyst for PdII is the source 
of chirality.  

1.3 Enzymes in Organic Synthesis 

Enzymes, macromolecular biological catalysts, play a crucial role in living 
organisms. Most enzymes are proteins. Up to now, more than 5,000 en-
zyme-catalyzed reactions have been reported.16 Depending on the type of 
reactions that they catalyze, enzymes can be classified into six different 
classes: oxidoreductases, transferases, lyases, isomerases, ligases and hy-
drolases. Since the 1980s, hydrolases, 17 which catalyze hydrolysis of a 
chemical bond, has attracted considerable attention. Attractive features of 
hydrolases, in particular lipases, are their stability toward temperature and 
compatibility with organic solvents. For example, lipases in dry organic sol-
vents can catalyze formation of an ester bond instead of promoting ester 
hydrolysis.17  

 

Scheme 1.7 Lipases-catalyzed formation and hydrolysis of a chiral ester. 17 

1.3.1 Mechanism for Lipase-Catalyzed Reactions 

The mechanism of transesterification is shown in Scheme 1.8.18 The reac-
tion takes place in the active site of the enzyme where a serine is making a 
nucleophilic attack on the carbonyl group of the acyl donor. The H+ from 
the hydroxyl group of serine goes to the nearby histidine, which is stabilized 
by aspartic or glutamic acid around it, constructing catalytic triad of lipases. 
The negative charge in such tetrahedral intermediates (TIs, for detailed 
structure see: TI-1 and TI-2 in Scheme 1.8) is stabilized by the oxyanion hole. 
TI-1 from serine attack will release the first product (R1OH) and form an 
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stereoselective. The transesterification or hydrolysis catalyzed by proteases 
on the other hand shows (S)-stereoselectivity preference.20 

1.4 PdII-Catalyzed Oxidative Transformation 
The IUPAC defines a transition metal as an element whose atom has an 
incomplete d sub-shell, or which can give rise to cations with an incomplete 
d orbital.2 The chemical property of transition a metal catalyst had been 
utilized by nature for billions of years. A well-known naturally occurring 
transition metal complex is the vitamin B12 coenzyme, which is the cofactor 
and active center for several enzymes-catalyzed cleavage or formation of 
C–C bonds.21 
    Development of non-natural organometallic catalysts has attracted 
enormous attention throughout the entire chemical society. Among the 
late transition metals, palladium is one of the most versatile and widely 
used metals in chemical transformations including reductions, oxidations, 
carbon-carbon and carbon-heteroatom bond formation. 22 
    A brief introduction of PdII chemistry within our research group was pre-
sented in the section 1.1. This section develops this subject further by fo-
cusing on the mechanistic aspect of PdII-catalyzed transformation. Pd gen-
erally appears in three different oxidation states: Pd0, PdII and PdIV. The 
majority of Pd-catalyzed C–C bond-forming reactions are conducted by Pd0 
species.23 However, reactions catalyzed by PdII have also received a rather 
broad interest.24  

1.4.1 PdII-Catalyzed Oxidative 1,4-Diacetoxylation 
 
PdII can interact with unsaturated organic compounds including alkenes, 
alkynes and allenes forming π-Pd complexes. Afterward, a nucleophile can 
attack the carbon ligand in the π-complexes in a trans or cis fashion. For the 
trans attack, the nucleophile attacks the unsaturated ligand on the oppo-
site face to that of palladium. This external attack is also known as Wacker-
type attack. For the cis addition, the nucleophile coordinates to palladium 
species followed by migration to the unsaturated hydrocarbon ligand giving 
the cis product.  
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Scheme 1.9 PdII-catalyzed 1,4-diacetoxylation of 1,3-cyclohexadiene. 

One study to compare these two pathways was conducted by Bäckvall and 
his co-workers in the 1980s. It was illustrated that acetate can attack the π-
allyl ligand from either side (Scheme 1.9).3 Normally, the intramolecular 
acetate migration of the (π-allyl)PdII species Int-2 afforded trans product 2 
via an η3-η1 allyl shift. However, in the presence of catalytic amount of LiCl, 
the migration pathway was inhibited since the acetate on palladium was 
replaced by chloride. As a result, the second acetate was forced to attack 
the complex in a trans-fashion to give the cis product.  

As shown in Scheme 1.9, the PdII species was reduced into Pd0. In order 
to close the catalytic cycle, a reoxidation of Pd0 back into PdII is needed. 
Several ubiquitous oxidants (e.g. copper salts,25 MnO2,26 quinones,27 and 
peroxides28) can be applied for this purpose. 1,4-Benzoquinone (BQ) and its 
derivatives have been widely used as the oxidant in PdII-catalyzed oxidation 
chemistry within the research group.3, 7, 8, 9, 10 The proposed pathway for the 
re-oxidation of Pd0 by BQ is depicted in Scheme 1.10, in which two proton 
equivalents are required for the regeneration of the PdII species.29 

 

 

Scheme 1.10 Re-oxidation of Pd0 to PdII by 1,4-benzoquinone. 
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1.4.2 PdII-Catalyzed Oxidative Carbocyclization 
 

 

Scheme 1.11 Pd-catalyzed carbocyclizaiton of enallenes. 

In 2002 and 2003, reports on Pd-catalyzed reaction of enallenes with car-
boxylates as leaving group (Scheme 1.11, Pathway a) and PdII-catalyzed 
oxidative reaction of enallenes (Scheme 1.11, Pathway b) were pub-
lished.8,30 For both types of reactions shown in Scheme 1.11, after one cata-
lytic cycle, the PdII species were transformed into Pd0. For Pathway a in 
Scheme 1.11, Pd0 could be recovered into (π-allyl)Pd complex by an oxida-
tive addition and in the lower reaction Pd0 was reoxidized by BQ as the 
oxidant to restore PdII to close the catalytic cycle. For both reactions, fused 
ring structures could be obtained in good to excellent yields with high se-
lectivity. The reaction with 35 is more synthetically useful because no leav-
ing group is required, and the reaction involves a C(sp3)-H activation. For 
this reason, this transformation is more atom-economic and its starting 
material is more accessible. Int-8 was suggested as the key intermediate for 
this transformation and by applying different transmetalation reagent, car-
bocycles 379a and 389b were obtained (Scheme 1.12). 
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Scheme 1.12 PdII-catalyzed oxidative carbocyclizaiton of enallenes with coupling 
partners. 

1.4.3 Asymmetric Variant of PdII-Catalyzed Oxidative 
Carbocyclization 

 
The development of a PdII-catalyzed asymmetric oxidative protocol is chal-
lenging, because, the commonly used ligands for Pd (e.g. Lewis-basic phos-
phine ligands) are not compatible with oxidative conditions. Furthermore, 
coordination of the substrate to PdII could be prohibited by addition of 
strong multidentate coordinating ligands, which would result in a great 
drop in reactivity (see Chapter 4 for a detailed discussion). To the best of 
our knowledge, the first PdII-catalyzed asymmetric oxidative cyclization was 
reported by Hosokawa in 1981 on the cyclization of 2-allylphenol using a 
chiral catalyst PdII complex 41: [(+)-(η3-pinene)PdOAc]2 (Scheme 1.13).31a,b 
Cu(OAc)2 and molecular oxygen was utilized as oxidants. Although the reac-
tion resulted in fairly low enantioselectivity (up to 26 % ee), it still demon-
strated that PdII-catalyzed oxidative cyclization can be performed in an 
asymmetric manner. Moreover, diimine-type, diamine-type and strong N-
heterocyclic carbine type ligands have been used in PdII-catalyzed enanti-
oselective oxidative cyclization.31c-e 
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Scheme 1.13 Chiral anion-induced asymmetric oxidative cyclization of 2-
allylphenol. 

One of the most inspiring examples was achieved by utilizing chiral 
Brønsted acids for the PdII-catalyzed asymmetric transformation by Chai 
and Rainey in 2012. 32 In this research, an enantioselective synthesis of in-
denes through a PdII/Brønsted acid co-catalyzed strategy (Scheme 1.14) 
was developed. C2-symmetric BINOL chiral phosphoric acids (PAs) were 
used and the reaction underwent an allylic/benzylic C–H activation fol-
lowed by ring expansion to generate spirocyclic products with good dia-
stereoselectivity and excellent enantioselectivity.  
 

 

Scheme 1.14 Enantioselective oxidative allylic C‒H activation/semipinacol rear-
rangement sequence by PdII/Brønsted acid co-catalysis. 

A major breakthrough for asymmetric oxidative carbocyclization within our 
research group was also achieved by using PdII/Brønsted acid co-catalytic 
system (Scheme 1.5, eq 1.7). Chiral biphenol-type PA 29 was found to be 
the superior co-catalyst for inducing the asymmetric carbocyclization. 
Through this method, a number of borylated carbocycles were formed with 
good to excellent enantioselectivity (up to 93 % ee). 10 
    Previous research within the group has shown that PdII-catalyzed carbo-
cyclization of enallanes under oxidative conditions provides direct access to 
cyclic structures. The aim of the studies presented in Chapter 4 and 5 is to 
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gain more knowledge on PdII-catalyzed oxidative transformations of enal-
lanes and to develop asymmetric variants of these reactions.   

1.5 Kinetic Isotope Effects 
 
Knowledge about the mechanism of a chemical reaction not only fulfills our 
curiosity but also enables us to improve the synthetic method. One of the 
most powerful techniques for mechanistic studies is the determination of 
kinetic isotope effects (KIEs). KIE experiment can suggest if the C–H cleav-
age step is the rate-determining step (RDS) or not. Commonly used meth-
ods for KIE experiments to study C–H bond cleavage were summarized by 
Hartwig and his colleagues.33  
    In the first type of KIE experiments, the rate constants for C–H bond 
cleavage kH and C–D bond cleavage kD were obtained separately. The KIE 
value was given as kH/kD. This type of experiment will provide information 
whether C–H bond formation or cleavage step is the RDS. The second type 
of experiment involves a competition between two reactants in the same 
reaction flask. The two reactants are competing for their reaction partner. 
The third type of experiment is similar to the second experiment but in-
volves an intramolecular competition.  
    In Chapter 4, KIE experiment of type 1 and type 2 were used to interpret 
the reaction pathway. In addition, inspired by KIE experiments, the energy 
difference of C–H/D bond formation process was used to explain the deu-
terium distribution in cycloisomerization of D-labeled substrates in Chapter 
3.  

 

Scheme 1.14 Different type of KIE experiments for C–H/D bond cleavage.33 
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2 Impact of Water on the Enantio-
selectivity Displayed by CALB in the 
Kinetic Resolution of δ-Functionalized 
Alkan-2-ol Derivatives (Paper I) 

2.1 Introduction 
Candida antarctica lipase B (CALB) is a lipase that has been widely used in 
DKR of alcohols.5 Its catalytic center is built up by Ser105, His224, and 
Asp187 and the charged tetrahedral intermediates (TIs) are stabilized by 
the oxyanion hole consisting of Gln106 and Thr40 (for detailed structural 
information, see Scheme 1.8).  
    For substrates with distinct difference between the large and medium 
groups (see Figure 1.2), CALB generally provides excellent enantioselectivi-
ty.34  However several exceptions to this empirical rule were found. CALB-
catalyzed transesterification of diol 45 gave acetate 46 with pseudo E value 
of 285 (Scheme 2.1a). 35 However when δ-keto alkan-2-ol rac-47 was used 
as the substrate, low enantioselectivity was observed (Scheme 2.1b).  
 

 

Scheme 2.1 CALB-catalyzed transesterification of 45 and rac-47.35 

A similar phenomenon was found in a study where anti 5-(hydroxy)hexan-
2-yl acetate 49 was used as the substrate in a transesterification KR. The E 
value for the synthesis of anti 1,4-diacetate 50 is only 7, which is much low-
er than that of syn isomer 51. 36   
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Scheme 2.2 Stereoselectivity observed in the CALB-catalyzed transesterification of 
a) 49 and b) rac-51 in toluene. 

Afterwards, a computational investigation by molecular dynamic simula-
tions of various δ-functionalized alcohols was carried out to explain this 
phenomenon.37 The enantioselectivity for the transesterification of a series 
of δ-substituted secondary alcohols were investigated based on the geo-
metric properties of their serine-bound TIs. The computational study gave 
an explanation of this phenomenon and also suggested that the enantiose-
lectivity will be enhanced by introducing a water molecule close to Thr40.37  
    The proposed mechanism from the molecular modelling37 in which water 
would retain the enantioselectivity for δ-keto- and δ-acetoxy-alkan-2-ols 
needs to be confirmed or ruled out by conducting hydrolysis and trans-
esterification of the corresponding substrates. In addition, this hypothesis 
was tested with both wild type CALB and CALB variant A281S38 to see if the 
effect of water molecule can be mimicked by adding a –OH group into the 
enzyme.  
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2.2 Results and discussion 
Transesterification of the δ-acetoxy and δ-keto functionalized alcohols rac-
47 and rac-54b-e were conducted by CALB immobilized on polyacrylic resin 
(Novozym-435 as commercial name). The result showed, as previously re-
ported, a comparatively low enantioselectivity.  For δ-keto substituted al-
cohols rac-47, rac-54d and rac-54e, CALB displayed poor enantioselectivity 
with E values under 10 (Table 2.1, Entry 1, 5, 6), whereas for anti-acetoxy 
substrates 54b and 54c the reaction showed moderate enantioselectivitiy 
with E values of 18 and 36, respectively (Table 2.1, Entry 3,4). 
  
 

 
Figure 2.1 Substrate scope for hydrolysis and transesterification reactions 
 
The WT CALB on celite was also prepared and used in this esterification 
reaction of rac-47 giving an E value of 3 (Table 2.1, Entry 1) suggesting that 
changing immobilization method did not enhance the enantioselectivity. It 
is interesting to note that we observed an increased enantioselectivity in 
water-containing solvents. For rac-54d, the E value in dry toluene was 9 in 
the presence of anhydrous Na2CO3. By simply using water-saturated tolu-
ene as solvent, the E value increased to 45 (Table 2.1, Entry 5). This in-
crease in enantioselectivity also supports our hypothesis concerning the 
effect of water.   
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Table 2.1 E value of CALB-catalyzed formation of chiral esters.[a] 

 
Entry Substrate conv. [%] E [b] 

1 
 

47[c] 
6 

3[d] 

2 
 

50[c] >200 (1023) 

3 
 

36[c] 18 

4 
 

33 36 

5 
 

23[c] 

29[c,e] 
9 

45[e] 

6 
 

34 3 

[a] Reaction conditions: racemic sec-alcohol (0.1 mmol), immobilized CALB (Novo-
zym 435, 40 mg/mmol), isopropenyl acetate (2 equiv.), anhydrous Na2CO3 (1 equiv.) 
stirred in toluene (0.2 mL) at 30 °C. [b] Calculated from the eeOH and eeOAc accord-
ing to Sih’s paper.39 Value was given after considering the maximal measurement 
error, exact number in parenthesis. [c] Determined by 1H NMR [d] Lipozyme on 
celite [e] Reaction performed in toluene saturated with water (aw=1) without 
Na2CO3. 

From the control experiments of transesterification of unsubstituted alkan-
2-ol rac-54a (Table 2.1, Entry 2), it is clear that the δ-group has a negative 
effect on the enzymatic enantiorecognition of the substrate.  
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Table 2.2 E value of CALB-catalyzed formation of chiral esters.[a] 

 
Entry Substrate conv. [%] E [b] 

1 
 

48[c] 190 

2 
 

35 215 

3 
 

30 >500 (1512) 

4 
 

40 331 

5 
 

42 170 

6 
 

47 431 

[a] Reaction conditions: racemic acetate 3 mg, CALB solution (Lipozyme, 4 μL) in 
KH2PO4/K2HPO4 buffer (50mM, pH 7.0)/MeCN (85:15) was shaken with 290 rpm at 
30 °C. [b] Calculated according to ref 39. Value was given after considering the 
maximal measurement error, exact number in parenthesis. [c] Determined by 1H 
NMR.  

 
The reverse reaction, i.e. the hydrolysis of the corresponding acetates, was 
also investigated. The hydrolysis of rac-53b and rac-53c showed perfect 
regioselectivity. As expected, only the less hindered acyl group was hydro-
lyzed. More importantly, the hydrolysis for all substrates showed high en-
antioselectivity which was superior to those of the corresponding trans-
esterfication reaction (>500 compared to 18 for rac-53b and 331 compared 
to 3 for rac-53c). The same trend was observed when using δ-keto-acetates 
rac-53d to 53e and rac-48 as the starting material. The E values in all cases 
were above 80.  
    By comparing the transesterification and hydrolysis of the δ-
functionalized alkan-2-ol derivatives, the E values of the hydrolysis are 
about 10-30 times larger than those of the corresponding transesterifica-
tions. The extreme difference in enantioselectivity for CALB is remarkable 
since the E value observed in transesterification and hydrolysis normally are 
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closely related. Clearly, under anhydrous conditions, the δ-functionality 
forces the substrate to adopt a binding mode tilted away from the chiral 
pocket, making the influence from the active site less pronounced. Howev-
er, in an aqueous environment this effect disappears and the enantioselec-
tivity is restored. These findings support our previous assumption that a 
water molecule around Thr40 can help anchoring the substrate in the ste-
reospecific pocket and thereby reduce the influence of the repulsion be-
tween the enzyme backbone and the δ-substituent.   
    To further strengthen the proposed mechanism of the hydrolysis and 
transesterification of δ-functionalized substrates, a mutant of wild type 
CALB was made according to a previous computational study.37 Mutant 
A281S is expected to mimic the water molecule that may appear in the 
active site around Thr40, and as a consequence it should improve the enan-
tioselectivity of the transesterification of the δ- functionalized alkan-2-ols. 
The enantioselectivity of transesterification towards δ-functionalized alco-
hols was measured, which showed that the mutation indeed leads to an 
enhanced enantioselectivity. The selectivity for keto-alcohol rac-47, rac-54d 
and 54e, was improved significantly. The data in Table 2.3 further strength-
en the proposed mechanism for the CALB-catalyzed transformation of δ-
functionalized substrate. However the activity of A281S for the anti-
acetoxylated alcohol rac-54b and 54c is very low and further computational 
studies are needed to understand the reason for this lack of activity (Table 
2.3, entry 5).  
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Table 2.3 E value of CALB-catalyzed formation of chiral esters.[a] 

 
Entry Substrate Product E[b]   E[b]   E value 

   A281S WT increase 
[%] 

1 

  
19 6 317 

2 

  
nr. 18 - 

3 

  
nr. 36 - 

4 

  
115 9 1278 

5 

  
19 3 633 

[a] Reaction conditions: (i) for CALB A281S; sec-alcohols (0.1 mmol), supported 
CALB A281S (on Celite, 40 mg/mmol), isopropenyl acetate (2 equiv.), Na2CO3 (1 
equiv.) in toluene (0.2 ml), performed at 30 °C, reaction time 24 h. (ii) for WT CALB; 
racemic sec-alcohol (0.2 mmol), supported CALB (Novozyme 435, 40 mg/mmol), 
isopropenyl acetate (2 equiv.), Na2CO3 (1 equiv.) in toluene (0.2 ml), performed at 
30 °C. [b] Calculated according to ref 39. 

2.3 Conclusions 
This chapter shows examples where CALB-catalyzed hydrolysis and for-
mation of an ester may occur with very different enantioselectivity. The 
selectivity can be high in hydrolysis of an ester in an aqueous environment 
but low in transesterification in dry organic solvent. By changing from an 
anhydrous solvent to water-containing organic solvent, the selectivity of 
the transesterification was also improved. The effect of the water molecule 
was further confirmed by a lipase CALB A281S. By bringing an extra –OH at 
position 28138, an enhancement of CALB’s enantioselectivity towards keto-
alcohols were also observed suggesting that the water molecule mentioned 
above can be partly mimicked.   
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3 One-pot Process to Optically Pure 2,3-
Dihydrofuran from α-Allenic Alcohols 
via Ruthenium-Catalyzed Cycloisomeri-
zation (Paper II) 

3.1 Introduction 
Allenes (1,2-dienes) are highly attractive compounds because of their 
unique structure of two cumulative carbon-carbon double bonds.40 The 
allene moiety has shown interesting reactivity toward transition metals41 
including silver,42 palladium43 and gold.44 Previous studies have shown that 
α-allenic alcohols can be converted into a variety of compounds including 
oxiranes,45 2,5-dihydrofuran,46 α-methylenelactone,47 α- or γ-amino alco-
hol,48 furan,49 and α,β-unsaturated ketones.50 In this chapter, a one-pot 
process for the enantioselective synthesis of 2-substituted 2,3-
dihydrofurans is included. To the best of our knowledge, this protocol gives 
the highest ee of these compounds among all existing methods. 
 

 

Scheme 3.1 Lipase-catalyzed enzymatic resolution of allenic alcohols 11 and Ru-
catalyzed cycloisomerizaiton of 11. 
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3.2 Results and discussion 
 

The initial goal of this study was to develop a DKR based on enzymatic ki-
netic resolution to prepare optically pure chiral allenic acetates. Therefore, 
enzymatic KR of allenic alcohols has to be studied first. Enzymatic KR of 3-
substituted penta-3,4-dien-2-ol ((a) in Figure 3.1) by CALB has previously 
been reported.52 However, the KR of alcohols with an allene moiety as me-
dium-sized group ((b) in Figure 3.2) has still remained a challenge.  For ex-
ample, under the optimal conditions, the E value of lipase from Candida 
cylindracea (CCL) towards rac-11a (R = Ph) is only 5.53, 51    
 

 

Figure 3.1 a) Previous research on allenic alcohol gives good enantioselectivity with 
lipase;52  b) Previous research on allenic alcohol gives low enantioselectivity with 
lipase. 53 

 
In this study, a number of lipases were tested for enantioselective transac-
ylation of 11a in toluene (Table 3.1). By controlling the reaction time and 
temperature, it was found that a moderate enantioselectivity for 11a can 
be achieved with CALB (Table 3.1, Entry 1, 3 and 5). To our delight, lipase PS 
(lipase from Pseudomonas cepacia, Table 3.1, Entry 7 and 8) gave very good 
enantioselectivity, among which, IL1-PS54  (an ionic liquid supported lipase 
PS) showed the best enantioselectivity and reactivity.    
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Table 3.1 Enzyme screening for kinetic resolution of rac-11a.[a] 

 

Entry Enzyme Time [h] Conv. [%] 
ee of 13a 

[%] 
E value [b] 

1 Novozyme 431 6 49 86 32 
2 CALA 6 7 61 4.3 
3 CALB A281S 6 29 94 44 
4 PPL 6 5 - - 
5 CALB on celite 6 41 91 40 

6 
Lipase from Can-

dida rugosa 
6 2 - - 

7 IL1-PS 6 32 97 115 
8 PS-1n 6 17 98 96 

[a] rac-11a (0.2 mmol) was dissolved in dry toluene (0.4 mL) in a flame-dried round 
bottomed flask. Supported lipase (2 mg) and dry Na2CO3 (10.5 mg) was added to 
the flask. After 5 min stirring, isopropenyl acetate (44 μL, 0.2 mmol, 2 equiv) was 
added and the reaction was stirred at 50 °C for the indicated time. The reaction 
mixture was filtered through a small plug of Celite after which the solvent was 
removed under vacuo. The conversion was determined by 1H-NMR and the ee of 
the product or substrate was determined by chiral HPLC. [b] Calculated from the 
eeOH and eeOAc according to ref 39. 
 
 
With the optimal enzyme in hand, we investigated the substrate scope for 
the enzymatic kinetic resolution. Except for rac-11c and rac-11l (Table 3.2, 
Entry 3 and 12), IL1-PS shows excellent enantioselectivity for a rather wide 
range of substrates where the allene is tolerated as the medium-sized 
group. The calculated E value for the latter substrates ranged from 100 to 
780. 
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Table 3.2 Substrates scope of enzymatic kinetic resolution of rac-11.[a] 

 

Entry R (substrate) Time [h] 
Conv. 

[%] 
ee of 23 [%] E value[b] 

1 Ph (rac-11a) 6 32 97.3 [c] 115 
2 4-Me-C6H4 (rac-11b) 1 8 98 [d] 108 
3 2-MeO-C6H4  (rac-11c) 1 6 83 [d] 11 
4 3-MeO-C6H4 (rac-11d) 1 13 99 [d] > 200 (230) 
5 4-MeO-C6H4 (rac-11e) 1 9 99.2 [d] > 200 (274) 
6 4-Br-C6H4 (rac-11f) 1 7 99.1 [d] > 200 (238) 
7 4-Cl-C6H4 (rac-11g) 1 11 98.8 [d] 186 
8 4-F-C6H4 (rac-11h) 1 9 98.2 [d] 121 
9 4-CF3-C6H4 (rac-11i) 1 14 99.7 [d] > 500 (780) 

10 2-Np (rac-11j) 1 5 99.5 [d] > 400 (420) 
11 Bn (rac-11k) 1 7 98.9 [d] 195 

12 Cy (rac-11l) 8 50 17 [d] 1.6 
[a] rac-11 (0.2 mmol) was dissolved in dry toluene (0.4 mL) in a flamedried round 
bottomed flask. Supported lipase (2 mg) and dry Na2CO3 (10.5 mg) was added to 
the flask. After 5 min stirring, isopropenyl acetate (44 μL, 0.2 mmol, 2 equiv) was 
added and the reaction was stirred at 50 °C for the indicated time. The reaction 
mixture was filtered through a small plug of Celite after which the solvent was 
removed in vacuo. The conversion was determined by 1H-NMR  [b] Calculated from 
the eeOH and eeOAc according to ref 39. [c] ee was obtained by chiral HPLC. [d] ee 
was obtained by chiral GC.  
 
With those excellent E values, the ee of the target molecule 11 can reach 
99.9 % with very good yields for KR, 44 % for (S)-11a and 43 % for (S)-11f 
(Scheme 3.2). 
 

 
Scheme 3.2 IL1-PS catalyzed KR of rac-11 to give optically pure (S)-11 and (S)-13. 
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With a high E value, both high ee’s of allenic alcohol and allenic acetate can 
be obtained in the KR. The KR of 11f under optimal conditions gives 99.9 % 
ee and 95 % ee of (S)-11f and (R)-13f, respectively, at a conversion around 
52 %.  
    Afterward, attempts to develop a DKR protocol of 11 were made. Initially 
rac-11a was treated with catalyst M1 (for structure of M1, see Scheme 1.2), 
isopropenyl acetate and IL1-PS in the presence of Na2CO3 in toluene at 
70 °C overnight. Surprisingly, the envisioned product (R)-13a was not 
formed. Instead cyclized product 12a was obtained in 87 % isolated yield as 
a major product.  

Since catalyst M1 is utilized as racemization catalyst in DKR of secondary 
alcohols and primary amines, a drop of ee of optically pure 11 may happen, 
leading a low ee of 12.  An experiment where cycloisomerization and race-
mization can compete was conducted using optically pure (S)-11a (obtained 
from KR by IL1-PS, ee of (S)-11a is larger than 99 %) as starting material at 
70 °C overnight. To our surprise, the resulting ee of (S)-12a was 97.3 % (Eq 
2.1). This result indicates that the cycloisomerization is about two orders of 
magnitudes faster than racemization, which means that the absolute con-
figuration of chiral center will be kept in the M1-catalyzed cyclization. With 
these inspiring result in hand, we set out to optimize the reaction condi-
tions and toluene was found to be the best solvent (See SI of Paper II for a 
detailed discussion). The reaction still works well with a catalyst loading of 
2 mol%.  

 
Eq 2.1 M1-catalyzed cycloisomerization of (S)-11a. 
 

 
Under the optimized reaction conditions, we investigated the scope of cy-
cloisomerization of rac-11. A range of aryl-substituted allenic alcohols were 
examined: derivatives substituted with p-Me, o-MeO, m-MeO, p-MeO, p-Br, 
p-Cl, p-F groups all reacted smoothly and afforded the corresponding prod-
ucts 12b-h as the single product in execellent yields (Table 3.3, Entry 2-8). 
Substrates bearing an electron-deficient substituent such as p-CF3 11i and 
2-naphtyl 11j (entries 9, 10) required a longer reaction time (4 h) to reach a 



 

26 
 

high conversion. It is worth noting that the cycloisomerization reaction also 
works well for alkyl substituents, such as benzyl (11k) and cyclohexyl (11l), 
to give excellent yields. 
 
 
Table 3.3 Substrate scope for ruthenium-catalyzed cycloisomerization of rac-11.[a] 

 

 
 

Entry R Time [h] NMR Yield of 12 [%] [b] 
Isolated Yield 

of 12 [%] 

1 Ph (rac-11a) 1.5 87 (rac-12a) 83 

2 4-Me-C6H4 (rac-11b) 1.5 91 (rac-12b) 85 

3 2-MeO-C6H4  (rac-11c) 1.5 98 (rac-12c) 88 

4 3-MeO-C6H4 (rac-11d) 1.5 98 (rac-12d) 91 

5 4-MeO-C6H4 (rac-11e) 1.5 81 (rac-12e) 77 

6 4-Br-C6H4 (rac-11f) 2 93 (rac-12f) 93 

7 4-Cl-C6H4 (rac-11g) 2 97 (rac-12g) 92 

8 4-F-C6H4 (rac-11h) 2 95 (rac-12h) 84 

9 4-CF3-C6H4 (rac-11i) 4 91 (rac-12i) 85 

10 2-Np (rac-11j) 4 98 (rac-12j) 95 

11 Bn (rac-11k) 1.5 94 (rac-12k) 90 

12 Cy (rac-11l) 1.5 99 (rac-12l) 90 

[a] rac-11 (0.5 mmol) were dissolved in toluene (1 mL) in a flame dried round 
bottomed flask. 2 mol% of Shvo catalyst was added in to the solution and stirred at 
the indicated time under 70 °C. The reaction mixture was loaded on silica column 
chromatography after the reaction was finished. [b] NMR yield was determined by 
using MeNO2 as internal reference.   
 
  With these results in hand, we designed an enantioselective tandem pro-
cess to 2,3-dihydrofuran, combining the enzymatic kinetic resolution and 
ruthenium-catalyzed cycloisomerization  (using M1) in situ. 
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Scheme 3.3 Scope of KR/cycloisomerization one-pot reaction. Racemic starting 
alcohols rac-11 (0.5 mmol) were dissolved toluene (1 mL) in a flame dried round 
bottomed flask, Na2CO3 (1 equiv.), 10 mg of IL1-PS. After 5 min stirring, isopropenyl 
acetate (110 μL, 1 mmol, 2 equiv) was added and the reaction was stirred at 50 °C 
for the indicated time. The consumption of (R)-11 was monitered by Chiral HPLC 
and GC. Then M1 was added and reaction was heated to 70 °C for 4 h.    
 
To our delight, for the substrates with good E values in KR, the cycloisomer-
ization products (S)-12a,b and (S)-12d-k was formed in good KR yield (37 %-
45 %) with excellent enantioselectivity (97.5 %-99.9 % ee).  In addition, 
even for substrate 11c with a slow and low-selective KR, by elongating the 
KR reaction time, 29 % of (S)-11h with high ee (99.6 %) was obtained. 
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Scheme 3.4 (S)-11a as a useful precursor in the total synthesis of (-)-3-
deoxyisoaltholactone. 
 
To demonstrate the synthetic utility of the products (S)-11, epoxide for-
mation-opening reactions were conducted to install two new chiral centers 
(Scheme 3.4). Compound 55 with three asymmetric carbon atoms was iso-
lated from its diastereomer on silica column chromatography, giving 65 % 
isolated yield without loss of optical purity (97.2 % ee). 55 can be converted 
into optically pure (-)-3-deoxyisoaltholactone according to an existing pro-
cedure.55 
 

 
Scheme 3.5 Test if 56 could be an intermediate in the Ru-catalayzed reaction. 
 
We have further investigated the mechanism of the ruthenium-catalyzed 
cycloisomerization. The first pathway (Scheme 3.5) we considered was 12f 
rearranged from 56, which can be formed from metal-catalyzed cycloisom-
erization of allenic alcohols.56 2,5-Dihydrofuran 56 was heated to 70 °C for 4 
h in the presence of Ru-catalyst M1 (2 mol%) in toluene. However, instead 
of forming 12f, an allylic ketone 57 was obtained in quantitative yield. This 
observation suggests that 56 is not an intermediate in the catalytic cycle.  
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Scheme 3.6 Transformation using deuterium labeled allenic alcohols. 
 
In an effort to gain a deeper insight into the reaction mechanism, deuteri-
um labeling experiments were performed.  The reaction was run with [D1]-
11f as the starting material in the presence of Ru-catalyst M1 (2 mol%) in 
toluene at 70 °C for 2 h (Scheme 3.6). Product 12fa was formed in full con-
version with 35 % deuterium incorporation at the allylic position (X1+X2) 
and 19 % deuterium incorporation at vinylic position (X3). Cyclization reac-
tion was run with [D2]-11f under the same reaction condition. To our sur-
prise, some deuterium distribution at the allylic and vinylic positions was 
observed. Product 12fb was formed with 32 % deuterium incorporation at 
the allylic position and 18 % deuterium incorporation at vinylic position X3. 
However, vinylic position X4 had 100 % deuterium incorporation, which 
means that after removal of one terminal allenic proton, the reaction has 
no tendency to go back. The experiment on [D3]-11f shows that the internal 
proton on the allene will also shift to the vinylic position of the product.  
    Based on the deuterium labeling experiments we propose a possible 
mechanism from the cycloisomerization of substituted-2,3-allen-1-ol 
(Scheme 3.7). Catalyst M1 splits into 16-electron species M1’’ and 18-
electron species M1’ upon heating in solution (Scheme 3.7). Coordination 
of the terminal C=C of 11 bond to M1’’ would form Int-9, and subsequent 
ring closure of Int-9 would give vinyl-Ru intermediate Int-10. A key inter-
mediate Ru-carbene Int-12 would be produced. The driving force from Int-
10 to Int-13 is believed to be the resulting p-π conjugation. Delocalization 
of allenic protons can be explained by proton shift between Int-11 or Int-13 
with free protons in the solvent.  
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Scheme 3.7 Proposed mechanism for Ru-catalyzed cycloisomerization of allenic 
alcohols. 
 
The step from Int-12’ to Int-14 (Int-13) is believed to be irreversible since 
the cyclization of [D2]-11f (Second eq. in Scheme 3.6) gave 100 % deuterat-
ed vinylic position X4 at product 12fb. Furthermore, the equilibrium be-
tween Int-12 and Int-12’ will lead to the observed deuterium content in the 
allylic (X1+X2) position of the product, which reflects the D+/H+ ratio in the 
solvent. It is worth noting that the vinylic position X3 is not 1:1, in fact it 
showed a much lower deuterium content. This observation is probably due 
to a kinetic isotope effect (kH/kD) in the protonation/deuteronation of Int-
14 (Scheme 3.8). It is easier to form the hydrogenated product compared to 
the deuterated product,57 and as a result, there is a higher probability to 
have H instead of D at position X3.  
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Scheme 3.8 Protonation/deutonation of Int-14. 

3.3 Conclusion 
  
We have developed a novel synthesis of 2-substituted 2,3-dihydrofurans 
from readily available allenic alcohols via a Ru-catalyzed cycloisomerization. 
Based on this transformation, a one-pot process combining KR and cycloiso-
merization was established. Oxygen containing heterocycles were synthe-
sized under mild reaction conditions with good functional-group tolerance. 
The obtained product can be further transformed into a variety of im-
portant derivatives. The developed method should be attractive for the 
pharmaceutical industry. A ruthenium carbene Int-12 is proposed as a key 
intermediate in the cyclization. Further studies of this type of reaction are 
currently ongoing in our research group. 
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4 Olefin-Assisted Palladium-Catalyzed 
Oxidative Transformation of Enallenes 
(Paper III, IV, V, VI and VII) 

4.1 Introduction 
As it was described in the previous chapter, allene substructures have 
shown an incredible reactivity towards transition metal catalysts. Before 
the study included in Chapter 3, transition metal-catalyzed cyclizations of 
functionalized allenes with nucleophilic motifs, mostly N- or O-containing 
functional groups was developed giving cyclized structures.56 This type of 
transformation would produce cyclic intermediates Int-15 or Int-15’ 
(Scheme 4.1). A subsequent protonation or cross-coupling reaction would 
lead to product 58 or 58’ respectively. Comprehensive research has sug-
gested palladium is the one of the most useful metal catalyst for such cycli-
zations. 58   
 

 
 
Scheme 4.1 Metal-catalyzed cyclization of allenes with nucleophilic functionalities. 
 
However, reports on using olefin as the nucleophile are few in number.59 
On this basis, we envisioned that enallene (21, Nu = vinyl) may undergo 
annulation under the catalysis of PdII to provide cyclized product 59 via Int-
16 with an external nucleophile (Scheme 4.2a). During the study of the 
proposed strategy, an olefin directed PdII-catalyzed oxidative regio- and 
stereoselective arylation of allenes was discovered (Scheme 4.2b) giving 22 
as product. Then we went back to the early research conducted within our 
research group and we also saw some indications and evidence for this 
directing effect.7, 8, 9, 30  
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Scheme 4.2 a) Envisioned Pd-catalyzed cylization of enallenes with an external 
nucleophile. b) Observed approach of olefin-directed Pd-catalyzed oxidative aryla-
tion of allenes.  

Int-3 is suggested as the key intermediate for this type of transformation. In 
addition, the carbon-carbon bonds formation involved in this reaction is 
synthetically valuable. Based on early reports on PdII-catalyzed carbocy-
clization, we developed several different anulation reactions with high 
chemo-, regio- and diastereoselectivity. An interesting feature of these 
reactions is that an C(sp3)-H cleavage occurs under mild reaction condi-
tions.  

Several oxidative transformations of β-olefin-substituted allenes by PdII 
was developed (Scheme 4.3). Before we started these studies, we usually 
failed to predict the products from a given enallene substrates. In the final 
section of this chapter, several facts about these transformations are sum-
marized, which might be helpful for predicting the outcome of further  

 

 
Scheme 4.3 Olefin-Assisted PdII-Catalyzed Oxidative Transformations of Enallenes. 
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studies on functionalization/carbocyclization of allenes. Because of the 
limitation of the length and the focus of this thesis, each transformation is 
summarized briefly. 

4.2 PdII-Catalyzed Oxidative Arylation of Enallenes 
 
Based on the previously mentioned idea to use an olefin group as a nucleo-
phile, we applied accessible enallene 21a as the standard substrate. When 
21a was treated with Pd(OAc)2 (5 mol%), PhB(OH)2 (1.3 equiv), and BQ (1.1 
equiv) in the presence of NaOAc (1.2 equiv) in THF at 50 °C for 23 h, the 
envisioned product 59 was not observed (Scheme 4.2). Instead the phenyl-
ated triene product (E)-22aa (the stereo outcome was determined by NOE 
experiment) was obtained in 74 % yield as a single stereoisomer (Scheme 
4.4). This reaction performed even better without addition of NaOAc, giving 
(E)-22aa in 83 % yield. 

 

 

Scheme 4.4 PdII-catalyzed oxidative phenylation of enallene 21a.  

4.2.1 Directing Effect of Olefin 
 
The exclusive stereoselectivity (shown in Scheme 4.4) for the (E)-isomer in 
this allene arylation suggests that coordination of the olefin group to PdII 
could be the intial step. Our hypothesis is supported by investigation of the 
reactivity of allenes with different substituents (shown in Scheme 4.5): 2,3-
dienoates with a propyl substituent (21aa), hydrogen (21ab) or methyl 
group (21ac) was examined and none of them gave any arylated product, 
indicating that the olefin group of 21 is an indispensable assisting/directing 
group for the allene arylation. A coordination of the C=C bond during the 
reaction would lead the exclusive stereoselectivity formation of the (E)-
isomer product 22aa. Two more variants of 21 (21ad and 21ae) with π-
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bond-containing groups were tested. Reaction of the alkynyl-substituted 
2,3-dienoate 21ad afforded the corresponding dienyne product 22ada in 71% 
yield suggesting that alkynyl can serve as directing group. Treatment of 
benzyl-substitued 2,3-dienoate 21ae failed to give the desired product. 

 

 
 

Scheme 4.5 Investigation of different substituents on allenes for the PdII-catalyzed 
oxidative enallene-arylation.  
 

4.2.2 Substrates scope of PdII-Catalyzed Oxidative Arylation of 
Enallenes 

 
After optimization of the reaction conditions (see Paper III for a detailed 
discription), the substrate scope of arylboronic acids with standard sub-
strate 21a was studied. Arylboronic acids with electron-donating substitu-
ents such as 3-Me, 2-MeO, 3-MeO, and 4-MeO all reacted smoothly and 
produced the corresponding trienes in good yields (Table 4.1, entries 2 and 
4-6), while 4-tBu-substituted arylboronic acid showed a significant drop in 
yield (Table 4.1 entry 3). For a series of electron-deficient arylboronic acids, 
LiOAc·2H2O (50 mol%) was required as an additive: halogenated aromatics 
were compatible with the reaction conditions (Table 4.1 entries 7 and 8). 
Other electron-withdrawing substituents, such as 3-NO2, 4-NO2, 4-formyl, 
4-acetyl and 2-naphthyl could be present in the aryl unit, leading to the 
corresponding 22 in good yields (Table 4.1, entries 9-13).  
    We further investigated the substrates scope at the enallenes side 
(Scheme 4.6). The reaction of substrates with phenyl or two methyl sub-
stituents at the terminal position on the olefin worked well, produced 22b  
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Table 4.1 Scope of arylboronic acids.[a] 

 
 

Entry Ar Time [h] Yield of 3 [%][b] 
1 Ph (60a) 21 87 (22aa) 
2 3-Me-C6H4 (60b) 18 94 (22ab) 
3 4-tBu-C6H4 (60c) 16 64 (22ac) 
4 2-MeO-C6H4 (60d) 21 76 (22ad) 
5 3-MeO-C6H4 (60e) 20 77 (22ae) 
6 4-MeO-C6H4 (60f) 16 80 (22af) 

7[c] 3-Br-C6H4 (60g) 14 82 (22ag) 
8[c] 4-F-C6H4 (60h) 17 90 (22ah) 

9[c,d] 3-O2N-C6H4 (60i) 21 91 (22ai) 
10[c] 4-O2N-C6H4(60j) 17 80 (22aj) 
11[c] 4-formyl-C6H4 (60k) 15 70 (22ak) 
12[c] 4-acetyl-C6H4 (60l) 16 85 (22al) 
13[c] 2-Np (60m) 17 71 (22am) 

[a] The reaction was conducted at 50 °C in acetone (1 mL) with 21a (0.2 mmol), 
arylboronic acid 60 (1.3 equiv), and BQ (1.1 equiv) in the presence of Pd(OAc)2               
(1mol%). [b] Isolated yield after column chromatography. [c] LiOAc.2H2O (50 mol%) 
was added to the reaction. [d] Only 41 % yield of product 22ai was obtained in the 
absence of LiOAc.2H2O. 

 
and 22c in 78 and 75 % yield, respectively. Furthermore, cycloalkylidene 
allenes could also be employed, affording products 22d, 22e, and 22e’ in 
excellent yields. To demonstrate the broad scope of allenes in our olefin-
directed arylation reaction, we chose more general allenic structures: e.g. 
3,4-dienoate 21g (R3 = CH2CO2Et) also showed excellent reactivity. The yield 
from arylation of enallene 21h with free OH is lower, probably due to the 
instability of the starting material. However when the alcohol was protect-
ed with benzyl or tosyl (21i, 21j), the yields of coupling products were high. 
It is interesting to note that 54 % yield of 22k could be still obtained using a 
trisubstituted allene as the single isomer(R3 = H). 
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Scheme 4.6 Scope of enallenes for the PdII-catalyzed oxidative arylation. [a] Li-
OAc·2H2O (50 mol%) was used as additive. 

4.3 Carbonylative Cascade Insertion of Enallenes 
 
Based on the direct arylation of enallene, we envisioned that oxidative car-
bonylative coupling would also give an open chain structure.60 As men-
tioned in the previous section, the olefin unit coordinates to PdII and sub-
sequent allene attack on the metal would form the key intermediate Int-3. 
On the basis of these observations, we anticipated that, under carbon 
monoxide (CO) atmosphere, insertion of CO into the C−Pd bond of Int-3 
would lead to carbonyl palladium complex Int-17 (Scheme 4.7), which could 
couple with alkyne 61 to compound 63 via a direct C–C bond formation 
reaction. However, the subsequent carbocyclization of Int-17 to Int-18 via 
olefin insertion is apparently faster than coupling to give 63. Afterwards, 
carbonylative Sonogashira coupling reaction of Int-18 would produce ynone 
23 via Int-19. Coupling reaction of Int-3 or Int-18 with 61 would lead to  



 

38 
 

 

Scheme 4.7 a) Prefigurative insertion cascade reaction involving carbonylation, 
carbocyclization and alkynylation and its possible side products. b) Initial attempt 
of PdII-catalyzed oxidative carbonylation. 
 
possible side products 62 or 64, respectively.  
    Our initial attempt began with coupling reactions of allyl-substituted 3,4-
dienoate 21g and alkyne 61a using BQ (1.1 equiv) as the oxidant in the 
presence of Pd(TFA)2 (5 mol%) under 1 atm of CO in DCE at room tempera-
ture for 1.5 h. The envisioned ynone 23ga was obtained in 70 % isolated 
yield (Scheme 4.7b). It is remarkable that the insertion cascade showed 
exclusive chemoselectivity since ynone 23ga was the only observed prod-
uct, while other possible side products (62, 63 and 64) in Scheme 4.7a were 
not observed. 
    By optimizing the reaction conditions (see Paper IV for a detailed discus-
sion), it was found that Pd(TFA)2 is a superior catalyst; 40 °C was found to 
be the best temperature. Applying this combination with 1.1 equiv of BQ 
and 1 atm of CO, enallene 21g was transformed into 23ga in 84 % yield in 3 
h. 
    Under the optimized reaction conditions, the substrate scope of acety-
lenes 61 was studied with enallene 21g (Table 4.2). A range of aryl-
substituted acetylenes were examined: All aryl-substituted alkynes we had 
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tested were compatible and afforded the corresponding products 23gb-gh 
in good yields (Table 4.2, entries 2-8). Moreover, both aliphatic acyclic and 
cyclic terminal acetylenes reacted smoothly in this reaction cascade (Table 
4.2, entries 9-12). Last but not least, acetylenes functionalized by chloro 
and TMS (trimethylsilyl) also work well with slightly longer reaction times 
giving 23gm and 23gn in 72 and 73 % yield, respectively (Table 4.2, entries 
13 and 14). 

 
     
Table 4.2 Scope of terminal alkynes[a] 

 
Entry R Time 

[h] 
Yield of 23g [%][b] 

1 Ph (61a) 3 77 (23ga) 

2 2-MeOC6H4 (61b) 3 80 (23gb) 

3 3-MeOC6H4 (61c) 3 71 (23gc) 

4 4-MeC6H4 (61d) 3 72 (23gd) 

5 4-FC6H4 (61e) 3 81 (23ge) 

6 4-CF3C6H4 (61f) 3 70 (23gf) 

7 2-thiophenyl (61g) 3 66 (23gg) 

8 3-thiophenyl(61h) 3 75 (23gh) 

9 n-hexyl (61i) 4 75 (23gi) 

10 cyclopentyl (61j) 5 74 (23gj) 

11 cinnamyl (61k) 3 83 (23gk) 

12 2-phenylethyl (61l) 3 82 (23gl) 

13 3-chloropropyl (61m) 4 72 (23gm) 

14[c] TMS(61n) 8 73 (23gn) 

[a] The reaction was conducted in toluene (1 mL) at room temperature using 21g 
(0.2 mmol), 61 (0.3 mmol), and BQ (1.1 equiv) in the presence of Pd(TFA)2 (5 mol%). 
[b] Isolated yield after column chromatography. [c] TMS-acetylene (3.0 equiv) was 
used.  
 
Afterwards, we studied how different substituents on enallenes affect the 
reactivity (Scheme 4.8). Under the optimal reaction conditions, enallene 
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2,3-dienoate 21a was also employed producing ynone 23a in 63 % yield.  
Benzyl and tosyl 3,4-dienol worked equally well as shown by the formation 
of 23i and 23j in 75 % and 76 % yield, respectively.  Cyclopentylidene enal-
lene 21l afforded 23l in 58 % yield, while cyclohexylidene enallene 21m 
gave the corresponding product 23m in 73 % yield. Finally, it is worth not-
ing that with a phenyl substituent on the olefin moiety (R2 = Ph), substrate 
21n was converted into 23n as the single diastereomer. However, it seems 
that substitution at the terminal position of the olefin has a great influence 
on the reaction: enallene 21n produced 23n in only 41 % yield.  
 

 

Scheme 4.8 Scope of enallenes 21 for the Pd-catalyzed cascade reaction: The reac-
tion was conducted in toluene (1 mL) at room temperature using 21 (0.2 mmol), 
61a (0.3 mmol), and BQ (1.1 equiv) in the presence of Pd(TFA)2 (5 mol%). [a] The 
reaction was run at 0 °C. 
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4.4 Oxidative Carbocyclization/Borylation of Enallenes 

 

Scheme 4.9 (a) Oxidative arylation vs oxidative borylation vs oxidative carbocycliza-
tion/borylation. (b) Initial test of oxidative borylation of enallenes. 
 
After the development of the oxidative carbonylation/carbocyclization 
/carbonylation/alkynylation reaction cascade, we set out to investigate if a 
highly strained cyclobutene complex Int-20 could be generated and used in 
synthesis. The study began with PdII-catalyzed transformation of 3,4-
dienoate 21g with B2pin2 using BQ (1.1 equiv) as the oxidant. To our delight, 
the borylated cyclobutene compound 24g was formed as a minor product 
in 36 % yield (Scheme 4.9b). On the other hand, the open chain product 
from direct transmetalation of Int-3 was obtained as the major product in 
54 % yield. 
    Optimization of the reaction conditions was carried out (see Paper V for a 
detailed discussion). We were pleased to find that by the use of different 
additives, selective formation of either product 24g or 22g’ can be ob-
tained. Cyclobutene 24g was exclusively formed in MeOH in the presence 
of H2O and Et3N (Scheme 4.10a), whereas the use of AcOH as solvent and 
2,5-dimethyl BQ as oxidant afforded vinylboron compound 22g’ (Scheme 
4.10b).  
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Scheme 4.10 (a) PdII-catalyzed oxidative carbocyclization/borylation for the exclu-
sive formation of cyclobutenes 24g. (b) PdII-catalyzed oxidative borylation for the 
exclusive formation of cyclobutenes 22g’. 
 
The substrate scope for the formation of cyclobutenes 24 was then studied 
under the optimized reaction conditions (Scheme 4.11):  Tosyl and benzyl 
3,4-dienol  derivatives 21i and 21j  worked well giving 67 %  and 65 % yield  
  

 
Scheme 4.11 PdII-catalyzed oxidative borylating carbocyclization for the formation 
of cyclobutenes 24. 
 
of the corresponding products 24i and 24j. Cyclopentylidene and cyclo-
hexylidene enallenes 21l and 21m also afforded products 24l and 24m, 
respectively, in good yields. Trisubstituted allene 21o also underwent this 
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reaction cascade and gave product 24o, although with lower yield. Enallene 
substrates with functional groups, such as hydroxyl (21p) and imide (21q), 
were also transformed into highly substituted cyclobutene derivatives 24p 
and 24g in 70 % and 84 % yield, respectively. Furthermore, the reaction 
tolerated R1 to be different alkyl groups (R1 = n-butyl (21r), cyclohexyl (21s), 
or benzyl (21t)) giving moderate to good yields of cyclobutene. Under the 
standard conditions, enallene 21u (R2 = methyl) afforded a complex mixture 
and the reason for the lack of selectivity in this case is still unknown. 

4.5 Olefin-Assisted Oxidative Carbocyclization/ 
Borylation of Allene-Substituted Dienes 

 
Scheme 4.12 Attempts of formation of six-membered rings from enallenes by PdII 
under oxidative conditions.  
 
As mentioned in Chapter 1 (Scheme 1.4, 1.11 and 1.12), enallenes 16a led 
to the cyclopentenes 17a using catalytic amounts of PdII and BQ as oxidant 
4.12a). However, enallenes 16a’ and 16b’ failed to give any carbocyclization 
product under these oxidative conditions. The reason for this outcome 
could be that for enallene 16a’ or 16b’, the olefin moiety is too far away 
from the allene to give a directing effect via chelation. As a result, Int-21, 
which is crucial for further transformation, could not be generated.61 In this 
section, a solution to this problem is reported: by introducing an extra C=C 
double bond (a pendent olefin) to the substrate between allene moiety and 
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olefin moiety, the six-membered ring structure 25 could be obtained in high 
yield.  
    Intermediate Int-22 was formed via ligand exchange, followed by remote 
olefin insertion to give intermediate Int-23. In this transformation, the pen-
dent olefin acts as the assisting group for the generation of the palladium 
intermediate Int-3’, and the remote olefin works as the building block for 
carbocyclization. In addition, the middle olefin makes the Int-22 more rigid 
than the envisioned Int-21. This effect is also of importance for the for-
mation of the six-membered ring. 
 

 
Scheme 4.13 Substrate scope of PdII-catalyzed oxidative borylating carbocycliza-
tion: the reaction was conducted in DCE at rt using 62 (0.2 mmol), B2pin2 (1.3 
equiv.), and BQ (1.1 equiv.) in presence of Pd(OAc)2 (5 mol%). 
 
Under the optimal reaction conditions, (see SI of Paper VI for a detailed 
discussion on reaction conditions screening), the substrate scope for the 
formation of cyclohexene boron compounds 24 was next studied (Scheme 
4.13): substrates with dimethyl, and cyclobutylidene, cyclopentylidene and 
cyclohexylidene allenes (62a, 62b, 62c, and 62d) also gave the correspond-
ing products 24a, 24b, 24c, and 24d in good yields. An allene-substituted 
diene with a hydroxyethyl substituent on the allene (62e) was transformed 
into cyclohexene derivative 24e in 83 % yield. When R was alkyl groups, e.g. 
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n-butyl (62f) or benzyl (62g), the reaction worked equally well. It is interest-
ing to note that the allene-substituted triene 62h gave product 24h exclu-
sively in 84 % yield, suggesting that the pendant olefin between terminal 
olefin and allene is the key for the reactivity. Finally, the reaction of a dis-
symmetric allene 62i, bearing methyl and phenyl works nicely giving 24i in 
86 % yield. 
 

 
Scheme 4.14 (a) PdII-catalyzed oxidative arylating carbocyclization of allene-
substituted dienes 62a. (b) PdII-catalyzed oxidative carbonylating carbocyclization 
of allene-substituted dienes 62a. 

 
To our delight, by applying different transmetalation reagents, variants of 
this oxidative olefin-assisted carbocyclization worked well and both reac-
tions in Scheme 4.14 have a rather wide substrate scope (see Paper VI for a 
detailed discussion). 
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4.6 Olefin-Assisted Oxidative Carbocyclization/Alkoxy-
carbonylation of Bisallenes 

 

 
Scheme 4.15 Envisioned PdII-catalyzed oxidative carbonylation/carbocyclization 
pathway and observed carbocyclization/alkoxycarbonylation pathway. 
 
Based on the previous described cascade reaction of enallenes via car-
bonylation−carbocyclization−carbonylation−alkynylation (Paper IV), we 
envisioned that, when an additional allene unit was introduced, Int-24 
could be generated (Scheme 4.15). An insertion of the allene moiety of Int-
24 into the Pd-C bond and subsequent nucleophilic quenching might pro-
duce spiro-type product 64. However, we have not observed any spiro-type 
compounds; instead a seven-membered ring compound was isolated. This 
observation suggests that, in analogy with the similar to transformations 
included in Section 4.5, vinylpalladium complex Int-3’’ reacts via ligand 
exchange forming Int-25. Afterwards allene insertion in the Pd-C bond of 
Int-25 could give Int-26. As a result, a seven-membered skeleton was pro-
duced. To the best of our knowledge, this reaction is the first example on 
the formation of seven-membered carbocycles from bisallenes under oxi-
dative conditions.   
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Scheme 4.16 Investigation of different linkers in bisallenes for the PdII-catalyzed 
oxidative carbocyclization/alkoxycarbonylation cascade. [a] Yield determined by 1H 
NMR analysis using anisole as the internal standard.  
 
In Scheme 4.16, the indispensability of the pendent olefin is shown. After 
optimization of the reaction conditions (see Paper VII for a detailed discus-
sion) for bisallene 63a, the function of the olefin between two allenes has 
been investigated (Scheme 4.16). No reactivity was observed for bisallenes 
with different linkers: bisallenes 63a', 63a'', and 63a''', in which oxygen, 
nitrogen, or carbon was introduced in place of the olefin unit in 63a respec-
tively, failed to undergo such a reaction cascade, providing additional evi-
dence for the indispensability of the olefin group. 
    The substrates scope was also investigated (Scheme 4.17). When R1 is Bn, 
Me, or nBu, the reaction gave 56 % to 80 % yields. Cy-substituted bisallene 
63e gave product 25e in 80 % yield. Cyclopentylidene bisallene can be also 
employed and afforded 25f in 71 % yield, while cyclohexylidene enallene 
gave 25g in 78 % yield. Bisallenes with different functional groups were also 
examined: the reaction of bisallene 63h containing a free OH group pro-
duced seven-membered carbocycle 25h and no side product formed via 
oxypalladation62 was observed. An Imide group is also compatible with the 
reaction condition giving 25i in 65 % yield.  
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Scheme 4.16 Scope of bisallenes for the olefin-assisted palladium-catalyzed oxida-
tive carbonylative carbocyclization: the reaction was conducted at rt in DCE (1 mL) 
with 63a (0.2 mmol), MeOH (5 equiv), and BQ (1.5 equiv) in the presence of 
Pd(OAc)2 (5 mol%) and DMSO (20 mol%). 
 
Finally, when phenyl acetylene (1.5 equiv) was employed instead of metha-
nol to quench the carbonyl Pd intermediate, ynone 64 was produced in 80 % 
yield. This carbocyclization process to give seven-membered ring could also 
happen without CO and methanol (Scheme 4.17a): The direct intramolecu-
lar oxidative coupling of 63a produced elimination product 65a in 72 % 
yield (Scheme 4.17b), When two methyl groups were introduced as sub-
stituents at the terminal position, the symmetric carbocycle 65j was ob-
tained in 85 % yield (Scheme 4.17c). 

 
Scheme 4.17 other types of PdII-catalyzed carbocyclization of bisallenes. 
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4.7 Representative Mechanistic Studies of Oxidative 
Transformations of Enallenes 

 
Determination of deuterium kinetic isotope effects for the reactions sum-
marized in Paper III-VII were all carried out and some common feature 
were found: The allenylic C–H bond cleavage is the rate-determining step 
or partial rate-determining step, and in addition, formation of Int-3 from 
Int-2 is the first irreversible step. This observation is in accordance with the 
fact that relatively high energy is required to break an C(sp3)-H bond. In this 
section, the KIE study for PdII-catalyzed oxidative arylation was discussed as 
an example.  
   The competitive deuterium kinetic isotope effect (KIE) was studied from 
the reaction of a 1:1 mixture of 21g and [D6]-21g at room temperature for 
10 min (Scheme 4.18a). The product ratio 22g/[D5]-22g (ca. 31 % conv.) 
measured was 3.3:1, while the ratio of the recovered 21g and [D6]-21g was 
1:1.6. From these ratios the KIE was determined as kH/kD = 4.1.39 Further-
more, parallel experiments for determining the deuterium kinetic isotope 
effect using 21g and [D6]-21g provided an intermolecular KIE (kH/kD, from 
initial rate) value of 4.1 (for a details, see SI of Paper III). With these results 
in hand,  a conclusion could be drawed that allenylic C–H bond cleavage is 
the rate-determining step in the olefin-directed allene arylation reaction 
and that the cleavage of the C(sp3)-H bond should occur before any other 
irreversible steps.33 

 
 

Scheme 4.18 (a) competitive KIE experiments; (b) parallel KIE experiments. 
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Based on KIE experiments and the stereochemical outcome of 22, a possi-
ble mechanism for the oxidative arylation is proposed in Scheme 4.19. Co-
ordination of the olefin C=C bond and the terminal allenic C=C bond of sub-
strate 21 to the PdII center would generate chelate Int-2, followed by allene 
attack to afford vinyl Pd intermediate Int-3 involving allenylic C–H bond 
cleavage. Further, transmetallation of Int-3 with ArB(OH)2 would produce 
Int-3Ar, which on subsequent reductive elimination would lead to 22 (path 
a). However, transmetallation of the PdII species with ArB(OH)2 via Int-2Ar 
could also occur before allene attack (path b).63  

 

 
Scheme 4.19 Proposed mechanism for the olefin-directed Pd-catalyzed oxidative 
arylation of allenes. 
 
The pathway via Int-3 (path a) seems more likely than that via Int-2Ar (path 
b) considering the fact that it provides a more electron-deficient PdII for the 
nucleophilic attack by the allene unit.  
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4.8 Summary of Oxidative Transformation of Enallenes 
and Bisallenes 

 
 

 
Scheme 4.20 Key intermediates in PdII-catalyzed oxidative transformations of enal-
lenes. 
 
From the outcome of the stereochemistry and selectivity of the products 
shown in the reactions, we have summarized several facts, which might be 
useful for prediction of reactivity and the stereochemical outcome of the 
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product from a given enallene or bisallene. First, a directing group is re-
quired in this type PdII-catalyzed oxidative transformation of allenes. A sep-
arate C=C may serve as this directing group. Second, the ring size of the 
substrate-PdII chelated complex is also of importance, i.e. if the directing 
moiety is far away from allene moiey, this transformation usually failed to 
give any product. For example, with δ-allene-substituted olefin as substrate, 
the formation of the envisioned Int-21 (approximate seven-membered ring 
intermediate) is unfavored. Third, the approximate six-membered ring in-
termediate e.g. Int-29 and Int-17 is favored. In this scenario, a carbocycliza-
tion reaction would give five-membered ring Pd species (Int-8 and Int-18) 
which is also very favored. Thus, early studies on this topic within the re-
search group using γ-allene-substituted olefins always gave carbocyclized 
five-membered rings as products. 8, 9, 10 Fourth, when applying β-allene-
substituted olefins as substrate, generation of approximate five-membered 
ring vinyl-Pd intermediate e.g. Int-3 or Int-3’ is allowed. However, carbocy-
clization reaction of Int-3 will produce Int-20, a highly strained four-
membered ring intermediate. So both open chain borylated products and 
four-membered ring borylated products could be generated. In addition, 
Et3N and water can increase the rate of the carbocyclization reaction, while 
using acid as solvent would produce the open chain product only. Last but 
not least, by adding an assisting olefin (a pendent olefin) to the δ-allene-
substituted olefin, the seven-membered ring intermediate Int-22 could also 
be generated from ligand exchange of Int-3’. This pendent olefin also brings 
the terminal olefin close to the allene moiety, which is also crucial for the 
generation of Int-22. In addition, from the outcome of products from 62, 
the ligand exchange process is much faster than carbocyclization, boryla-
tion, arylation and carbonylation. 
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Scheme 4.21 PdII-catalyzed oxidative transformations of enallenes vs PdII-catalyzed 
oxidative transformations of bisallenes. 
 
For the reaction cascades of bisallenes, two interesting features were also 
discovered. As shown in Scheme 4.21b, 61 the two terminal C=C bonds of 
the allene moieties chelate PdII giving Int-30 due to a favored steric interac-
tions of the π-orbital system. Thus, the ring size of the cyclized products 
from bisallenes is larger than the ring size of their corresponding enallenes 
by one. In addition, it is interesting to note the following phenomenon: 
enallene 16 and dienallene 62 can be cyclized by PdII under the oxidative 
conditions, their corresponding bisallenes 66 and 63, whose allene is in the 
place of enallenes’ C=CH2, could also be cyclized under similar reaction 
conditions. Computational studies on the comparison should be conducted 
to gain deeper understanding of the nature of the selectivity and reactivity 
of oxidative carbocyclization reactions of allenes. 
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5 PdII -Bronsted Acid Catalyzed 
Asymmetric Oxidative Carbonylation- 
Carbocyclization of Enallenes (Paper 
VIII) 

5.1 Introduction 
In the previous chapter, we have described an efficient PdII-catalyzed oxida-
tive carbonylation-carbocyclization-carbonylation-alkynylation of enallenes 
21 (Paper IV). This cascade process exhibits an exclusive chemo- and regi-
oselectivity under rather mild conditions. As shown in Scheme 4.7, Int-3 
and Int-17 are achiral while Int-18 and its following intermediates and the 
final product bear a stereocenter. Therefore, we envisioned that by adding 
chiral anions, the carbocyclization step converting Int-17* into Int-18* 
could occurs giving a potential asymmetric transformation. Inspired by pre-
vious enantioselective protocols,10 we set out to develop the asymmetric 
variants of PdII-catalyzed oxidative cascade process.  

 

 
Scheme 5.1 Envisioned asymmetric carbonylation/carbocyclization. 

 
The construction of chirality at the α-position of a carbonyl is an important 
task in synthetic chemistry, since several natural products and bio-active 
compounds have this substructure. A common method to achieve this goal 
is to use a chiral auxiliary as the asymmetric source (Scheme 5.2).64         
Although a lot of attention has been paid to develop this type of reaction, 
several intrinsic drawbacks still cannot be overcome. Firstly, an attachment 
point of the chiral auxiliary is needed and additional step(s) to cleave auxil-
iary is required. Secondly, the carbonyl group need to be installed first, then 
substituents at the α-position could be added asymmetrically in several 
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steps. To construct a carbonyl group with chirality at the α-position in one-
pot using asymmetric catalysis will be highly desirable.  
 

 

Scheme 5.2 Chiral auxiliary as the asymmetric source to construct chirality at the α-
position carbonyl. 
 
However, reports on successful asymmetric carbonylative transformations 
under oxidative conditions are rare. 65,66 Attempt to develop an asymmetric 
carbonylative bicyclization was made by using aminoalcohols as starting 
material.66 However, only low yield with moderate er (83: 17) was achieved 
(Scheme 5.3). 
 

 

Scheme 5.3 Previous research on oxidative asymmetric carbonylation.66 

5.2 Results and Discussion 
Inspired by our previous research on a multidentate ligand-free oxidative 
asymmetric transformation (i.e. PdII/Brønsted acid co-catalysis, see Scheme 
1.5) developed within our research group recently,10 we carried out a study 
on enantioselective oxidative carbonylation/carbocyclization insertion cas-
cades.   
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Scheme 5.4 Initial test for oxidative asymmetric carbonylative insertion cascade. 

 
Based on the optimal reaction conditions for this type of CO cascade inser-
tion reaction enclosed in chapter IV, initial asymmetric coupling reactions 
was carried out with BINOL type chiral anion donor 73a. Enallene 21m was 
treated with alkyne 61a (1.5 equiv), BQ (1.1 equiv), Pd(TFA)2 and chiral acid 
73a in toluene at room temperature under 1 atm of CO. The desired optical-
ly enriched carbocycle 23ma was formed in good yield with 48:52 er 
(Scheme 5.4). By changing the Pd source to Pd(OAc)2 and running the reac-
tion at 0 °C, the er of the product reached 33:67 with a 78 % NMR yield. It is 
interesting to note that this transformation catalyzed by Pd(OAc)2 without 
the chiral anion only gave 23ma with 43 % yield. This phenomenon suggests 
that the pKb value of the anion will affect the yield dramatically.  
    We next screened a number of chiral PAs and phosphoramides. Chiral 
anions with a BINOL skeleton, which was the superior co-catalyst in a previ-
ous asymmetric carbonylation study,67 showed rather poor enantioselectivi-
ty for this cascade insertion reaction. Among all chiral acids included in Ta-
ble 5.1, (R)-3,3’-di(3,5-tButyl phenyl)-substituted BINOL 73c phosphoric acid 
gave the best er (29.5:70.5) with a 63 % NMR yield. Surprisingly, the domi-
nating enantiomer of 23ma from different (R)-BINOL (Table 5.1) can be var-
ied. 
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Table 5.1 Screening of different (R)-BINOL phosphoric acids.[a] 

 

 
 

Entry Chiral anion Reaction time 
/[h] 

NMR yield of 21ma[b] 
/[%] 

er of 21ma[c] 

1 73a 24 78 33:67 

2 73b 24 65 44.5:55.5 

3 73aa 22 74 53.5:46.5 

4 73ab 22 72 48.5:51.5 

5 73ac 20 72 48.5:51.5 

6 73c 24 63 29.5:70.5 

7 73ad 18 52 32:68 

8 73ae 18 69 40.5:59.5 

9 73af 20 65 55.5:44.5 

10 73ag 22 55 30.5:69.5 

11 73ah 22 62 40:60 

12 73ai 24 84 48.5:51.5 

13 73aj 24 78 42:58 

14 73ak 24 75 41:59 

15 73al 24 74 50:50 
[a] Pd(OAc)2 was stirred together with chiral acid for 5 min at 50 °C first in 0.5 mL of 
toluene (not dried), then the reactions were run on a 0.1 mmol scale in 1 mL of 
toluene under 1 atm of CO at 0 °C. The enallene was added to a mixture of 
Pd(OAc)2 and chiral acid, and then BQ and alkyne were added. The reaction was 
run for the indicated time. [b] Yields were determined by 1H NMR analysis of the 
crude reaction mixture using anisole as the internal standard. [c] Determined by 
chiral HPLC. When the size of early enantiomer peak is larger than late enantiomer 
peak, er is small number: big number. 
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Table 5.2 Screening of different (S)-biphenyl based phosphoric acids.[a] 
 

 

Entry Chiral anion Reaction time 
/[h] 

NMR yield of 23ma[b] 

/[%] 
er of 21ma[c] 

1 73d 40  69 43.5:56.5 
2 73e 24  67 41.5:58.5 

3 73f 24  76 71:29 

4 73fa 24  77 57.5:42.5 

5 73fb 24  70 53.5:46.5 

6 73g 24  68 78:22 

7 73h 24  22 54:46 

8 73i 24  73 88:12[d] 

9 73j 24  81 56:44 

[a] Pd(OAc)2 was stirred together with chiral acid for 5 min at 50 °C first in 0.5 mL of 
toluene (not dried), then the reactions were run on a 0.1 mmol scale in 1 mL of 
toluene under 1 atm of CO at 0 °C. The enallene was added to a mixture of 
Pd(OAc)2 and chiral acid, and then BQ and alkyne were added. The reaction was 
run for the indicated time. [b] Yields were determined by 1H NMR analysis of crude 
reaction mixture using anisole as the internal standard. [c] Determined by chiral 
HPLC. When the size of the early enantiomer peak is larger than that of the late 
enantiomer peak, er is a small number: big number. [d] Commercially available 
VAPOL phosphoric acid from Sigma-Aldrich gave a slightly lower ee than the home 
made one (about 1-2 % lower), probably due to the difference in purity. 
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We further studied chiral phosphates with biphenol skeleton, which had 
shown good to excellent enantioselectivity in the previous earlier men-
tioned carbocyclization studies.10 However, comparing with results of PAs 
with BINOL skeleton in Table 5.1, no significant improvement in the ee was 
observed. For this group of chiral acids, phosphoric acid 73f was found as 
the most efficient co-catalyst giving 76 % yield with 71:29 er.  

Anions with other skeletons were next examined. Chiral phosphoric acid 
73g with VANOL,68 a type of vaulted biaryl, backbones gave an er of 78:22 
under the same reaction conditions. To our delight, one more fused ben-
zene ring (Table 5.2, entry 8, VAPOL scaffold phosphoric acid 73i) increased 
the er further to 88:12 with 73 % NMR yield. A phenyl substitution on VA-
NOL on the other hand lowered the er to 54:46 with a slow reaction rate 
(Table 5.2, entry 7, chiral acid 73h). VAPOL Phosphoramide 73w was also 
tested, and the cascade reaction gave a yield of 81 % but the er dramatically 
dropped to 56:44. 

With the screening result of chiral anions in hand, we next optimized the 
reaction conditions. Anhydrous chlorobenzene was found to be the best 
solvent, which afforded 83 % yield of 23ma (Table 5.3, entry 10) with an er 
92.5:7.5. Solvents, which were not dried, gave lower er (Table 5.3, entry 4 vs 
8). The reaction conditions was further screened and we found that higher 
catalyst loading does not give a significant improvement the yield and er. 
Gratifyingly, adding molecular sieve and using pre-made PdII-VAPOL phos-
phate complex69 as Pd source further increased the er of 23ma to 95:5 (Ta-
ble 5.3, entry 13). 
 
  



 

60 
 

Table 5.3 Screening of reaction conditions. 
  

 

Entry Solvent 
Reaction 
time/[h] 

Tempera-
ture/[°C]  

NMR yield of 
23ma[b]/[%] 

er of 
23ma[c] 

1[a] DCM 18  0  37 80:20 
2[a] THF 18  0 40 81:19 

3[a] 
Toluene+ 

DMSO 24  0  72 87:13 
4[a] Toluene 24  0  73 88:12 
5[a] dioxane 24  rt 33 75:25 
6[a] m-xylene 24  0  31 82:18 
7[a] F-Ph 24  0  46 87:13 

8[a,d] Toluene 24  0  84 91.5:8.5 
9[a,d] Toluene 24  rt 82 86.5:13.5 

10[a,d] Cl-Ph 24  0  83 92.5:7.5 
11[a,d] p-xylene 24  rt 73 91:9 
12[d,e] Cl-Ph 24  0  81 94:6 
13[d,e,f] Cl-Ph 24  0  82 95:5 

[a] Pd(OAc)2 was stirred together with chiral acid for 5 min at 50 °C, first in 0.5 mL 
of indicated solvent, then the reactions were run on a 0.1 mmol scale in 1 mL of 
the indicated solvent under 1 atm of CO. The enallene was added to a mixture of 
Pd(OAc)2 and chiral acid, and then BQ and alkyne was added. The reaction was run 
at for the indicated time.  [b] Yields were determined by 1H NMR analysis of crude 
reaction mixture using anisole as the internal standard. [c] Determined by the chi-
ral HPLC. [d] Dry solvent was used instead. [e] PdII-VAPOL phosphate complex was 
used instead. [f] CO balloon was filled though a drying tube. 6 mg Fresh activated 
4Å molecular sieves was added. 
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Table 5.4 Scope of Terminal Alkynes. 

 

Entry R Product 
Reaction 
time/[h] 

yield of 
23m/[%] 

er of 23m[b] 

1 Ph 23ma 24  82 95:5 
2 4-MeOC6H4 23mb 24  76 95:5 

3 2-MeOC6H4 23mc 24  81 92.5:7.5 

4 4-FC6H4 23md 24  48 91:9 

6 4-ClC6H4 23me 24  75 93.5:6.5 

7 4-BrC6H4 23mf 24  71 95.5:4.5 

8 4-MeC6H4 23mg 24  74 95:5 

9 4-CF3C6H4 23mh 24  79 95:5 

10 3-chloropropyl 23mi 24  66 92:8 

11 2-thiophenyl 23mj 24  64 91:9 

12 3-thiophenyl 23mk 24  69 93.5:6.5 

13 cinnarmyl 23ml 24  73 93.5:6.5 
14 TMS 23mm 60  5[c] 56.5:43.5 

[a] CO was filled into a balloon through a drying tube with CaCl2. In a flame dried 
microwave reaction vial (5 ml), PdII-VAPOL phosphate complex Pd-(R)-73i (6.8 mg, 
0.005 mmol), 6 mg 4Å molecular sieve, BQ (0.11 mmol), 21m (0.1 mmol) and acety-
lene 61 (15.3 mg, 0.15 mmol) was added sequentially under an Ar flow. The tube 
was closed with a septum. The tube was evacuated and filled with carbon monox-
ide gas using a balloon for three times. The reaction was stirred at 0 °C (maintained 
by external cooler) for 24 h. [b] Determined by chiral HPLC.  [c] Yields were deter-
mined by 1H NMR analysis of the crude reaction mixture using anisole as the inter-
nal standard. 

With these improved reaction conditions in hand, the scope of terminal 
alkynes 61 was investigated with enallene 21m (Table 5.4). Firstly, several 
substituted phenylacetylenes were examined: the analogues substituted 
with p-MeO, o-MeO, p-Me, p-F, p-Cl, p-Br and p-CF3 groups all reacted 
smoothly and afforded the corresponding products 23ma – 23mm in good 
yields with good to excellent er (up to 95.5:4.5). The asymmetric reaction 
tolerates heteroaryl acetylenes and aliphatic acetylene. TMS and cyclopen-
tyl acetylenes gave slow reactions under the optimal conditions with low er. 
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On the basis of these observations, a racemization pathway was proposed 
that can account for the lower enantioselectivity of the product. Also, a 
side product from the proposed intermediate was also isolated.70 
    After having established the scope of alkynes, we continued to investi-
gate the substrate scope of the enallenes. Using 2,3-allenoate 21e instead 
of 3,4-allenoate 21m as starting material resulted in a lower enantioselec-
tivity and yield.  By changing the terminal cyclohexylidene on 21e into two 
methyl groups (21g), a decrease of enantioseletivity was observed (23g). 
The ring size was further studied and we found that all derivatives reacted 
smoothly but with a slightly lower er (23l, 23o, 23p). A methyl substituent 
on the olefin moiety lowered the er of the product (23q). In addition, oxy-
gen- and sulphur- containing substituents were found to be compatible 
with the reaction conditions giving good enantioselectivity and good yields 
(23r and 23s).    
 

 

Scheme 5.5 Scope of enallenes for PdII-catalyzed oxidative CO insertion cascade. 
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5.3 Mechanistic Proposal 

 
Scheme 5.6 Proposed mechanism for PdII-catalyzed asymmetric CO insertion cas-
cade reaction. 

 
On the basis of the successful asymmetric CO insertion, we suggest a 
mechanism shown in Scheme 5.6. The insertion cascade starts with coordi-
nation of enallene to PdII giving intermediate Int-2m. Int-3m generated 
from allene attack on PdII undergoes a CO insertion to give a pair of dia-
stereomers of intermediates Int-17m. Subsequent migratory insertion of 
the olefin into the carbonyl-PdII bond produces the carbocycle Int-18m with 
asymmetric carbon. Carbonylation and transmetallaiton of Int-18 gives Int-
28m. A subsequent reductive elimination from Int-28m releases produces 
product 23m. Pd0 is subsequently re-oxidized by BQ into PdII and the cata-
lytic cycle is closed. 
    When the transmetallation step is slow (e.g. when R = TMS), Int-18m 
could go to Int-27m through β-hydride elimination. If this process is re-
versible, a racemization of Int-18m would occur.  
    From the reaction conditions screening, it is obvious that the er is sensi-
tive to achiral anions that can coordinate to palladium. The reaction in wet 
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solvent always gives a lower er and yield. We argued that OH- of water may 
attack the carbonyl of Int-28m and in this way carboxylic acids 75 could be 
generated. As we can see from Table 5.3, removing HOAc from the reaction 
mixture improved the er of 23ma. One can speculate that carboxylic acid 
would lead to a diminished er of product 23. As a result, addition of mo-
lecular sieve can make the reaction more reproducible.  

5.4 Conclusion 
 
 
In conclusion, we have developed a PdII/chiral anion-catalyzed asymmetric 
oxidative carbonylation-carbocyclization-carbonylation-alkylation. This pro-
cess is highly efficient in term of enantioselectivity and chemoselectivity. 
Vaulted biaryl-type chiral phosphate anions served as co-catalyst for this 
transformation. Through this method, a number of optically enriched car-
bocycles could be obtained in good yield with good to high enantioselectivi-
ty. More importantly, this work provides a new possibility to construct chi-
rality at the α-position of ketones. Further studies on application of this 
strategy to other PdII-catalyzed oxidative transformations of unsaturated 
system are currently under way in our laboratory. 
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6 Summary and Outlook 

In the first part of the thesis, a detailed discussion on CALB-catalyzed enzy-
matic hydrolysis and formation of δ-functionalized alkan-2-acetates was 
given. A deeper insight into the mechanism of enzyme-substrate recogni-
tion was gained. In the reactions included in Chapter 2, enantioselectivity 
may be high in hydrolysis of an ester but low in transesterification in dry 
organic solvent. Changing from an anhydrous solvent to water or water-
containing organic solvent could enhance the enantioselectivity. The effect 
of water was also confirmed by a lipase mutant suggesting that the water 
molecule mentioned above can be partly mimicked. There is an increased 
demand of efficient and accurate computational predictions of a given en-
zymatic reaction. In this aspect, the effect by the water molecule might be 
proven useful.  
    In the third chapter, we have developed an efficient KR of allenic alcohols 
21. With the aid of this KR reaction, a novel synthesis of optically pure 2-
substituted 2,3-dihydrofurans from readily available allenic alcohols 21 via 
a Ru-catalyzed cycloisomerization was developed. The chiral dihydrofuran 
products were further transformed into a useful total synthesis precursor 
55 with three chiral centers (Scheme 3.4). Further studies of these types of 
reactions with other metal catalysts are currently under way in our re-
search group. In addition, it is interesting to study metal-catalyzed racemi-
zation of chiral allenols, which could have asymmetric carbons or chiral 
axes. 
    In the fourth chapter, we reported a class of reactions involving C–H 
bond cleavage under mild reaction conditions: PdII-catalyzed oxidative 
transformation of enallenes. These reactions are particularly attractive 
since a number of novel structures were achieved and the starting materi-
als are readily accessible. The directing effect of unsaturated hydrocarbons 
is the key of these transformations. A study on using external nucleophiles 
to attack the PdII-enallene complex under oxidative conditions is currently 
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ongoing, which might open up new pathway to achieve complicated struc-
tures from readily available enallenes.  
    In the fifth chapter, we advanced the carbonylative insertion reaction 
discussed in chapter four into an asymmetric version. By using this meth-
odology, a number of carbocycles with good to excellent er was achieved.  
Our strategy has been applied to an oxidative CO insertion reaction of enal-
lenols involving carbonylation, carbocyclization and alkoxycarbonylation 
but up to now only moderate ee of product of these ester products has 
been obtained. 
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Appendix A: Contribution list 

The author’s contribution to publications I-VIII: 

I. Synthesis of the substrates, preparing the enzyme mutant and 
preforming enzymatic kinetic resolution evaluations. Major writ-
ing of the manuscript and preparing the supporting information. 
 

II. Major contribution on substrate synthesis, half contribution on 
substrate scope studies. Major contribution on mechanistic 
studies. Major writing of the manuscript and preparing the sup-
porting information. 

 
III. Minor contribution on substrate synthesis and substrate scope 

study. Major contribution on product characterization and 
mechanistic studies. Minor contribution on preparing the sup-
porting information. 
  

IV. Minor contribution on substrate synthesis, reaction conditions 
optimization and substrate scope studies. Major contribution on 
mechanistic study. Minor contribution on manuscript and the 
supporting information. 

 
V. Minor contribution on substrate synthesis and substrate scope 

studies. Half contribution on product characterization and major 
contribution on mechanistic study. Minor contribution on manu-
script and the supporting information. 

 
VI. Minor contribution on substrate synthesis and substrate scope 

studies. Major contribution on the preliminary asymmetric 
transformation. Major contribution on product characterization 
and mechanistic studies. Minor contribution on manuscript and 
the supporting information. 
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VII. Major contribution on optimization of reaction conditions. Half 
contribution on substrate scope studies, Minor contribution on 
substrate synthesis. Major contribution on product characteriza-
tion and mechanistic studies. Minor on preparing manuscript 
and half contribution on supporting information. 
 

VIII. Synthesis of the substrates, major contribution on optimization 
of reaction conditions substrate scope studies. Minor contribu-
tion on chiral acids synthesis. Major contribution on product 
characterization. Major contribution on preparing manuscript 
and the supporting information. 
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