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intermediates, previously achievable by the directing effect of unsaturated hydrocarbon groups. A broad range of
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Abstract 

Palladium(ΙΙ)-catalyzed carbon-carbon and carbon-heteroatom bond for-

mation via selective C–H bond oxidation constitutes a step-economical and 

versatile approach towards complex target molecules. This thesis focuses on 

the development of new selective palladium(ΙΙ)-catalyzed transformations of 

allenes under oxidative conditions catalyzed by either homogenous or hetero-

geneous palladium(ΙΙ) catalysts. 

The first part of this thesis describes carbocyclization-borylation of bisal-

lenes, alkynylation of enallenes and preparation of [3]dendralenes from read-

ily available allene starting materials. These homogenous palladium(ΙΙ)-cata-

lyzed transformations involve selective allenic C–H cleavage under oxidative 

conditions. The aforementioned reactions can be carried out under aerobic bi-

omimetic conditions by using electron transfer mediators (ETMs) and oxygen 

gas as the stoichiometric oxidant. 

The second part deals with highly diastereoselective palladium-catalyzed 

oxidative carbocyclization reactions of enallenes assisted by weakly coordi-

nating functional groups, such as hydroxyl or sulfonamide groups. It was 

demonstrated, that this weak coordination is sufficient to trigger the allene 

attack on the metal center enabling formation of (vinyl)Pd(II) intermediates, 

previously achievable by the directing effect of unsaturated hydrocarbon 

groups. A broad range of borylated cyclohexenol derivatives, as well as cis-

fused [5,5] bicyclic γ-lactones and γ-lactams were obtained with superb dia-

stereoselectivity via palladium(ΙΙ)-catalyzed carbocyclization-functionaliza-

tion reactions of enallenols.  

The final part of the thesis describes applications of the heterogenous cata-

lyst Pd-AmP-MCF in oxidation reactions of allenes. Chemodivergent oxida-

tive cascade reactions of enallenols were realized by switching between het-

erogeneous (Pd-AmP-MCF) and homogeneous (Pd(OAc)2) palladium cata-

lysts. In separate cases, the heterogeneous catalyst Pd-AmP-MCF showed im-

proved performance over its homogeneous counterpart, accompanied by high 

recyclability and no detectable metal leaching. Synthetically important cyclic 

skeletons such as cyclobutenols, furanes, oxaboroles, and fused γ-lac-

tones/lactams were obtained via borylative or carbonylative carbocyclization 

reactions of enallenols in high yields and with excellent stereoselectivity. 
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Populärvetenskaplig sammanfattning 

Katalys är en term som beskriver en process i vilken hastigheten av en reaktion 

påskyndas av en substans (katalysatorn) utan att den senare konsumeras i reakt-

ionen. Katalys har fått stor användning i kemisk industri t ex vid framställning av 

finkemikalier och läkemedel. Katalys kan delas in i två huvudgrupper – homogen 

och heterogen katalys. I homogen katalys är katalysatorn i samma fas som reak-

tanterna (de ämnen som reagerar). I heterogen katalys är katalysatorn i en annan 

fas än reaktanterna.  Palladiumkatalysatorer kan katalysera unika transformat-

ioner som inte kan åstadkommas med klassisk organisk kemi, och i många fall 

kan palladium-katalyserade reaktioner ske under mycket milda betingelser. Alle-

ner är organiska föreningar som kännetecknas av att de har två kol-koldubbel-

bindningar i följd. Den här avhandlingen fokuserar på utveckling av nya selektiva 

palladium-katalyserade transformationer av allener under oxidativa betingelser, 

katalyserade av antingen homogena eller heterogena palladiumkatalysatorer. 

Den första delen av avhandlingen beskriver framställning av cykliska och icke-

cykliska omättade föreningar från lättillgängliga startmaterial. Med användning 

av homogena palladium-katalyserade oxidationsreaktioner kunde en rad intres-

santa målmolekyler selektivt framställas.   De tidigare nämnda reaktionerna kan 

utföras under aeroba biomimetiska betingelser genom användning av elektron-

transfermediatorer (jmf. andningskedjan i naturen) och syrgas som stökiometriskt 

oxidationsmedel. 

Den andra delen handlar om syntes av mycket användbara mono- och poly-

cykliska föreningar från allener genom användning av homogen palladiumkata-

lys. Vi upptäckte att naturligt förekommande funktionella grupper, såsom en hyd-

roxylgrupp, i substratet kan underlätta bildning av dessa föreningar med hög ste-

reoselektivitet. 

Den sista delen av avhandlingen beskriver applikationer av heterogena kataly-

satorer, Pd-AmP-MCF, i oxidationsreaktioner av allener. Selektiva oxidativa kas-

kadreaktioner av enallenoler kunde genomföras genom att byta mellan heterogen 

(Pd-AmP-MCF) och homogen (Pd(OAc)2) palladiumkatalysator. I olika försök 

visade den heterogena katalysatorn, Pd-AmP-MCF, en bättre prestanda jämfört 

med den motsvarande homogena katalysatorn och den kunde återanvändas ett an-

tal gånger utan att palladium läckte ut i lösningen. Syntetiskt viktiga cykliska för-

eningar såsom cyklobutenol, furaner, oxaboroler, och fusionerade γ-laktoner/γ-

laktamer erhölls i högt utbyte och med utmärkt stereoselektivitet.  
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1. Introduction 

1.1. Catalysis  

It was the Swedish scientist J. J. Berzelius, who introduced the term “ca-

talysis” in the year of 1836.2 Some 60 years later, the Baltic German chemist 

F. W. Ostwald uncovered the kinetic nature of this phenomenon (Nobel Prize 

in Chemistry in 1909).3 In general terms, catalysis is the increase of the rate 

of a chemical reaction caused by an addition of an additive (the catalyst) that 

is not consumed during the reaction process. The catalyst opens up a reaction 

pathway between starting materials and products with a lower activation en-

ergy barrier than the related uncatalyzed process (Figure 1.1).4 There are mul-

tiple fundamental parameters in a chemical reaction that can be influenced by 

selecting an appropriate catalyst, such as the energy consumption, selectivity, 

and atom economy. Among the principles of “Green Chemistry”,5 the ninth, 

focuses on the use of catalysis and plays a crucial role in assuring Nature’s 

sustainability by minimizing the environmental footprint of the chemical in-

dustry.  

 

Figure 1.1. Potential energy diagram of catalyzed and non-catalyzed reactions. 

 

Currently, approximately 80% - 90% of all industrial chemical processes 

involve the use of catalysts.6 Hence, the development of new efficient catalytic 

processes can be clearly envisioned as means of preserving the Nature’s re-

sources. In academic research, catalysis can be considered a cross-disciplinary 
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topic, which involves multiple disciplines including materials science, organic 

chemistry, biochemistry, crystallography and theoretical chemistry.  

Catalysis is commonly branched into three main subfields, namely, homo-

geneous, heterogeneous and biocatalysis. The areas of homogeneous and het-

erogeneous catalysis are distinguished from each other depending on whether 

or not the catalyst and reactants are present in the same phase and can be fur-

ther classified by the type of the catalyst (i.e., Lewis-acid/base catalysis, or-

ganocatalysis or transition metal catalysis).7 

1.2. Transition Metal Catalysis 

Transition metal-catalysis is presently among the most vibrant areas of 

chemical research.8 A key property of transition metals is that they have, or 

can give rise to, electronic configurations containing unfilled or partially filled 

d orbitals. This allows transition metals to either donate or accept electrons, 

activating the substrate molecules by means of particular elementary steps 

such as coordination, ligand exchange, insertion, elimination, etc.  

The use of homogeneous late transition metal catalysts has caused a revolu-

tionary change in the field of organic chemistry over the past century.9 Prom-

inent examples of well-established late transition metal-catalyzed processes 

include asymmetric hydrogenation reactions catalyzed by Ir,10 Rh11 and Ru12 

catalysts, asymmetric dihydroxylation and epoxidation reactions catalyzed by 

Os and Ti complexes,13 olefin metathesis reactions catalyzed by Mo, W and 

Ru catalysts,14 Pt catalyzed hydrosilylation of olefins15 and numerous Pd-cat-

alyzed cross-couplings.16 

Transition metal-catalyzed reactions are the basis of many modern indus-

trial processes.17 Millions of tons of bulk and fine chemicals are produced an-

nually by means of transition metal-catalyzed reactions (Scheme 1.1), includ-

ing hydroformylation (a),18 hydrogenation (b),19 carbonylation (c),20 and the 

Wacker oxidation of ethylene (d).21,22 

 

Scheme 1.1. Some industrially-relevant transition metal-catalyzed transformations. 
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The role of transition metal catalysis in fine chemical and pharmaceutical 

production continues to grow, thus the need for development of new highly 

efficient catalytic transformations is a never-ending challenge in organic 

chemistry. 

1.3. Palladium Catalysis 

Palladium can be considered as one of the most versatile metals commonly 

used in synthetic organic chemistry. Early reports by Kolbe23 and Saytzeff24 on 

hydrogenation of olefins in the presence of hydrogen and palladium metal are 

known to be the first examples of Pd-catalyzed processes. The discovery of 

the Wacker-process in 1959 (Scheme 1.1d) is considered as a significant mile-

stone in the development of Pd catalysis,21 since it sparked an intense research 

in this field in the following decades. Reactions that involve C–C bond for-

mation are of particular importance to synthetic organic chemists, since they 

can be used to establish the intricate connectivity, and thus give straightfor-

ward access to valuable natural and synthetic molecules. Some examples in-

clude the presently well-established Heck,25 Negishi,26 Suzuki,27 Stille,28 Ku-

mada29 and Buchwald-Hartwig30 cross-coupling reactions as well as the Tsuji-

Trost allylation31 (Scheme 1.2). As a recognition of the great significance of 

the cross-coupling reactions Richard F. Heck, Ei-ichi Negishi and Akira Su-

zuki were jointly awarded the Nobel Prize in Chemistry "for palladium-cata-

lyzed cross couplings in organic synthesis" in 2010.32  

 

Scheme 1.2. Some well-established Pd(0)-catalyzed cross-coupling reactions. 
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Since then Pd-catalyzed reactions have become indispensable tools for the 

preparation of valuable agrochemicals, polymers and pharmaceuticals and 

have also been applied in a myriad of complex natural product syntheses.33 

This wide-ranging application scope is partly due to the unique ability of pal-

ladium to participate in catalytic transformations, as well as its high functional 

group tolerance. Nearly every area of organic synthesis has been impacted by 

this versatile transition metal, which has fundamentally changed retrosyn-

thetic analysis.8,15b,16b Domino catalysis, which involves multiple bond trans-

formations combined under the same reaction conditions (where a later trans-

formation builds on a former without the isolation of intermediates or the ad-

dition of reagents or catalysts)34 serves as a powerful extension of the Pd-cat-

alyzed cross-coupling. 

1.3.1. Palladium(II)-catalyzed oxidative C–H functionalization 

Canonical reactions in organic chemistry typically rely on the high reactiv-

ity of functional groups (compared to the C–H bond) in order to introduce new 

functionality into target molecules. In certain cases, the accessibility of spe-

cific functional groups at particular carbon centers may be restricted or the 

installation of such groups would require several synthetic steps, that would 

decrease both the step and the atom economy of the overall process. In con-

trast, direct C–H bond functionalization allows for the formation of the desired 

functional group in a single step with H+ being the sole by-product.35 

Pd(II)-catalyzed C–H functionalization reactions have been extensively 

studied over the past several decades,36 since the pioneering work on Pd(II)-

catalyzed oxidative cross-coupling of arenes with olefins by Fujiwara and 

Moritani in the late 1960s (Scheme 1.3).37 This transformation involves sev-

eral fundamental organometallic reactions (so-called elementary steps, e. g., 

transmetallation, migratory insertion, reductive elimination, etc.). Catalytic 

variants of this reaction generally require an external oxidant in stoichiometric 

amount. Selective reoxidation of Pd(0) to Pd(II) in the presence of the sub-

strate and reagents constitutes an additional challenge for the development of 

novel Pd(II) methodology.38 
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Scheme 1.3. Mechanism of Pd(II)-catalyzed Fujiwara-Moritani reaction. 

 

Allylic C–H oxidation reactions constitute another type of the Pd(II)-cata-

lyzed C–C bond forming reactions. The reaction was first disclosed by Trost 

in 1973.30a Early studies on C–H oxidation of cyclic alkenes by the groups of 

Åkermark39 and Bäckvall40 revealed that the reaction proceeds similarly via a 

(π-allyl)palladium intermediate. More recent studies by the groups of White,41 

Stahl,42 Shi43 and others44 constitute important contribution to Pd(II)-catalyzed 

allylic C–H oxidation of non-cyclic olefins (Scheme 1.4). 

 

Scheme 1.4. Pd(II)-catalyzed allylic C–H oxidation by White41 and Stahl.42a 

 

Efficient methods for selective functionalization of C(sp3)-H bonds via Pd-

catalyzed C–H oxidation have been developed in recent years by the groups 

of Yu,45 Sanford,46 Daugulis47 and others.48 The poor reactivity of alkane C–H 
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bonds can be attributed to their high bond dissociation energies (typically 90-

100 kcal/mol)49 and low acidity (estimated pKa = 45-60).50 The relative abun-

dance of these bonds in target molecules introduces additional challenges in 

terms of selectivity. Alkanes do not possess π-electrons enabling substrate-

metal pre-coordination, that would lower the energy barrier for the C–H acti-

vation step. The use of Lewis basic directing groups is a general approach to 

alleviate these difficulties and enable efficient and selective oxidation of 

C(sp3)-H bonds by palladium(II) catalysis.51 An example of selective Pd(II)-

catalyzed carbonylation of C(sp3)-H bonds was recently reported by Yu and 

co-workers (Scheme 1.5).52 The use of N-perfluoroaryl amide directing group 

enabled efficient formation of succinimides 23 in the presence of Pd(OAc)2 as 

the catalyst and AgOAc as the oxidant. The use of transient directing groups, 

that can reversibly convert weakly coordinating functional groups into strong 

directing groups for selective C–H bond functionalization reactions, has 

gained a considerable attention in recent years.53 

 

Scheme 1.5. Pd(II)-catalyzed carbonylation via C(sp3)−H bond activation by Yu.51 

 

Thus far the majority of literature reports on Pd catalysis involve the use of 

either Pd(0) or Pd(II) catalysts (d10 and d8 electronic configurations, respec-

tively) taking advantage of the robust Pd(0)/Pd(II) catalytic cycles. In the past 

decade, catalytic cycles involving Pd(II)/Pd(IV),54 and Pd(I)/Pd(III)55 redox 

manifolds have gained considerable attention. Some advantages of these high-

valent Pd catalytic cycles, in general terms, include more facile reductive 

elimination and less likely formation of catalytically inactive Pd metal (Pd-

black) during the reaction. 

1.3.2. Pd(II)-catalyzed oxidation of allenes 

For a long time after their structure was first proposed by Van’t Hoff in 

1875,56 allenes were regarded by organic chemists mostly as structural curios-

ities.57 This was due to a common prejudice, that allenes (and cumulated sys-

tems in general) were highly unstable structures. The first reported synthesis 

of allene (glutinic acid) was attempted by Burton and Pechmann in 1887.58 

The structure of glutinic acid was later confirmed by Jones and co-workers in 

1954.59 The first report on the synthesis of an optically active (axial chirality) 

allene by Maitland and Mills dates back to 1935.60 Numerous allene-contain-

ing molecules are naturally occurring in biological systems. Insect pheromone 

methyl (R,E)-(–)-tetradeca-2,4,5-trienoate61 (24) and carbohydrate derivative 
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Icariside B1
62 (25) are two examples of more than 150 natural products com-

prising allene structural motif (Figure 1.2).57b A number of these naturally oc-

curring allenes have interesting biological activities. Thus, there have been 

numerous attempts made to incorporate allene moieties into the molecules of 

drug candidates in order to tune their pharmacological properties.63 Enprostil 

(26)64 is an example of a commercially available pharmacologically active al-

lene motif-containing product, that was found to have strong inhibitory activ-

ity against gastric acid secretion in humans.65 

 

Figure 1.2. Examples of natural products and a drug, containing allene motif. 

 

The past several decades have witnessed a growing interest in use of allenes 

as building blocks for a variety of synthetic applications.66 To date a large 

number of preparatively useful methodologies to incorporate allene moiety 

into target molecules have been developed.67 When compared to simple al-

kenes, allenes are likewise known to participate in various ionic/radical addi-

tion reactions,68 cycloadditions,69 as well as cyclization70 and oxidation reac-

tions.71 In the case of Pd(II) catalysis, allenes generally exert higher reactivity 

and various distinctive reactivity modes, that introduces multiple challenges 

in terms of control of chemo-, regio-, and stereoselectivity. The general reac-

tivity trends of allenes in the presence of Pd(II) are depicted in Scheme 1.6.72 

In transformations where Pd(II) aryls or hydrides (R3= Ar or H, respectively) 

are involved in the absence of external or internal nucleophile, the palladium 

species typically adds to one of the terminal positions of the allene (pathway 

A), forming a (π-allyl)palladium complex (int-1.2). The syn,syn (π-allyl)pal-

ladium complex int-1.2 is commonly the most stable isomer, but it is in equi-

librium with the other three possible π-allyl complexes.73 Intermediate int-1.2 

is susceptible to transmetallation or attack by a nucleophile.74  
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Scheme 1.6. Common mechanistic pathways in Pd(II)-catalyzed transformations of 

allenes. 

 

Another mechanistic route involves the formation of (vinyl)palladium 

complex int-1.2’ via nucleopalladation (pathway B).71 Pd(II) complex int-1.2’ 

can further undergo various transformations (e.g., direct reductive elimina-

tion/transmetallation/protodemetallation or migratory insertion). Examples 

demonstrating these two distinctive reactivity modes of allenes in the presence 

of a Pd(II) catalyst, include Pd(II)-catalyzed annulation of N-benzyltriflimides 

with allenes recently reported by Mascareñas and Gulías75 (Scheme 1.7a), as 

well as Pd(II)-catalyzed coupling/cyclization of 2,3-allenoic acids with allylic 

halides developed by Ma’s group76 (Scheme 1.7b).  

 

Scheme 1.7. Examples of Pd(II)-catalyzed oxidative transformations of allenes. 

 

Allene substrates bearing a suitable leaving group in the allenic position 

(on the α-carbon with respect to the allene moiety) are known to react with 

Pd(0) complexes forming (π-allyl)palladium intermediates (i.e., int-1.8 in 

Scheme 1.8).77 Intermediates int-1.9 and int-1.10 can be formed via 

η3−η1−η3 isomerization in (π-allyl)palladium int-1.8 and both int-1.9 and int-
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1.10 can be further subjected to transformations yielding diene or allene prod-

ucts, respectively. 

 

Scheme 1.8. Allenes as (π-allyl)palladium precursors. 

 

A direct allenic C–H bond oxidation by Pd(II) can be envisioned as com-

plimentary approach for the preparation of (π-allyl)palladium complexes such 

as int-1.8. This method would be more general and would constitute far-reach-

ing practical implications, since it circumvents the necessity of installation of 

leaving groups. In this case the regioselectivity of the C–H cleavage step will 

determine the structure of the resulting (π-allyl)palladium complex. The 

mechanism of the allenic C–H bond oxidation proposed here resembles that 

of Pd(II)-catalyzed allylic C–H bond oxidation.78 

1.3.3. Pd(II)-catalyzed oxidative carbocyclization 

Traditional cross-coupling reactions (e.g., those shown in Scheme 1.2) are 

often regarded as a robust method of forming C–C bonds in both an inter- and 

intramolecular fashion.79 Carbocyclization reactions can provide a direct ac-

cess to various cyclic molecular frameworks with increased molecular com-

plexity in a single-step operation.80 Pd(II)-catalyzed carbocyclizations, that in-

volve C–H activation are of particular interest, since they would allow to per-

form these transformations under relatively mild reaction conditions without 

the need for substrate pre-functionalization.74b One recent example of such a 

Pd(II)-catalyzed process is intramolecular Fujiwara-Moritani/oxidative Heck 

reaction of olefin moiety-containing electron-rich arenes under aerobic oxida-

tive conditions reported by Stoltz’s group (Scheme 1.9a).81 The authors pro-

pose, that the reaction proceeds via arene C–H bond activation, followed by 

cis-insertion of the olefin and β-H elimination providing polysubstituted dihy-

drobenzofuran derivative 37. The reaction utilizes ethyl nicotinate (L4) as the 

ligand for palladium and BQ as the oxidant. Recently, Shi and co-workers re-
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ported Pd(II)-catalyzed oxidative carbocyclization reaction, that involves in-

tramolecular Tsuji-Trost type allylic C–H alkylation (Scheme 1.9b).82 The re-

action commences with allylic C–H activation and the formation of (π-al-

lyl)palladium intermediate, which in turn is attacked by the intramolecular 

1,3-diketone nucleophile yielding indane derivative 39. The reaction is cata-

lyzed by White’s bis-sulfoxide/Pd(II) co-catalyst A. 

 

Scheme 1.9. Pd(II)-catalyzed carbocyclization via C–H activation. 

 

In the early-1990’s, the group of Bäckvall reported several cyclization re-

actions of 1,3-dienes, containing allylsilanes83 and α-nitro sulfonates84 as car-

bon-based nucleophiles. This research was followed by reports on related 

Pd(II)-catalyzed oxidative carbocyclization employing a number of π-systems 

as carbon nucleophiles.74b,85 In 2001 Bäckvall and co-workers published the 

first example on the use of allenes as nucleophiles in oxidative carbocycliza-

tion of 1,3-dienes (Scheme 1.10a).86 Dieneallenes (40) were shown to undergo 

formal 1,4-addition with allene and external oxygen- or sulfur-based nucleo-

phile in a trans fashion with very high regio- and stereoselectivity to give five-

membered carbocycles 41 under mild reaction conditions. It was later found, 

that enallenes (e.g., 42) are also suitable substrates for Pd(II)-catalyzed oxida-

tive carbocyclization (Scheme 1.10b).87 The reaction proceeds via formation 

of intermediate int-1.11 followed by β-H elimination. Protocols for efficient 

formation of various useful functionalized 5-membered carbocycles were later 

developed, that involve trapping the (alkyl)Pd(II) species int-1.11 with nucle-

ophiles, such as B2pin2 and arylboronic acids (Scheme 1.10c).88 These trans-

formations are accompanied by formation of a new stereogenic center. This 

feature was taken into account in designing an elegant asymmetric protocol 

for carbocyclization-borylation of enallenes catalyzed by Pd(II)/chiral 

Brønsted acid co-catalyst system.89 The mechanism of this transformation was 

studied in detail using deuterium labeling experiments, as well as computa-

tional methods.90 
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Scheme 1.10. Pd(II)-catalyzed oxidative carbocyclization of allene-substituted dienes 

and olefins. 

 

From the mechanistic perspective, oxidative cyclization of enallenes 46 be-

gins with coordination of the substrate to Pd center forming π-complex int-

1.12 (Scheme 1.11). Next step in the catalytic cycle involves allenic C–H 

cleavage, that results in the formation of the (σ-vinyl)Pd(II) complex int-1.13. 

Theoretical calculations suggest that this is the rate-limiting step of the cata-

lytic cycle and is likely to be facilitated by the presence of the acetate ligand 

(CMD type C–H cleavage).89,91 BQ can act as a ligand for Pd(II) in this step 

promoting the formation of int-1.13.92 Direct coupling of intermediate int-

1.13 with a suitable coupling partner would give access to stereodefined diene 

products 47. Complex int-1.13 can also undergo migratory insertion into the 

coordinated olefin, giving rise to various functionalized carbo- and heterocy-

cles 48. 1,1-Insertion of carbon monoxide (CO) into (σ-vinyl)Pd(II) complex 

int-1.13 followed by migratory insertion would lead to formation of highly 

valuable cyclic ketone products 49. To date there have been a number of re-

ports by Bäckvall and co-workers on successful applications of related inter-

mediates (analogous to int-1.13). These advances were recently re-

viewed.74b,85,93 A variety of allene moiety-containing structures have been de-

signed with the purpose of accessing complex functional polyunsaturated car-

bocycles and heterocycles. Unsaturated hydrocarbon groups, such as alkynes94 

or allenes,95 when tethered to an allene moiety (allenynes and bisallenes, re-

spectively), were also found to be suitable substrates for Pd(II)-catalyzed ox-

idative transformations, involving multiple C–C bond cascade processes. 



12 

 

Scheme 1.11. Olefin-, alkyne- and allene-assisted Pd(II)-catalyzed oxidative transfor-

mations of allenes. 

 

It was previously demonstrated that allene substrates lacking the assisting 

π-bond moiety failed to provide products resulting from the allenic C–H cleav-

age (analogous to int-1.13) under similar reaction conditions.96 Moreover, 

when the reactivity of δ-enallenes 46 (n=3) was studied, only trace amounts 

of the desired 6-membered ring products 48 (n=3) could be obtained.88a,97 Two 

main obstacles that can potentially impede the formation of these six-mem-

bered ring products are: sluggish formation of the enallene-Pd chelate com-

plex int-1.12 (n=3); rather slow migratory insertion step of int-1.13 (n=3), 

since the latter would require the formation of a 7-membered ring-like transi-

tion state. As demonstrated in recent studies,97 the formation of the corre-

sponding (σ-vinyl)Pd(II) complex int-1.14 can be achieved by the incorpo-

rated additional assisting olefin moiety in the β-position of the structure of δ-

enallene 52 (Scheme 1.12). Functionalized cyclohexene derivatives 53 were 

obtained stereoselectively under mild reactions conditions. A similar strategy 

was recently utilized by Bäckvall and co-workers in designing new efficient 

carbocyclization reaction of δ-bisallenes towards the formation of the rather 

elusive seven membered-ring carbocycles 5498 as well as in aerobic biomi-

metic oxidative carbocyclization of δ-allenynes for the formation of products 

55.99 In a very recent publication, dihydropyran and tetrahydropyridine deriv-

atives 56 with cis-1,4-disubstitution were obtained via Pd(II)-catalyzed oxida-

tive carbocyclization.100 The assisting olefin in this case also participates in 

the control of the stereochemical outcome leading to high diastereoselectivity 

of the reaction. 
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Scheme 1.12. Pd(II)-catalyzed oxidative carbocyclization of allenes towards 6- and 

7-membered ring products. 

 

In these cases, the assisting olefin moiety stays intact after the reaction and is 

incorporated into the product molecules.  

1.3.4. Oxidation systems for reoxidation of Pd(0) to Pd(II)  

Organometallic catalysts in general are more commonly used in reduction 

reactions than in oxidations, in part because the oxidants can cleave the lig-

ands from the metal center, resulting in deactivation of the catalyst or a low-

ering of its activity by undesired coordination. As mentioned before, one of 

the major obstacles, that hinders the development of new methodologies in 

Pd(II) oxidations is the difficulty of selective reoxidation of Pd(0) to Pd(II) in 

the presence of substrates and reagents. Some of the commonly used ubiqui-

tous stoichiometric oxidants in Pd(II)-catalyzed oxidations include Ag(II) and 

Cu(II) salts, p-benzoquinone (BQ), H2O2, tert-butyl hydroperoxide (TBHP), 

MnO2, HNO3 and molecular oxygen. Most of the allene oxidations discussed 

in the previous chapter rely on the use of BQ as the compatible oxidant. The 

mechanism of reoxidation of Pd(0) by BQ is depicted in Scheme 1.13a. Pre-

vious studies suggest, that BQ can also act as a ligand for palladium, stabiliz-

ing catalytic intermediates and promoting crucial steps in the catalytic cycle, 

such as C–H bond cleavage, transmetallation and reductive elimination.90,91,101 
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Scheme 1.13. Reoxidation of Pd(0) by BQ (a) and O2 (b) as the oxidants. 

 

Use of oxygen gas (or air) as the oxidant is regarded as a particularly envi-

ronmentally friendly approach, and O2 is also a relatively mild oxidant.102 The 

electron configuration of the naturally abundant triplet oxygen (open-shell 

species) prevents it from reacting directly with most of the organic molecules, 

which are often in a singlet state (closed-shell systems). Since the reduction 

of O2 is a 4e- process, it can be hard to couple it with the oxidation of the 

intermediates in the catalytic cycle, a process that often proceeds via a 2e- 

steps. Two distinctive reaction pathways have been proposed to be operating 

under different reaction conditions for direct reoxidation of Pd(0) to Pd(II) by 

molecular oxygen (Scheme 1.13b).103 In pathway A, the Pd-H intermediate 

int-1.20 (resulting from -H elimination step) reacts with O2 directly to pro-

duce Pd−OOH species int-1.21. In this pathway, the valence of Pd does not 

change. Upon hydrolysis by HX, the catalytically active Pd(II) complex int-

1.22 is regenerated. In pathway B, the Pd(0) intermediate int-1.23, which is 

formed via reductive elimination step, reacts with O2 to produce (η2-

peroxo)Pd(II) complex int-1.24. Similarly, int-1.25 is afforded by the follow-

ing hydrolysis of int-1.24 by HX. 

It is known that the use of ancillary air-stable ligands can promote direct 

reoxidation of Pd(0) to Pd(II) by molecular oxygen104 (Scheme 1.14). This 

approach has been successfully applied in the development of various Pd(II)-

catalyzed processes including Wacker type oxidations of olefins,105 oxidation 

of primary and secondary alcohols,106 allylic C–H functionalization107 and var-

ious cross-coupling reactions.108 These ligands can also impede the undesired 

catalyst deactivation (formation of catalytically inactive Pd-black) and modu-

late the selectivity of the reaction. 
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Scheme 1.14. Ligand-facilitated reoxidation of Pd(0) by O2.103 

 

However, the use of strongly coordinating ligands on Pd(II) can also have 

a detrimental effect in terms of catalytic efficiency and ligand-inhibition can 

sometimes occur. Because of the sluggish electron transfer between Pd(0) and 

O2 as well as the slow formation of the corresponding oxygen adducts, these 

reactions are often carried out at elevated temperatures, which can lead to un-

desired side reactions.109 

In attempt to alleviate these problems an alternative approach has been de-

veloped by Bäckvall and co-workers in the late 1980’s,110 that involves the use 

of several coupled redox-active catalysts as electron transfer mediators 

(ETMs). These coupled redox systems have similarities with those carried out 

by biological oxidases in Nature (cf. respiratory chain), where the relatively 

high energy barrier necessary for direct oxidation of Pd(0) by O2 is broken 

down into several consecutive reactions with lower energy barriers (Scheme 

1.15).111 Therefore, these kinds of oxidations can be referred to as “Biomi-

metic Oxidations”. Commonly used ETMs are metal-macrocycles (such as 

FePc112 or Co(salophen)113) in combination with benzoquinone under aerobic 

conditions. 

 

Scheme 1.15. Direct and the biomimetic aerobic oxidations of substrates by O2 as the 

terminal oxidant.110 
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Previously this biomimetic aerobic approach has been successfully applied 

in various Pd(II)-catalyzed transformations, such as in oxidations of alco-

hols,114 1,4-difunctionalization of dienes115 and, more recently, carbocycliza-

tion of allenes.116 An improved variation of this methodology involves the use 

of a bifunctional hybrid catalyst, that comprises both cobalt macrocycle and 

quinone moiety in the same molecule.99,117 This catalyst was found to increase 

the efficiency of the electron transfer compared to when the quinone and 

metal-macrocycle are used as separate ETMs.117c  

1.4. Homogeneous and immobilized catalysts 

Homogeneous catalysts are those which exist in the same phase (gas or 

liquid) as the reactants, while heterogeneous catalysts reside in a different 

phase than the reactants.118 One advantage of homogeneous catalysis is that 

the catalyst present in solution has a very high degree of interaction with the 

reactant molecules. Homogeneous systems commonly tend to exhibit higher 

selectivity than their heterogeneous counterparts and are amenable to tuning 

of reactivity and selectivity by the selection of suitable ligands.119 Homogene-

ous processes can be more readily studied on a molecular level and hence they 

support targeted catalyst development and optimization. A drawback of this 

type of catalysis, on the other hand, is that the catalyst is often irrecoverable 

after the reaction. Complete removal of the catalyst from the reaction mixture 

to avoid metal carry-over can be intricate and costly, reducing its potential for 

industrial applications (especially in the pharmaceutical industry).120 Further-

more, the removal of the ligand makes the purification of the final product 

even more expensive.  

Immobilization of the catalyst on a solid support can mitigate these prob-

lems, as it allows the straightforward removal and recovery (often by simple 

filtration) of the catalyst from the reaction mixture. Although immobilized 

catalysts usually exhibit higher stability,121 the majority of known examples 

require harsher reaction conditions compared to their well-tuned homogene-

ous analogs, which can sometimes lead to leaching of the metal particles from 

the solid support.122 The metal leaching is likely to deteriorate the catalyst 

from its initial performance in the later recycling.  

Catalysts can be linked to the solid support (onto the external surface or 

into the interior pores) by means of either covalent bonds or non-covalent in-

teractions (Figure 1.3).123 The non-covalent bonding of the catalyst (e.g. ad-

sorption, electrostatic interactions or physical entrapment) usually involves 

simpler procedures for the catalyst preparation without the need for prior func-

tionalization of the ligand. Catalysts prepared by these methods, however, are 

more prone to metal leaching due to the competing interactions of the catalyst 

with the solvents and/or reagents.  
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Figure 1.3. Immobilization of homogenous catalysts122 by: a) covalent bonding, b) 

adsorption, c) electrostatic interactions, d) entrapment. 

 

Immobilization of catalysts via covalent bonding is a more frequently used 

strategy as it generally provides stronger binding between the catalyst and the 

solid support, and, thus, leaching is less likely to occur. However, it can be 

synthetically more challenging, since pre-functionalization of the ligand is re-

quired. The ligand must be either grafted to a preformed solid support or in-

troduced into the structure of the organic polymer by copolymerization with a 

suitable monomer.124 Considering the strict guidelines placed on the metal 

content in products intended for human consumption,125 design of novel non-

leaching heterogeneous catalysts, that prevent incorporation of metals into or-

ganic and pharmaceutical products is in high demand. 

1.5. Palladium nanoparticles in catalysis 

Due to the modular electronic and structural effects of nanomaterials, tran-

sition metal nanoparticles have experienced a tremendous development over 

the last four decades.126 Palladium nanoparticles (PdNPs) have recently re-

ceived considerable attention due to their superb physicochemical properties, 

such as good chemical stability, high thermal stability, excellent photocata-

lytic activity, optical and electronic properties, as well as low cost. Some of 

these properties have enabled a large panel of catalytic applications of 

PdNPs.127 

The ratio of surface area to volume is an important factor for nano-sized 

atomic clusters, such as PdNPs and is responsible for their unique activity and 

selectivity in catalysis.128 These metal clusters are typically comprised of ten 

to several thousands of metal atoms and are commonly in the size range of 1-

100 nm. Shape and size of metal nanoparticles have been extensively investi-

gated for an improved catalytic activity (Figure 1.4). Smaller particle sizes 

have larger surface area-to-volume ratio and, in the majority of cases, have 

more active sites per particle, which can lead to catalysis at a higher rate.126,127c 

The more typical range of particle size used in catalysis is 6–12 nm while there 

are some reports of the use of nanoparticles of smaller size, e.g. 1–4 nm.  
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Figure 1.4. Schematic depiction of two PdNPs of different size. 

 

Smaller PdNPs possess higher surface energy, thus they are more thermo-

dynamically unstable and tend to aggregate during the preparation stage or in 

the chemical reaction, forming larger metal clusters with decreased catalytic 

activity.127c To avoid the aggregation of nanoparticles, a stabilizer in the form 

of organic surfactant or a polymer is usually introduced as a surface capping 

agent.129 An alternative approach is to use porous solid supports (e.g., 

MOFs,130 zeolites and mesoporous silicas,129,131 and other porous organic or 

inorganic materials132) to confine the growth of PdNPs during their prepara-

tion and prevent their aggregation during catalysis. Efficient methodologies 

enabling the production of metal nanoparticles with a tight control over their 

morphology, composition, and surface states are currently in high demand. 

There are reports, which show, that leached soluble Pd species (even at 

ppm level) from PdNPs can sometimes be responsible for catalysis.133 Leach-

ing can occur if enough energy is provided for the Pd−Pd bond breaking, in 

particular if the surface energy of the nanoparticle is high and there are agents 

present in solution which can stabilize the leached species. Hot filtration test, 

“poisoning” tests, three phase test as well as detailed reaction kinetics are cur-

rently among the commonly used tools to gather proof for the “heterogeneous” 

reaction mechanism.133a,134 Catalysis by leached Pd, even in the presence of 

heterogeneous support or surface capping agents, is often a contentious is-

sue.135 

1.6. Palladium(II) immobilized on amino-functionalized 

mesocellular foam 

Recently, Bäckvall’s group have been interested in the application of 

PdNPs immobilized on amino-functionalized siliceous mesocellular foam 

(MCF) as a heterogeneous nanopalladium catalyst (Pd(0)-AmP-MCF) in var-

ious synthetic transformations, including dynamic kinetic resolution,136 selec-

tive hydrogenation,137 and water oxidation.138 This catalyst was shown to have 

both excellent activity and high recyclability.  
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The MCF material is prepared by a modified procedure reported by Han 

and co-workers.139 Physical characteristics of the obtained pristine MCF ma-

terial are as follows: average pore size ~ 29 nm; average window size ~ 15 nm 

(according to nitrogen adsorption and desorption isotherm measured using the 

Barrett-Joyner-Halenda method). The pore volume of the MCF material was 

determined to be 2.36 cm3/g and the specific surface area was 613 m3/g as 

measured using the Brunauer-Emmett-Teller method.137 

In order to prepare the target heterogeneous palladium catalyst, the ob-

tained MCF material is further functionalized by using (3-aminopropyl)-tri-

methoxysilane (Figure 1.5). Palladium is introduced into the structure of the 

catalyst by complexation of the amino-functionalized MCF material (AmP-

MCF) with the water-soluble Li2PdCl4 in a basic (pH = 9) aqueous solution. 

The obtained heterogeneous catalyst Pd(II)-AmP-MCF has been extensively 

characterized using various analytical techniques.140 As determined by EX-

AFS analysis of Pd(II)-AmP-MCF, each Pd atom has square planar geometry 

with two chloride ligands and two amino ligands in a trans arrangement. It 

was determined that the Pd(II)-AmP-MCF is a predominantly mononuclear 

Pd catalyst, that mainly consists of Pd(II). The Pd loading of Pd(II)-AmP-

MCF determined by ICP-OES is typically in the range between 4 and 8 wt% 

of Pd. Further reduction of Pd(II)-AmP-MCF by NaBH4 affords nanopalla-

dium catalyst Pd(0)-AmP-MCF. 

 

Figure 1.5. Preparation of Pd(II)-AmP-MCF and Pd(0)-AmP-MCF catalysts. 
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High-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) and TEM analysis of the obtained Pd(0)-AmP-MCF 

showed, that PdNPs are uniformly dispersed over the MCF material with a 

narrow size distribution of just over 2 nm.136b,137 The XPS spectra of both het-

erogeneous palladium catalysts show, that Pd(II)-AmP-MCF consists pre-

dominantly of Pd(II) and Pd(0)-AmP-MCF consists mainly of Pd(0) with a 

<20 % contribution of Pd(II).141 

Both Pd(0)-AmP-MCF and Pd(II)-AmP-MCF were recently found to be 

efficient catalysts for heterogeneous Pd-catalyzed C(sp3)-H bond oxidation re-

actions of allenes,142 and are now emerging as an important replacement of 

homogeneous Pd catalysts commonly used in selective oxidation reactions, 

such as palladium acetate. Some of these oxidative transformations will be 

discussed in this thesis. 

1.7. Objectives of this Thesis 

The first objective of this thesis was to discover and develop new efficient 

methodology towards functional cyclic and non-cyclic polyunsaturated mole-

cules. It was anticipated, that the previously gathered knowledge in our group 

on Pd(II)-catalyzed oxidative carbocyclization of allenes combined with a 

novel substrate design would enable stereoselective synthesis of complex tar-

gets from readily accessible polyunsaturated hydrocarbons. The second objec-

tive was to investigate if similar reactivity of allenes (i.e., allenic C–H activa-

tion triggered by the assisting olefin) could be realized in the presence of other 

functionalities as assisting groups or in the absence of any assisting coordina-

tion. The third and final objective of this thesis was to study the possible ap-

plication of the heterogenous catalyst Pd-AmP-MCF in oxidative transfor-

mations of allenes. 
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2. Olefin-Assisted Pd(ΙΙ)-Catalyzed 

Oxidative Transformations of Allenes 

(Papers I, II and III) 

2.1. Introduction 

As presented in the previous chapter, Pd(II)-catalyzed cyclization/function-

alization reactions of allenes is a straightforward way of accessing complex 

carbocyclic and heterocyclic molecular skeletons. Here, results from three 

separate publications will be summarized, which include stereoselective syn-

thesis of the products depicted in Figure 2.1. A short introduction relevant to 

each publication is given in this chapter. 

 

Figure 2.1. Products of Pd(II)-catalyzed oxidation reactions of allenes described in 

Chapter 2 of this thesis. 

 

Transition metal-catalyzed cyclization reactions of bisallenes constitute an 

efficient and step- and atom-economical approach towards conjugated and 

cross-conjugated polyunsaturated motifs with increased molecular complex-

ity.143 One important factor that has been limiting the research within the topic 

of Pd(II)-catalyzed cyclizations of bisallenes is the strenuous control of regi-

oselectivity. A study, targeted at accessing arylated cyclohexadiene deriva-

tives 3 via Pd-catalyzed oxidative carbocyclization-arylation of bisallenes 2, 

was reported recently by our group (Scheme 2.1a).144 The choice of solvent 

was crucial for high selectivity. Interestingly, in the absence of the arylboronic 

acid, an oxidative carbocyclization-β-elimination pathway predominated, giv-

ing rise to cyclic tetraenes 1. 

Organoboronates constitute an important class of organic compounds with 

a high potential for further functionalization.145 Alkylboronates are commonly 

prepared via various transition metal-catalyzed processes.146 The efficiency of 

the aforementioned transformation can be improved by designing a cascade 
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process, that involves multiple carbon-carbon bond formations in a one-pot 

procedure, preferably in a stereoselective manner. A one-pot borylation-al-

lylation cascade reaction catalyzed by a palladium pincer-type SCS complex 

A was recently developed by Szabó and co-workers (Scheme 2.1b).147 We be-

came interested in exploring the outcome of the carbocyclization reaction of 

bisallenes 6 where B2pin2 is used as the transmetallation reagent (Scheme 

2.1c). We envisioned, that the obtained allylboronate 7 could act as an inter-

mediate reagent in a one-pot cascade borylation-allylation reaction affording 

secondary alcohol products 8 in a diastereoselective manner. 

 

Scheme 2.1. (a) Pd-catalyzed oxidative carbocyclization-arylation of bisallenes,144 (b) 

Szabó’s one-pot borylation-allylation cascade catalyzed by Pd complex A147 and (c) 

transformation of bisallenes described in this thesis. 

 

The 1,3-enyne motif has found a wide application in the preparation of var-

ious highly substituted heterocyclic compounds148 and can also be found in 

various biologically active natural products.149 To date, reported methods for 

preparation of 1,3-enynes generally rely on coupling of pre-functionalized ole-

fins with alkynes (Sonogoshira coupling) or difunctionalization of alkynes 

(Scheme 2.2).150 
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Scheme 2.2. Examples of synthesis of 1,3-enynes via (a) Sonogoshira coupling151a 

and difunctionalization of alkynes by (b) Ni152a and (c) Pd152b catalysis. 

 

Methods that allow direct coupling of terminal alkynes with non-prefunc-

tionalized olefins or allenes are of particular interest to synthetic organic 

chemists due to the availability of these precursors. Our research group has 

recently reported oxidative arylation96 and borylation153 of β-enallenes 19 to-

wards functionalized 1,3-dienes 18 and 20, respectively, with high stereo- and 

regioselectivity (Scheme 2.3a). We then became interested in exploring the 

possible application of terminal alkynes as suitable pronucleophiles in related 

transformation (Scheme 2.3b). Sonogoshira-type cross-coupling of allenes 21 

with alkynes could produce valuable E-1,3-enynes with high regio- and stere-

oselectivity. 

 

Scheme 2.3. (a) Preparation of functionalized 1,3-dienes from β-enallenes reported 

by our group96,153 and (b) transformation disclosed in this thesis. 

 

[3]Dendralenes or cross-conjugated trienes constitute an interesting class 

of compounds that have attracted considerable attention by organic chemists 

due to their distinctive role in synthetic and polymer chemistry.154 The [3]den-

dralene motif is also present in various natural products (Figure 2.2).155 
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Figure 2.2. [3]Dendralene motif-containing natural products. 

 

One of the most interesting and important synthetic attributes of [3]den-

dralenes is their unique ability to undergo single, double or even triple cy-

cloadditions with dienophiles. Tandem Diels–Alder reactions of [3]den-

dralenes constitute an extremely powerful approach for rapid generation of 

multicyclic frameworks in a highly atom- and step-economical manner.156 In 

their simplest form, they involve the addition of a dienophile to the [3]den-

dralene, thereby forming a new diene moiety that may participate in a subse-

quent Diels–Alder reaction with a second dienophile (Scheme 2.4).  

 

Scheme 2.4. Sequential Diels–Alder reactions of [3]dendralenes. 

 

Synthetic preparation of [3]dendralenes can be achieved by means of con-

ventional organic chemistry reactions, such as elimination reactions or the 

Wittig reaction.157 To date, only a handful of practical methods are available 

for the preparation of [3]dendralene derivatives using transition metal-cata-

lyzed cross-coupling.158 A considerable breakthrough in the preparation of 

dendralenes via Kumada- and Negishi-type cross-coupling reactions was re-

cently reported by Sherburn and co-workers (Scheme 2.5).159 

 

Scheme 2.5. Synthesis of [3]dendralenes by Sherburn and co-workers. 

 

Although these methods have been proven to be practical and scalable, they 

require pre-functionalization of the diene and the olefin substrates. There are 

several successful syntheses of substituted [3]dendralenes reported that in-

cludes allenes as substrates. Early examples include the use of α-substituted 

allene 32 for the preparation of [3]dendralene 34 via a SN2’ reaction with Gri-

gnard reagent 33 (Scheme 2.6a).160 Cyclic [3]dendralene 36 was formed in 

high yield via a gold(I)-catalyzed cycloisomerization reaction of the allenyne 
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35 as reported by the Toste group (Scheme 2.6b).161 Another example includes 

the Pd(II)-catalyzed synthesis of 1,2-oxacyclo[3]dendralenes 38 from α-al-

lenols 37 as substrates, recently reported by Ma and co-workers (Scheme 

2.6c).162 

 

Scheme 2.6. Examples of synthesis of [3]dendralenes from allenes. 

 

As was mentioned before, our group has a long-standing interest in the de-

velopment of new Pd-catalyzed oxidation reactions of allenes assisted by var-

ious π-bond moieties. Use of the aforementioned assisting groups allow rigor-

ous control of regio- and stereoselectivity in these transformations. Recently 

we became particularly interested in the development of related transfor-

mations that do not involve the use of assisting π-coordination present in the 

substrate. We envisioned that the (π-allyl)Pd(II) intermediate int-2.6 may be 

generated via a selective allenic C–H bond cleavage, similar to that of allylic 

C–H bond cleavage in Pd(II)-catalyzed allylic oxidation reactions (Scheme 

2.7). Then int-2.6 would transfer to the more stable (σ-vinyl)Pd(II) intermedi-

ate int-2.7. Heck type coupling of intermediate int-2.7 with olefin 40 would 

afford the [3]dendralene derivatives 41.  

 

Scheme 2.7. Pd-catalyzed synthesis of [3]dendralenes described in this thesis. 
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2.2. Selective cascade reaction of bisallenes via palla-

dium-catalyzed aerobic oxidative carbocyclization-

borylation and aldehyde trapping 

 

Based on the results obtained in related transformations reported by our 

group previously,144 we became interested in developing a carbocyclization-

borylation reaction of bisallenes 42 (Scheme 2.8). We speculated, that reaction 

of 42 would similarly proceed via formation of intermediate int-2.9 resulting 

from allenic C–H bond cleavage (Scheme 2.8a). In Pd-catalyzed cascade car-

bocyclization-functionalization reactions, regioselectivity is one of the most 

important factors, and can influence potential future applications of such pro-

cesses. When multiple possible reaction pathways starting from int-2.9 are 

considered, the overall regioselectivity of the borylative carbocyclization of 

bisallenes would be determined by the migratory insertion and the reductive 

elimination steps. Different regioselectivity of the intramolecular migratory 

insertion of (σ-vinyl)Pd intermediate int-2.9 into the allene moiety could re-

sult in formation of carbocyclic intermediates of various sizes (Scheme 2.8b). 

Formation of the 5-membered (σ-vinyl)Pd intermediate int-2.10 over int-2.10’ 

is less likely due to the more favored steric interactions of the π-orbital system 

of the terminal olefin (C(2)=C(3)) with the Pd center.  

 

Scheme 2.8. Regioselectivity of Pd-catalyzed carbocyclization of bisallenes. 

 

The regioselectivity of the migratory insertion step in int-2.9 was recently 

elucidated using computational methods.91c The charge distribution and mo-

lecular orbitals for substrate bisallene 42 is depicted in Figure 2.3. The calcu-

lated nature population analysis (NPA) charge of the C(2) atom in the allene 
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moiety is +0.083, which reveals an electrophilic character at that atom. More-

over, the negative charge on the C(3) atom is -0.533, which is 0.222 lower 

than that on the C(1) atom, making it more nucleophilic. The more negative 

charge on the C(3) atom promotes the nucleophilic character of that atom. 

Therefore, when the migratory insertion takes place, the C(3) atom is more 

likely to bond with the Pd center. The molecular orbital calculations also re-

vealed the same trend for the regioselectivity. The lowest unoccupied molec-

ular orbital (LUMO) of the allene moiety in substrate 42 is mainly located at 

the C(2) and C(3) atoms. Formation of int-2.10’’ is also excluded by the DFT 

calculations. The full free energy profile of the possible outcomes of the mi-

gratory insertion step, that shows proposed intermediates and their calculated 

free energy values can be seen in Appendix A. 

 
Figure 2.3. LUMO of substrate 42.91c The values in parentheses are the corresponding 

NPA charges. Reprinted with permission. Copyright © 2019 Wiley-VCH Verlag 

GmbH & Co. KGaA, Weinheim. 

 

The more favored (primary-alkyl)Pd intermediate int-2.10’ can undergo 

isomerization to (secondary-alkyl)Pd complex int-2.12 via the (π-allyl)Pd in-

termediate int-2.11 (Scheme 2.8c). Both int-2.10’ and int-2.12 can undergo 

transmetallation-reductive elimination sequence in the presence of nucleo-

phile (in this case, pinacolboronate) to give alkyl boronates 43 and 44, respec-

tively (Scheme 2.9). Another pathway involves β-H elimination from int-2.12 

furnishing cyclic tetraene 45. 

 

Scheme 2.9. Regioselectivity of reductive elimination/β-H elimination in the Pd-cat-

alyzed carbocyclization-borylation of bisallenes. 

 

In the initial attempts to optimize the reaction conditions we employed 

bisallene 46 as a substrate in the presence of Pd(OAc)2 (5 mol%), B2pin2 and 

BQ as the oxidant in stoichiometric amounts (Table 2.1). 
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 Table 2.1. Results of the initial experiments.[a] 

 

In the absence of B2pin2, tetraene 47 was formed as the sole product in 70% 

isolated yield (Table 2.1, entry 1). However, in the presence of B2pin2 (1.0 to 

1.5 equiv) and increased amount of BQ (2.5 to 3.0 equiv) formation of al-

lylboronate 48 was observed along with p-quinone derivative 49 as main prod-

ucts (Table 2.1, entries 2 and 3). Interestingly, when the amount of BQ was 

increased to 3.0 equivalents and only 1.0 equivalent of B2pin2 was used (Table 

2.1, entry 3), product 49 was formed almost exclusively in 75% NMR yield. 

A plausible mechanism for formation of p-quinone derivative 49 is depicted 

in Scheme 2.10.  

 

Scheme 2.10. Plausible mechanism for formation of the p-quinone derivative 49. 

 

σ-Allyl-Pd(II) intermediate int-2.10’ can undergo transmetallation fol-

lowed by reductive elimination to produce (primary-allyl)boronate 50, which 

in turn can undergo allylation reaction with BQ. Direct allylation of quinones 

Entry BQ (equiv) 
B2pin2 

(equiv) 

Yield (%)[b],[c] 

47 48 49 

1 1.5 - 72(70) - - 

2 2.5 1.5 Traces 25 62 

3 3 1.0 Traces Traces 75(71) 

4 3 0.1 60 5 10 

[a]Reaction conditions: 46 (1.0 equiv, 0.2 mmol), 5 mol% of Pd(OAc)2 in an-

hydrous DCE (0.1M). [b]Yield determined by 1H NMR using mesitylene as an 

internal standard. [c]Isolated yield in parenthesis. 
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with allylboronates in a similar manner was recently reported by Szabó and 

co-workers.163 Allylation reaction of BQ with allylboronate 50 is proposed to 

involve allylation of the carbonyl group of BQ, followed by [3,3’]-sigmatropic 

rearrangement to form int-2.14, which is another tautomeric form of interme-

diate int-2.15. Finally, oxidation of hydroquinone moiety in int-2.15 affords 

carbocyclic p-benzoquinone derivative 49. The observed formation of allyla-

tion product 49 inspired us to develop a cascade process where the carbocy-

clization-borylation products would react in situ with various aldehydes in a 

one-pot cascade process. 

Evidently, the presence of BQ in the reaction mixture leads to formation of 

p-benzoquinone derivative 49, that, in this case, constitutes an undesired back-

ground reaction. After screening multiple oxidants, tetrafluoro-1,4-benzoqui-

none (F4-BQ) was found to be the best oxidant, allowing formation of 

borylated carbocycles 48 and 50 (in a 26:74 ratio, respectively) almost quan-

titatively (Table 2.2, entry 1). 

 

Table 2.2. Screening of the additives. 

 

 
In attempts to improve the overall selectivity of the envisioned cascade re-

actions, we turned our attention to optimizing the conditions of the carbocy-

clization-borylation reaction towards the selective formation of primary al-

lylboronate 50 over the secondary allylboronate 48. It was found, that, among 

the screened additives, Na2CO3 promotes selective formation of the desired 

Entry Additive Ratio of 48:50 Yield[a] (%) 

1 - 26:74 99 

2 PTSA no reaction 0 

3 Et3B - 0 

4 AcOH 30:70 44 

5 BF3•Et2O 0:100 34 

6 LiOAc•H2O 21:79 97 

7 NaOAc 26:74 99 

8 Na2CO3 16:84 99 

9[b] Na2CO3 21:79 99 

[a]Yield determined by 1H NMR using mesitylene as an internal standard. [b]50 

mol% of the additive was used. 
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product 50 (Table 2.2, entry 8). Increasing the amount of Na2CO3 to 50 mol% 

decreased the selectivity (Table 2.2, entry 9). Screening of various Pd(II) salts 

as catalysts did not further increase the regioselectivity (for details, see the 

Supporting Information of Paper I). 

With these improved reaction conditions in hand, we turned our attention 

to expanding the substrate scope of the carbocyclization-borylation reaction 

of bisallenes 46 (Scheme 2.11). 

 
Scheme 2.11. Scope of carbocyclization-borylation reaction of bisallenes 46. 

 

The corresponding primary allylboronates 50a-g were obtained in good 

yields (64-87%). This transformation can be carried out under aerobic biomi-

metic conditions using Co(salophen) as ETM and O2 as the stoichiometric ox-

idant. Notably, when F4-BQ was used in catalytic amounts (20 mol%) under 

aerobic biomimetic conditions, the desired carbocyclization-borylation prod-

ucts 50a and 50e were obtained in similar yields to those obtained in the cor-

responding non-aerobic oxidative reactions. 

Next, we turned our attention to developing a cascade reaction, where the 

generated allylboronates 50 would be trapped in situ by aldehydes, forming 

secondary alcohol products with two adjacent stereogenic centers. The reac-

tion that involves the trapping of aldehydes by allylboronates 50 somewhat 

resembles the classical Brown allylation reaction,145a that is known to proceed 

via a so-called Zimmerman-Traxler (ZT) transition state164 (Scheme 2.12). 
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Scheme 2.12. Proposed transition states in the allylboration reaction. 

 

These six-membered ring-like transition states, that involve a tetracoordi-

nate boron atom, are commonly used to explain the stereochemical outcome 

of the reactions of the allylboron compounds with aldehydes and ketones. In 

this case formation of transition state TS2, where the “R” group of the alde-

hyde is in pseudo-equatorial position is preferred to TS1 and hence 52 is the 

major product. It is worth noting, that secondary allylboronates 48, that are 

formed as minor products in the carbocyclization-borylation reaction can also 

undergo an allylboration reaction with aldehydes to produce alcohol product 

53 via ZT transition state TS3. 

In a one-pot cascade reaction, bisallenes 46 were subjected to carbocycliza-

tion-borylation reaction in the presence of various aldehydes (Scheme 2.13). 

Here, the reactions were mainly carried out under biomimetic aerobic oxida-

tion conditions using O2 as the stoichiometric oxidant. 
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Scheme 2.13. Cascade reaction of bisallenes under biomimetic aerobic conditions. 
[a]Ratio of products 52:53 shown in parentheses. 

 

Various substituted benzaldehydes with electron-rich or electron-deficient 

substituents performed well in this reaction to give alcohol products 52a-g in 

good yields (79-91%) with high diastereoselectivity and afforded only minor 

amounts of the corresponding regioisomers 53. Interestingly, when the reac-

tion with benzaldehyde was attempted under non-aerobic conditions using 

stoichiometric amount of F4-BQ as the oxidant, the overall reaction yield was 

slightly higher, but the ratio between products 52a and 52a was less in favor 

of the desired major product 52a, compared to biomimetic aerobic conditions. 

Aliphatic aldehydes, such as phenylpropionaldehyde and cyclohexylcarbox-

aldehyde were also found to be viable reaction partners, affording products 

52h and 52i in 71% and 66% yields, respectively, under the biomimetic aero-

bic oxidation conditions. Similarly, heterocyclic aldehydes, like 2-thiophene-

carboxaldehyde and furfural, performed well in this reaction to give triene al-

cohols 52j and 52k in 70% and 80% yields, respectively. In all cases, when 

the formation of compounds 52 is considered, the diastereoselectivity of the 

reaction was very high (>99% d.r.). The sterochemical assignment of the ob-

tained trienol products was supported by the X-ray crystallography studies (for 

details, see the Supporting Information of Paper I). 

Based on the observed reaction outcome and our previous studies on related 

oxidative transformations of allenes, the mechanism of the carbocyclization-

borylation-aldehyde trapping cascade reaction was proposed (Scheme 2.14). 
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Scheme 2.14. Proposed mechanism for the carbocyclization-borylation-aldehyde 

trapping reaction of bisallenes 46. 

 

First a chelate complex int-2.8 is formed via a coordination of both allene 

moieties of the substrate 46 to the Pd(II) center. Then (σ-vinyl)Pd complex 

int-2.9 is formed via an attack of the trisubstituted allene moiety on the Pd(II) 

center, followed by migratory insertion into the second allene moiety to give 

(σ-allyl)Pd intermediate int-2.10’. Complex int-2.10’ can rearrange to int-

2.12 via η1-η3-η1 rearrangement. Both primary and secondary (σ-allyl)Pd in-

termediates int-2.10’ and int-2.12 can undergo transmetallation with B2pin2 to 

give intermediates int-2.16 and int-2.17, respectively, which upon reductive 

elimination would afford borylated triene products 50 (major) and 48 (minor). 

In the absence of B2pin2 formation of tetraene product 47 occurs via β-hydride 

elimination of int-2.12. The Pd(0) formed after reductive elimination step can 

be reoxidized back to Pd(II) by either BQ or by the O2/ETM system. If an 

aldehyde is present in the reaction mixture, it can undergo an allylboration 

reaction in situ with either 50 or 48 to give alcohol products 52 or 53, respec-

tively. 

 

2.3. Highly selective olefin-assisted Pd(II)-catalyzed oxi-

dative alkynylation of enallenes 

 

As was previously stated, our group recently became interested in explor-

ing the possible application of terminal alkynes as pronucleophiles in the 
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cross-coupling reactions of allenes, that would result in regio- and stereose-

lective formation of substituted E-1,3-enyne motif-containing products. Our 

initial studies of the envisioned Pd(II)-catalyzed transformation began with 

the use of the readily available β-enallene 54a as a substrate in the presence 

of phenylacetylene (2.0 equiv), Pd(OAc)2 (5 mol%) as the catalyst and BQ 

(1.5 equiv) as the oxidant in toluene at 60 oC (Scheme 2.15). 

 

Scheme 2.15. Initial attempt of the oxidative alkynylation reaction of 54a. 

 

To our delight, after a reaction time of 15h the desired trienyne 56aa was 

obtained in 58% yield as a single stereoisomer. Then we turned our attention 

to optimization of the reaction conditions to increase the yield of E-1,3-enyne 

56aa (Table 2.3).  

 

Table 2.3. Optimization of the reaction conditions.[a] 

 

Entry Catalyst Solvent Yield of 56aa [%][b] 

1 Pd(OAc)2 PhMe 58 

5 Pd(OAc)2 DCE 38 

6 Pd(OAc)2 MeOH 45 

7 Pd(OAc)2 MeCN 71 

8 Pd(OAc)2 dioxane 59 

9 Pd(OAc)2 acetone 62 

10 Pd(OAc)2 p-xylene 62 

11 Pd(OAc)2 THF 73 

12[c] Pd(OAc)2 THF 74 

13[c], [d] Pd(OAc)2 THF 74 

14[c], [d], [e] Pd(OAc)2 THF 82 

15[c], [e], [f] Pd(OAc)2 THF 69 

[a]The reaction was conducted in the indicated solvent (1 mL) at room temperature 

using 54a (0.2 mmol), 55a (2.0 equiv), BQ (1.5 equiv) in presence of palladium 

catalyst (5 mol%). [b]Determined by NMR using anisole as the internal standard. 
[c]55a (1.5 equiv) was used. [d]BQ (1.1 equiv) was used. [e]DMSO (20 mol%) was 

added and the reaction time was 3 h. [f]2,6-dimethyl-BQ was used instead of BQ. 
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Screening of various Pd(II) salts as catalysts revealed, that Pd(OAc)2 is the 

best catalyst for this reaction (not shown in Table 2.3, see Paper II, Table 1, 

entries 1-4 for details). Extensive screening of solvents (Table 2.3, entries 1-

11) lead us to discover, that THF was the best solvent and afforded the desired 

product 56aa in 73% yield (Table 2.3, entry 11). Decreasing the amount of 

alkyne 55a to 1.5 equiv and BQ to 1.1 equiv did not lead to significant de-

crease of the yield of 56aa (Table 2.3, entries 12 and 13). Interestingly, upon 

addition of DMSO as an additive (20 mol%), the desired alkynylation product 

56aa was obtained in 82% yield in a much shorter reaction time of 3 hours 

(Table 2.3, entry 14). The use of 2,6-dimethyl-BQ as an oxidant in place of 

BQ afforded product 56aa in lower yield (Table 2.3, entry 15). 

With the optimized reaction conditions in hand, we turned to investigating 

the scope of the newly discovered alkynylation reaction with respect to vari-

ous terminal alkynes (Table 2.4). 

 
Table 2.4. Scope of terminal alkynes.[a] 

 

Entry R Time (h) Yield of 56 [%][b] 

1 Ph 3 79 (56aa) 

2 2-MeOC6H4 3 73 (56ab) 

3 3-MeOC6H4 3 80 (56ac) 

4 4-MeC6H4 3 59 (56ad) 

5 4-FC6H4 3 76 (56ae) 

6 4-BrC6H4 3 73 (56af) 

7 4-CF3C6H4 3 81 (56ag) 

8 2-thiophenyl 3 74 (56ah) 

9 3-thiophenyl 3 75 (56ai) 

10[c] cyclopentyl 14 82 (56aj) 

11 cinnamyl 15 43 (56ak) 

12[c] TMS 14 80 (56al) 

13  15 42 (56am) 

14 
 

15 69 (56an) 

[a]The reaction was conducted in THF at 60 oC using 54a (0.2 mmol), 55 (1.5 equiv), 

BQ (1.1 equiv) in the presence of Pd(OAc)2 (5 mol%). [b]Isolated yield. [c]The re-

action was conducted at room temperature. 
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Arylacetylenes, containing either electron-deficient or electron-rich sub-

stituents performed well in the reaction and provided the desired trienynes in 

good yields (Table 2.4, entries 1-7). Heteroaryl-substituted acetylenes, such 

as thiophen-2-yl- and thiophen-3-yl-acetylene furnished the corresponding 

products 56ah and 56ai in almost identical yields of 74% and 75%, respec-

tively (Table 2.4, entries 8 and 9). When aryl- or heteroaryl-alkynes were used 

as coupling partners, full conversion of the starting material 54a was observed 

(by 1H-NMR of the crude reaction mixture) already within 3 hours. Alkyl-

substituted acetylenes were also found to be viable substrates in this reaction 

(Table 2.4, entries 10-11 and 13-14). Notably, functional groups such as a free 

hydroxyl or ester groups on the alkyne were also tolerated under the reaction 

conditions (Table 2.4, entries 13 and 14). We next turned our attention to ex-

amining the scope of β-enallenes 54 in the cross-coupling reaction with phe-

nylacetylene (Scheme 2.16). 

 

Scheme 2.16. Scope of β-enallenes as substrates in Pd-catalyzed oxidative alkynyla-

tion reaction. [a]Reaction time was 12h. [b]Reaction times was 5h. 

 

3,4-Dienoates 54a-d with two methyl groups and a cyclopentylidene/cy-

clohexylidene group or a single methyl group on allene moiety all afforded 

the corresponding alkynylation products 56a, 56b, 56c and 56d, respectively, 

in good yields. The reaction tolerates a free hydroxyl-containing enallene to 

give product 56e in 75% yield. Enallene 54f with a benzyl ether and enallene 

54g with a phthalimide group underwent reactions smoothly to give the cor-

responding products 56f and 56g in 69% and 92% yields, respectively. 2,3-

Dienoates, such as 54h, 54i, 54m and 54n all performed well in the alkynyla-

tion reaction to give products in reasonable yields (38-64%). Various substi-

tution patterns on the olefin moiety of the enallene were also tested in this 
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reaction. While enallenes 54i, 54j and 54k afforded the desired coupling prod-

ucts 56i, 56j and 56k in good yields (64-84%), triene derivative 56l was ob-

tained in a somewhat lower yield (46%), presumably due to the relatively big-

ger steric bulk in the R3 and R4 positions of the assisting olefin moiety. 

To demonstrate the applicability of the newly developed reaction in organic 

synthesis, the reaction of enallene 54a was carried out on a gram-scale 

(Scheme 2.17a). The desired 1,3-enyne derivative 56aa was obtained in an 

excellent yield of 93%. A protocol for formation of 56aa under biomimetic 

aerobic oxidative conditions using an O2/ETM system was also established 

(Scheme 2.17b). 

 

Scheme 2.17. (a) Gram-scale preparation of 56a and (b) formation of 56a under bio-

mimetic aerobic oxidative conditions. 

 

To get an insight into the possible mechanism of the newly developed trans-

formation we turned to examining the role of the assisting olefin moiety 

(Scheme 2.18). As stated above, under standard reaction conditions the de-

sired trienyne derivative 56a was formed in 79% yield. However, when 3,4-

dienoate 54o was subjected to the same reaction conditions, no formation of 

the corresponding alkynylation product 56o was observed. This indicates, that 

the olefin group in 54a plays a pivotal role in assisting the oxidative alkynyl-

ation reaction. Notably, the reaction can also be promoted by an alkyne rather 

than the olefin in the analogous assisting/directing position to afford the cor-

responding product 56p in 66% yield. 

 
Scheme 2.18. Role of the assisting group in the oxidative alkynylation of allenes. 
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Based on these observations and our previous studies on related transfor-

mations of β-enallenes, a plausible mechanism of the newly developed reac-

tion was proposed (Scheme 2.19). The catalytic cycle begins with the for-

mation of chelate complex int-2.18 via coordination of the allene and the ole-

fin moieties of substrate 54 to the Pd(II) center. Upon an “allene attack” on 

Pd(II) vinyl-Pd complex int-2.19 is formed. Next, int-2.19 is transformed into 

intermediate int-2.20 upon the introduction of the alkyne to substitute the ac-

etate group. Reductive elimination affords product 56. The Pd(0) species is 

reoxidized back to Pd(II) by BQ as the stoichiometric oxidant (or O2/ETM 

catalytic system) to complete the catalytic cycle.  

 

Scheme 2.19. Proposed mechanism for the oxidative alkynylation reaction of β-enal-

lenes 54. 

 

2.4. Selective palladium-catalyzed allenic C−H bond oxi-

dation for the synthesis of [3]dendralenes 

 

Oxidative transformations of allenes described in Chapters 2.2 and 2.3 of 

this thesis rely on the assisting effect of the unsaturated hydrocarbon moiety 

present in the substrate molecules, that enables a regioselective and efficient 

allenic C(sp3)-H bond cleavage (Scheme 2.20a). As the result of olefin-as-

sisted C–H cleavage, intermediate int-2.22 is formed. In most cases the allenic 

C–H bond cleavage has been proven to be the rate-limiting step. A more stable 

(vinyl)Pd intermediate int-2.23 is formed via isomerization of (π-allyl)Pd 

complex int-2.22. We became interested in exploring other possible ap-

proaches towards the formation of related (vinyl)Pd intermediates from al-

lenes, that do not contain the assisting olefin group (Scheme 2.20b). We envi-
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sioned, that the regioselective and efficient allenic C–H bond cleavage in sub-

stituted allenes 57 can be achieved, if substrates contain intrinsically activated 

allenic C–H bonds (cf. Pd(II)-catalyzed allylic C–H bond oxidation). 

 

Scheme 2.20. Approaches towards selective allenic C–H activation. 

 

We initiated our investigations with the Pd-catalyzed reaction of the readily 

accessible allene 57a165 with butyl acrylate 58a using BQ as the oxidant in 

toluene at 80 oC (Scheme 2.21).  

 

Scheme 2.21. Initial attempt for the formation of [3]dendralene 59aa. 

 

We were delighted to observe, that the [3]dendralene derivative (2E,5E)-

59aa was obtained in 12% yield in a highly regio- and stereoselective manner 

along with the dimerization product 60 in 10% yield. Compound 60 is a 

[4]dendralene derivative. With these inspiring results in hand, we set out to 

optimize the reaction conditions for the selective formation of 59aa (see Table 

1 in Paper III for details). Catalyst screening revealed that Pd(OAc)2 was the 

best catalyst for this transformation and 2,6-dimethyl-BQ was the best oxi-

dant. In DMSO as the solvent, desired product 59aa was obtained in 78% yield 

after 19 hours at room temperature. 

Under the optimal reaction conditions, we next studied the reaction of the 

benzyl group-containing allene substrates 57 with different alkene coupling 

partners to give the [3]dendralene derivatives 59 (Scheme 2.22).  
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Scheme 2.22. Product scope of the phenyl-substituted [3]dendralenes 59. 

 

Aliphatic acrylate derivatives as alkene coupling partners afforded the cor-

responding [3]dendralenes (59aa-59ad) in good yields (75-85%). Styrene and 

m-bromostyrene were also competent coupling partners in this reaction to pro-

duce bis-aryl-[3]dendralene derivatives 59ae and 59af in 63% and 60% yields, 

respectively. In addition to two methyl substituents on the allene moiety, cy-

clohexylidene allene also afforded the corresponding product 59b in 80% 

yield. A monomethyl-substituted allene also underwent the olefination and af-

forded product 59c in moderate yield (25%) with an E/Z value of 3/1 (after 

48h reaction time when all starting material was consumed). However, the 

corresponding [3]dendralene 59d could not be obtained using terminal hydro-

gen-substituted allene 57d as a substrate under the standard reaction condi-

tions (Scheme 2.23), which shows that electron-donating groups on the allene 

moiety are crucial for the successful selective allenic C–H bond oxidation re-

action to occur. 

 

Scheme 2.23. Attempted oxidative olefination reaction of 57d. 

 

We then began to explore different substitution patterns on the allene moi-

ety that could be tolerated in this newly developed reaction (Scheme 2.24). It 

is worth noting that the reactions involving substrates bearing ketone or alde-

hyde functionalities in the β-position to the allene moiety all proceeded well 

and afforded the corresponding [3]dendralenes 62 in good yields.  
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Scheme 2.24. Scope for formation of 62 or 63 via oxidative olefination of allenes 61. 

 

We were delighted to find that the reaction conditions were also suitable for 

the olefination reactions of the readily accessible 3,4-dienoates 61 (R1 = OEt). 

Aliphatic acrylate derivatives, n-butyl, methyl, ethyl, and benzyl, furnished 

the corresponding products 63aa-63ad in good yields (82-87%). Useful olefin 

coupling partners, such as the phenyl vinyl sulfone and vinyl phosphonate also 

were found to react smoothly to afford the corresponding cross-conjugated 

triene products 63ae and 63af in 63% and 61% yields, respectively. Styrenes 

with both electron-donating and electron-withdrawing groups on the phenyl 

ring reacted smoothly to produce the corresponding [3]dendralenes 63ag-63al 

in moderate to good yields (51-71%). We also examined the aliphatic olefin, 

such as 1-octene, which afforded the product 63am in 52% yield (10:1 regi-

oselectivity of Heck coupling). Selective C–C bond formation in the internal 

position was also observed with allylbenzene, ethyl vinyl ether, and 2,3-dihy-

drofuran which all afforded the desired products 63an, 63ao and 63ap, respec-

tively, in good yields (66-81%). 

Next, the reactivity of 3,4-dienoates with different substituents on the al-

lene moiety was studied in closer detail (Scheme 2.25). In addition to two 

methyl substituents on the allene moiety, two ethyl, and cyclohexylidene al-

lenes (61b and 61d) also afforded the corresponding products (63b and 63d, 

respectively) in good yields. Trisubstituted allene 61e also underwent the ole-

fination and afforded product 63e in moderate yield (30%) with an E/Z ratio 

of 3/1. 
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Scheme 2.25. Olefin scope in oxidative olefination reaction of the ethyl 3,4-dienoates 

61. 

 

The reaction of the unsymmetrical allene 61f, bearing methyl and phenyl 

groups, and substrate 61g, bearing methyl and i-Pr groups, afforded the corre-

sponding products 63fa in 82%, 63fb in 80%, and 63g in 91% yield, respec-

tively. To our delight, the reaction tolerates an n-butyl group in the R1 position 

of the allene moiety to give product 63h in a moderate 38% yield. Styrene, 

ethyl vinyl ether, and 2,3-dihydrofuran all reacted smoothly and afforded 

63db, 63dc, and 63dd in good to excellent yields (82-96%). 

As in the previous two studies described in the main part of this thesis, a 

biomimetic aerobic oxidation approach with the use of ETMs was applied in 

this newly developed reaction for the reoxidation of Pd(0) to Pd(ІІ) during the 

catalytic cycle by O2 as the stoichiometric oxidant (Scheme 2.26). Catalytic 

amounts of 2,6-dimethyl-BQ as oxidant is sufficient in this case to realize the 

desired olefination reaction. When 57a was treated with n-butyl acrylate 58a 

(1.5 equiv), 2,6-dimethyl-BQ (20 mol%), Pd(OAc)2 (5 mol%), and Co(salo-

phen) (5 mol%) under an atmosphere of O2, the corresponding [3]dendralene 

derivative 59aa was obtained in 76% yield. The yield is almost identical to 

that of the reaction where 2,6-dimethyl-BQ is used as the sole stoichiometric 

oxidant. 

 

Scheme 2.26. Olefination of 57a under biomimetic oxidative conditions. 
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In order to understand the mechanism of this transformation, we performed 

the reaction with the deuterium-labeled substrate 57a-d6. The expected [3]den-

dralene product 59aa-d6 was obtained in 75% yield with no scrambling of the 

deuterium content (Scheme 2.27a). We also examined the reaction of a malo-

nate-tethered substrate 57d, but formation of the envisioned product 64 was 

not observed under the standard reaction conditions (Scheme 2.27b). These 

experiments indicate that the C–H bond cleavage only occurs at the benzylic 

position, forming the (π-allyl)Pd intermediate int-2.26. 

 

Scheme 2.27. Role of the activated allenic C–H bond in the olefination reaction of 

benzyl-substituted allenes 57. 

 

On the basis of these observations, a plausible mechanism for the newly 

developed Pd-catalyzed oxidative allenic C–H bond oxidation reaction was 

proposed (Scheme 2.28). The reaction of Pd(OAc)2 with allene 57 would pro-

duce intermediate int-2.28. Then (π-allyl)Pd(II) intermediate int-2.29 may be 

generated via a selective allenic C–H bond cleavage. Intermediate int-2.29 

may transfer to the (vinyl)Pd intermediate int-2.30 (via η3−η1−η3 isomeriza-

tion), which in turn could undergo an intermolecular olefin (58) insertion to 

form the intermediate int-2.31. Subsequent β-H elimination would produce 

the desired functionalized [3]dendralene derivatives 59.  
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Scheme 2.28. Proposed mechanism of the oxidative olefination reaction of allenes 57. 

 

2.5. Conclusions 

 

We have developed a Pd(II)-catalyzed oxidative carbocyclization-boryla-

tion reaction of bisallenes, an efficient and scalable Pd(II)-catalyzed oxidative 

alkynylation of β-enallenes, and highly selective and straightforward method 

for easy access to valuable functionalized [3]dendralene derivatives via 

Pd(II)-catalyzed allenic C–H bond oxidation reaction of allenes. The desired 

products were obtained in good yields under mild reaction conditions by using 

either stoichiometric amounts of quinone as oxidant or taking advantage of 

the coupled redox-active catalyst system (ETMs), where O2 gas acts as the 

stoichiometric oxidant. These transformations constitute important examples 

of highly stereoselective catalytic processes, that involve carbon-carbon bond 

formation under oxidative conditions and therefore has a potential for appli-

cation in the synthesis of complex natural products and pharmaceuticals. Cur-

rently, research in our laboratory is being carried out to extend the scope and 

synthetic utility of these newly developed reactions.  
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3. Pd(ΙΙ)-Catalyzed Oxidative 

Carbocyclization of Allenes Assisted by 

Weakly Coordinating Groups (Papers IV 

and V) 

3.1. Introduction 

Palladium catalyzed C–H bond functionalization using various directing 

groups has emerged as an effective and step-economical approach towards the 

selective formation of carbon-carbon and carbon-heteroatom bonds in recent 

years (Scheme 3.1).166  

 

Scheme 3.1. Transition metal-catalyzed C–H bond functionalization. 

 

Commonly, directed C–H bond cleavage in the presence of a transition 

metal catalyst is accomplished by utilizing phosphorous-, nitrogen- or sulfur-

containing directing groups, which are strong σ-donors and/or π-acceptors 

(Scheme 3.2). A variety of strongly coordinating monodentate and bidentate 

directing groups have been devised for Pd(II)-catalyzed C(sp2)-H and C(sp3)-

H bond functionalization in the past decades.167 The majority of these reac-

tions involve formation of thermodynamically stable five- or six-membered 

metallacycles as intermediates. Analogous complexes (such as 65 and 66) can 

even be isolated and analyzed by the means of spectroscopic methods.168 



46 

 

Scheme 3.2. Commonly employed directing groups for Pd(II)-catalyzed C–H bond 

functionalization and isolable palladacycles 65 and 66. 

 

A considerable disadvantage of the use of strongly coordinating directing 

groups mentioned above is that they can create additional challenges in the 

synthesis. Often, they are not a part of the substrate or the target structure, 

consequently they must be pre-installed and/or subsequently removed after 

the C–H functionalization step. Hence new methodology, that makes use of 

naturally abundant functionalities as directing groups for transition metal-cat-

alyzed C–H functionalization is of high interest to the synthetic community. 

Strongly coordinating group-containing substrates in the presence of Pd(II) 

catalysts can readily produce metallacycles that are thermodynamically stable 

and thus are expected to be less reactive in the subsequent functionalization 

step (Scheme 3.3a). Cyclometalation using weakly coordinating directing 

groups (e.g., hydroxyl or keto groups), however, has been less studied.169 With 

weakly coordinating directing groups, the resulting metallacycles are thermo-

dynamically less stable and are expected to be more reactive. 

 

Scheme 3.3. (a) Strong or weak coordination-driven cyclometalation and (b) exam-

ples of weakly coordinating directing groups for Pd(II)-catalyzed C–H bond function-

alization. Adapted from ref. 169a. 
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Examples of functional groups, that have been successfully applied as 

weakly coordinating directing groups to trigger the C–H bond cleavage step 

in some Pd(II)-catalyzed C(sp2)-H and C(sp3)-H bond functionalization reac-

tions include various keto- or hydroxyl-group-containing functionalities 

(Scheme 3.3b).169a Electron-deficient amides, such as N-perfluoroaryl(alkyl) 

carboxamides, although not considered naturally abundant, were recently 

found to be widely applicable as directing groups in Pd(II)-catalyzed C(sp3)-

H bond functionalization, as demonstrated by the groups of Yu170 and San-

ford.171 

Established organic chemistry reactions, that take advantage of the hy-

droxyl as a directing group (Scheme 3.4) typically involve the use of either 

early transition metal catalysts or catalysts that exert oxophilic character under 

the reaction conditions. Examples include hydroxyl-directed olefin hydro-

genation (Scheme 3.4a) and Sharpless epoxidation of allylic alcohols (Scheme 

3.4b). In the case of hydroxyl as the directing group in the Pd(II)-catalyzed 

processes, coordination of the substrate to the metal center can be rather inef-

ficient because of the relatively “soft” nature of Pd(II). 

 

Scheme 3.4. Some conventional hydroxyl-directed stereoselective transition metal-

catalyzed reactions.172 

 

Hence, examples that make use of hydroxyl/carbonyl functionalities as direct-

ing groups in Pd(II) methodology are still limited, even though these func-

tional groups occur in a wide range of natural products and in many medicinal 

chemistry targets. Only a handful of elegant examples of new Pd(II) method-

ologies utilizing hydroxyl/carbonyl groups as assisting groups for promoting 

the C–H bond cleavage have recently been reported.173 One example of such 

Pd(II)-catalyzed C(sp2)-H functionalization, that relies on the use of hydroxyl 

as the directing group was recently reported by Yu and co-workers (Scheme 

3.5).173c 
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Scheme 3.5. Use of hydroxyl as the directing group for the C(sp2)–H functionalization 

by Yu.173c 

 

As it was stated before, our group has a long-standing interest in Pd(II)-

catalyzed oxidative carbocyclization of allenes assisted by various π-bond 

moieties. Previously, more strongly coordinating ligands, e.g., olefins, allenes 

or alkynes were required for this activation of the allene to form the crucial 

intermediate (vinyl)Pd species int-2.36 (Scheme 3.6a). An important factor 

that determines the complexation ability of Pd(II) is its rather “soft” character. 

It is less likely to form stable complexes with functionalities that are electro-

negative and “hard” in their character (i.e., alcohols). Transformations de-

scribed in this chapter rely on the use of the weakly coordinating hydroxyl 

group, as well as its derivatives, carbonyl and sulfonamide groups, to trig-

ger/assist regioselective allenic C(sp3)-H bond cleavage in allenes 74 (Scheme 

3.6b).  

 

Scheme 3.6. Triggering the allene attack on Pd(II) by (a) an olefin and (b) a hydroxyl 

group. 

 

3.2. Highly diastereoselective palladium-catalyzed oxida-

tive carbocyclization of enallenes assisted by a 

weakly coordinating hydroxyl group 

 

Based on the aforementioned concept of hydroxyl-assisted allenic C–H ac-

tivation and our previous study on carbocyclization of allenes 52,97 we de-

signed the substrate 74a, that contains a hydroxyl group in the β-position with 

respect to the allene moiety (Scheme 3.4). 
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Scheme 3.4. Design of the hydroxyl group-containing δ-enallenes. 

 

When 74a was treated with Pd(OAc)2 (5 mol%), B2pin2 (1.3 equiv), and 

BQ (1.1 equiv) in THF at room temperature for 12 h (Scheme 3.5a) the desired 

product 75a was obtained in 62% yield as a single diastereoisomer. Analysis 

of the crude reaction mixture by NMR showed a d.r. >50:1 for 75a. To further 

demonstrate the necessity of the assisting hydroxyl group in the substrate 74a, 

we performed a control experiment using substrate 76 lacking the hydroxyl 

group in the β-position of the allene moiety (Scheme 3.5b). When substrate 

76 was subjected to the same reaction conditions, the corresponding six-mem-

bered ring product 77 was formed in <2% NMR yield. These experiments 

show that the assisting hydroxyl group of the substrate 74a plays an indispen-

sable role in the formation of the key vinyl-Pd intermediate int-3.6. 

 

Scheme 3.5. (a) Initial attempt of the hydroxyl-assisted carbocyclization reaction and 

(b) a comparative experiment. 

 

With these encouraging results in hand, we turned to optimizing the reac-

tion conditions (see Table 1 in Paper IV for details). Among the solvents 

tested, DCE was found to be the best solvent for this transformation, along 

with Pd(OAc)2 as the best catalyst and BQ as the best oxidant. The substrate 

scope for the formation of borylated cyclohexene derivatives 75 was then stud-

ied under the optimized reaction conditions (Scheme 3.6). Various alkyl sub-

stituents, such as butyl, pentyl, phenylethyl, cyclohexyl and cyclopropyl 

groups in the R1 position of dimethyl allenes afforded the desired cyclized 

products in high yields and with excellent diastereoselectivity (>50:1 d.r. 

trans-/cis-). Cyclopentylidene and cyclohexylidene allenes 74f and 74g were 

also found to be viable substrates in this transformation and afforded the cor-

responding cyclohexene derivatives 75f and 75g in good yields. Phenyl and 

naphtyl allenes were are also tolerated, hence products 75h and 75i were both 

obtained in 86% yields. The reaction of enallenes containing tertiary alcohol 
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assisting groups provided the borylated cyclohexene derivatives 75j and 75k 

in good yields with slightly decreased diastereomeric ratios (20:1 and 10:1, 

respectively).  

 

Scheme 3.6. Scope of the hydroxyl-assisted Pd-catalyzed carbocyclization-borylation 

reaction. 

 

A methyl group at the α-carbon atom of the olefin moiety in substrate 74l 

was not tolerated in this reaction and the formation of a complex mixture of 

products was observed (Scheme 3.7a). Substrate with one extra methylene unit 

between the hydroxyl group and the olefin failed to provide the desired cy-

clized seven-membered ring product 79 (Scheme 3.7b), probably due to the 

unlikely formation of the corresponding olefin-chelated vinyl-Pd intermediate 

(cf. int-3.12 in Scheme 3.11). 

 

Scheme 3.7. Attempted carbocyclization-borylation of enallenols 74l and 78. 

 

To gain further insight into the possible role of the weakly coordinating 

hydroxyl group in the newly developed carbocyclization-borylation reaction, 

we examined the reactivity of enallenol derivatives 74ac, 74ad and 74ae, in 
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which the hydroxyl group is replaced by an acetoxy, methoxy or tert-butyl-

dimethylsilyloxy (OTBS) groups, respectively (Scheme 3.8). In all three cases 

the desired products were obtained in good yields with reasonable diastere-

oselectivities (6:1, 5:1 and 4:1 ratios of trans-/cis- products, respectively). The 

decreased diastereoselectivity in these reactions may be explained by a weaker 

coordination ability of these oxygen-containing groups to the Pd(II) center 

compared to the hydroxyl group. 

 

Scheme 3.8. Carbocyclization-borylation reaction assisted by hydroxyl derivatives. 

 

It is worth noting, that in addition to the carbocyclization-borylation reac-

tion, phenylboronic acid (PhB(OH)2) can also be used as a transmetallating 

agent under similar reaction conditions to afford carbocyclization-arylation 

product 80 in 57% yield with a comparable excellent diastereoselectivity 

(>50:1 d.r., Scheme 3.9a). Optically active enallenol (S)-74a (96% ee) can be 

readily prepared via kinetic resolution of 74a.174 The desired carbocyclization 

product (S,S)-75a was obtained in 85% yield as a single diastereoisomer 

(>50:1 d.r.) with complete enantioretention (Scheme 3.9b). Thus, a possible 

reversible β-H elimination/re-addition that could occur during the transfor-

mation and which would result in a racemization of the alcohol stereocenter 

(as proposed by one of the reviewers of this study prior to publication) can be 

ruled out. To demonstrate the synthetic utility of the newly developed trans-

formation, enallenol 74a (1.04 g) was converted to the corresponding 

borylated cyclohexene derivative 75a (1.47 g, 88%) on gram scale (Scheme 

3.9c). Subsequent oxidation of the boronic ester functionality in 75a using 

NaBO3
.H2O afforded the δ-diol product 81 as a single diastereoisomer in 91% 

yield. 

 

Scheme 3.9. Applications of the developed hydroxyl-assisted carbocyclization-

borylation reaction. 
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Based on the results in the carbocyclization-borylation reaction of enal-

lenes assisted by the weakly coordinating hydroxyl group, we next turned our 

attention to exploring the possible use of a carbonyl functionality in place of 

the hydroxyl group (Scheme 3.10a). We were delighted to discover, that a 

carbonyl group was also capable of functioning as an assisting group for for-

mation of the intermediate corresponding to int-3.8 (Scheme 3.10b). Ketone 

group-bearing enallenes 82 were found to be suitable substrates in Pd-cata-

lyzed carbocyclization and afforded the corresponding cylohexenone deriva-

tives (83a-e) in moderate to good yields. Interestingly, a substrate with a rel-

atively more hindered carbonyl group, bearing two methyl groups in the R2-

positions afforded the desired borylated cyclohexenone derivative 83f in 70% 

yield. The somewhat lower yields of the products 83a-e can be rationalized by 

considering the possibility of various side reactions arising from formation of 

intermediates analogous to int-3.9 under the reaction conditions (similar in-

termediates were proposed in the reaction discussed in Chapter 2.4 of this the-

sis). 

 

Scheme 3.10. Scope of the carbonyl-assisted Pd-catalyzed oxidative carbocycliza-

tion-borylation. 

 

To gain further insight into the mechanism of the developed hydroxyl-as-

sisted reaction, the deuterium kinetic isotope effects were studied (see Scheme 

7 in Paper IV for details). A plausible mechanism for the hydroxyl group-

assisted palladium-catalyzed oxidative carbocyclization of enallenes is given 

in Scheme 3.11a. The reaction of palladium with enallene 74 would form che-
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late complex int-3.10, which triggers C–H bond cleavage to give vinyl-Pd in-

termediate int-3.11. Coordination of the hydroxyl group to Pd(II) in int-3.11 

is followed by a ligand exchange (from hydroxyl group to olefin) leading to 

an axial hydroxyl group in int-3.12 (Scheme 3.11b). The high diastereoselec-

tivity can be explained by a face-selective coordination of the olefin moiety to 

the Pd(II) center in int-3.12. Intermediate int-3.12, now one diastereomer of 

the two possible diastereomeric complexes would undergo an olefin insertion 

to give cyclic intermediate int-3.13 with excellent diastereoselectivity. Subse-

quent transmetallation of int-3.13 with B2pin2 would produce intermediate int-

3.14, which on reductive elimination gives the target borylated cyclohexene 

derivative 75. 

  

Scheme 3.11. (a) Proposed reaction mechanism and (b) the origin of the diastereose-

lectivity.  
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3.3. Highly diastereoselective palladium-catalyzed oxida-

tive cascade carbonylative carbocyclization of enal-

lenols 

Oxidative Pd(II)-catalyzed transformations of γ-enallenes 85a (Scheme 

3.12a) has been studied extensively by our group over the past decade.74b,88 

After the ability of the hydroxyl assisting group to induce highly diastereose-

lective carbocyclizations of δ-enallenes was discovered (see Chapter 3.2 of 

this thesis), we became interested in exploring the carbocyclization of a related 

hydroxyl group-containing γ-enallenol 84a. We speculated that in substrate 

84a the olefin group would be able to trigger the allenic C–H cleavage. Coor-

dination of the hydroxyl group to the Pd center, on the other hand, could in-

fluence the olefin insertion step in terms of stereoselection between the two 

faces of the alkene moiety. As a result, the carbocyclization products would 

be formed in a diastereoselective manner. Recently, our group reported Pd-

catalyzed oxidative carbocyclization-carbonylation of enallenes (Scheme 

3.12b).175 We proposed, that the hydroxyl group in enallenol 84a could also 

participate in formation of the 5-membered lactone ring in 87a if the carbocy-

clization reaction is carried out in the presence of carbon monoxide (CO). 

 

Scheme 3.12. (a) Design of the hydroxyl group-containing γ-enallenol 84a and (b) 

carbocyclization-carbonylation of enallenes 85b.175 

 

Based on this proposal, we initiated our study with the reaction of the enal-

lenol 84a in the planned lactonization reaction (Scheme 3.13a). Our initial 

attempt afforded the desired bicyclic γ-lactone product 87a in 25% yield as a 

single diastereoisomer. We were eager to understand what renders the ob-

served high diastereoselectivity in this transformation. We proposed, that two 

possible olefin-chelated-Pd intermediates int-3.15 and int-3.17 could be 

formed in the catalytic cycle, where two opposite faces of the olefin are coor-

dinated to Pd center (Scheme 3.13b). Migratory insertion of the olefin in int-

3.15 would produce the intermediate complex int-3.16, where the methylene-

Pd moiety and hydroxyl group are in a cis- configuration, accounting for the 
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formation of the observed cis- bicyclic lactone product 87a. Density Func-

tional Theory calculations could shed more light on the origins of the observed 

diastereoselectivity in this transformation. 

 

Scheme 3.13. (a) Attempted carbonylative carbocyclization of 84a and (b) proposed 

intermediates. 

 

Optimization of the reaction conditions (see Table 1 in Paper V for details) 

revealed, that Pd(TFA)2 was the best catalyst for this transformation. BQ was 

the best oxidant and the reaction could be carried out at room temperature with 

an increased yield of γ-lactone 87a (75%) in DCM as the solvent.  

With the optimized reaction conditions in hand, we began to extend the 

substrate scope to the formation of the corresponding carbocyclization-car-

bonylation products 87 (Scheme 3.14). Various substituents in the R1 position, 

including more sterically demanding cyclopentyl group in 87b, were well tol-

erated and afforded the corresponding cyclized products in good yields with 

very high diastereoselectivity (>30:1 d.r. cis-/trans-). Cyclohexylidene allene 

84c also underwent the carbonylation reaction affording the desired γ-lactone 

87c in 70% yield. We observed that phenyl allene 84d also performed well in 

this transformation affording product 87d in 62% yield. A more sterically en-

cumbered hydroxyl group-containing substrate 84e was well tolerated under 

the optimized reaction conditions yielding the γ-lactone 87e in 72% yield. The 

hydroxyl group in this reaction can be replaced by a secondary sulfonamide 

group to give the corresponding N-tosyl-protected γ-lactam products 87f and 

87g in high yields (94% and 87%, respectively) and excellent diastereoselec-

tivity. Diastereoselectivity of this transformation remained high even when 

the tertiary alcohol group-containing allenes 87h and 87i were used as sub-

strates (>30:1 d.r.). The presence of a phenyl group in the R4 position in enal-

lenol 84j allowed the preparation of the α-substituted γ-lactone 87j containing 

three adjacent stereogenic centers in 55% yield and superb diastereoselectiv-

ity.  
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Scheme 3.14. Selected examples of carbonylative carbocyclization of enallenols 84. 

 
We next attempted to extend the carbocyclization cascade reaction to 6-

membered lactones by designing enallenol substrate 88, containing an addi-

tional methylene unit between the carbon and oxygen in C–O bond (Scheme 

3.15). Subjecting compound 88 to the same reaction conditions did not pro-

vide the expected 5,6-fused bicyclic δ-lactone product 89, but yielded a com-

plex mixture of products. Crude NMR analysis of the reaction mixture showed 

full consumption of allene 88. 

 

Scheme 3.15. Attempted carbonylative carbocyclization towards formation of 5,6-

fused bicyclic lactone 89. 

 

The Diels-Alder (DA) reaction is one of the most common and important 

reactions used in organic chemistry to prepare cyclic compounds in a highly 

stereoselective manner. In these reactions, the reactants determine which ste-

reoisomer is (preferentially) formed. We envisioned, that the diene moiety 

present in 5,5-fused bicyclic γ-lactone and γ-lactam products 87 could partic-

ipate in DA reactions with suitable dienophiles, affording polycyclic natural 

product-like γ-lactone/lactam products 90 (Scheme 3.16). Enallenols with two 

methyl substituents on the allene moiety and various substituents in the R-

position all afforded the desired oligocyclic lactones 90a and 90c-h in good to 

moderate yields with very high diastereoselectivity. The starting material-con-

taining a sulfonamide group instead of a hydroxyl afforded 90b in an increased 

89% yield.  
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Scheme 3.16. One-pot two-step process for formation of lactones/lactams 90. 

 

The 5-fused ring γ-lactone 90i could also be prepared in 61% isolated yield 

when the cyclopentylidene-substituted enallenol 84i was used as a substrate. 

Use of the maleic anhydride instead of N-phenylmaleimide in the transfor-

mation of enallenol 84a afforded the corresponding desired product 90j in 

74% yield. The relative stereochemistry of 90c was unambiguously estab-

lished by single crystal X-ray diffraction (Scheme 3.17). 

 

Scheme 3.17. Structure of 90c obtained by single crystal X-ray diffraction analysis. 

 

The use of an enantiomerically enriched substrate (R)-84a (>99% ee) was 

also tested. (R)-84a was prepared by kinetic resolution (KR) of 84a with Can-

dida antarctica lipase B (CalB). The use of (R)-84a in the cascade lactoniza-

tion reaction afforded product (3S, 6R)-87a in 75% yield with complete enan-

tioretention (>99% ee) and excellent diastereoselectivity (>30:1 d.r.) (Scheme 

3.18a). It is noteworthy that this reaction can also be carried out under oxida-

tive conditions using the heterogeneous Pd(II)-Amp-MCF catalyst (see Chap-

ter 1.6 of this thesis for the preparation and characterization of Pd(II)-Amp-
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MCF) instead of Pd(TFA)2, affording the desired γ-lactone 87 in 73% yield 

(Scheme 3.18b). 

 

Scheme 3.18. (a) Use of optically active substrate and (b) formation of 87a using 

Pd(II)-Amp-MCF as the catalyst. 

 

To get an insight into the mechanism of the developed hydroxyl-assisted 

carbonylative carbocyclization reaction, we performed KIE studies (see 

Scheme 6 in Paper V for details). The proposed mechanism for the palladium-

catalyzed oxidative carbonylation of enallenols is given in Scheme 3.19. The 

reaction commences with the formation of a substrate-chelated Pd(II) complex 

int-3.19. Coordination of the olefin moiety and hydroxyl group to Pd center 

promotes allenic C(sp3)-H bond cleavage to give vinyl-Pd intermediate int-

3.20. Hydroxyl-directed face-selective olefin insertion produces cyclic inter-

mediate int-3.21 where the hydroxyl and the methylene-Pd substituents are in 

a cis- arrangement to each other. Insertion of olefin to form the five-membered 

ring intermediate int-3.21 is kinetically favored over the CO insertion in int-

3.20. Next, CO insertion in int-3.21 provides int-3.22, which undergoes lac-

tonization to produce the cis-fused [5,5] bicyclic γ-lactone 87. Upon Diels-

Alder reaction of 87 with N-phenylmaleimide 90 is formed. 

 

Scheme 3.19. Proposed mechanism of the carbonylative carbocyclization of 84 to-

wards lactones 87 and formation of 90. 
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3.4. Conclusions 

 

In conclusion, we have developed an efficient Pd(II)-catalyzed oxidative 

carbocyclization of δ-enallenes affording functionalized cyclohexenol deriva-

tives via diastereoselective ligand exchange on Pd(II) from a weakly coordi-

nating hydroxyl group to a remote olefin group. We also developed a highly 

diastereoselective palladium(II)-catalyzed cascade carbonylative carbocy-

clization reaction of enallenols for the synthesis of 5,5-cis-fused bicyclic γ-

lactones and γ-lactams. We have discovered, that a hydroxyl group is a suita-

ble assisting group in triggering the allene attack on the Pd(II) center, resulting 

in regioselective formation of the key vinyl-Pd intermediates. Weakly coordi-

nating hydroxyl and sulfonamide groups were found to have an important role 

in rendering these carbocyclization reactions highly diastereoselective (d.r. 

>30:1). The readily available enantiomerically enriched starting materials can 

provide the desired products with full enantioretention. Both reactions were 

demonstrated to be efficient on a gram scale and the obtained products were 

further transformed into useful derivatives. Naturally abundant functional 

groups, such as hydroxyl, are useful for subsequent functionalization of these 

products. Further studies on the scope and synthetic applications of the hy-

droxyl-assisted carbocyclization of allenes led us to uncover transformations 

summarized in Chapter 4 of this thesis.  
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4. Oxidative Carbocyclization of Allenes 

Catalyzed by Heterogenous Pd(ΙΙ) 

Catalyst Pd-AmP-MCF (Papers VI, VII 

and VIII) 

4.1. Introduction 

As it was presented in the previous chapter, a hydroxyl group can direct 

Pd(II)-catalyzed cyclization/functionalization reactions of allenes to proceed 

with high diastereoselectivity. In this chapter, results from three separate pub-

lications will be summarized, which deal with stereoselective preparation of 

products 102, 103, 104, 107 and 108 from allenols 101 by means of oxidative 

homogeneous or heterogeneous Pd(II) catalysis (Scheme 4.1). Due to the lim-

itation of the length and focus of this thesis, each study is summarized briefly. 

 

Scheme 4.1. Products obtained via Pd-catalyzed transformations of allenols 101 de-

scribed in this chapter. 

 

Cyclobutenols, bearing a C–C double bond and a hydroxyl group in the 

strained four-membered ring arrangement are synthetically useful building 
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blocks in organic synthesis that can be subsequently readily functionalized.176 

They are also important structural elements in a number of natural products 

and biologically active compounds.177 However, synthesis of cyclobutenols is 

a non-trivial task and there are only a handful of robust synthetic methods for 

their preparation.178 For example, the most straightforward route to cyclobu-

tene derivatives, via a [2+2]-cycloaddition of alkynes and ketenes 92,179 can-

not be used for the direct preparation of cyclobutenols (Scheme 4.2).  

 

Scheme 4.2. Common strategy for preparation of cyclobutenols 94. 

 

Control of diastereoselectivity during functionalization of cyclobutenones 

93 with alkyl/aryl metal reagents (R5M) constitutes an additional challenge.180 

To date, only a few methods for the diastereoselective synthesis of cyclobu-

tenols have been reported.178b,c Therefore, the development of efficient meth-

ods for the stereoselective synthesis of cyclobutenols is currently in high de-

mand.  

  γ-Lactones and γ-lactams are common core structures of number of natural 

products and biologically active compounds (Figure 4.1), as well as versatile 

intermediates in the synthesis of complex molecules and recyclable poly-

mers.181 In most cases, γ-lactones and γ-lactams are fused with other cyclic 

units to form bicyclic or polycyclic structures with multiple chiral centers. 

Many studies have been directed towards the selective construction of these 

structural motifs.182 Despite major advances in the past decade, directed at ac-

cessing these important structures, the reported procedures typically require 

multistep syntheses with unsatisfactory atom- and step-economy.181a-d There-

fore, an efficient access to the ring-fused γ-lactones and γ-lactams with high 

regio- and diastereoselectivity is currently in high demand. 

 

Figure 4.1. Representative bioactive compounds containing γ-lactone motif. 

 

Oxaboroles constitute an important class of compounds, that have recently 

attracted the interest of organic chemists due to their key role as synthons in 

various transformations.183 As recently shown by Baran and co-workers,183a 
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installation of oxaborole skeleton allows rapid gram-scale preparation of a va-

riety of bioactive meroterpenoids, e.g., (+)-chromazonarol 100 (Scheme 4.2). 

 

Scheme 4.2. (+)-Chromazonarol synthesis by Baran. 

 

As it was discussed in Chapter 1.4 of this thesis, homogeneous systems 

commonly exhibit higher selectivity compared to their heterogeneous coun-

terparts. A considerable drawback of the homogeneous Pd(II) catalysts (e.g., 

Pd(OAc)2), however, is their difficult recyclability, which limits their applica-

tion in large scale industrial settings. Hence, from an economic and environ-

mental point of view, it is desirable that large scale Pd-catalyzed oxidation 

reactions are performed using heterogeneous Pd(II) catalysts.184 In the case of 

heterogenous catalysis, removal of the catalyst from the reaction mixture is 

relatively simple, which facilitates the purification of the products, and often 

allows for recycling of the precious metal at the end of the reaction. 

 Therefore, we turned our attention to exploring the possibility of using the 

heterogeneous Pd catalyst Pd-AmP-MCF (see Chapter 1.6 of this thesis for 

the preparation and characterization of Pd-Amp-MCF) in the oxidative carbo-

cyclization reactions of allenes. To the best of our knowledge, there are only 

a limited number of examples of heterogeneous Pd-catalyzed C(sp3)-H oxida-

tions.185An interesting feature of the Pd-AmP-MCF nanopalladium catalyst is 

that it contains a mixture of Pd(0) and Pd(II) atoms on the surface of the acti-

vated PdNPs (Scheme 4.3). Consequently, the heterogeneous nanoparticle cat-

alyst can potentially promote both Pd(0)- and Pd(II)-catalyzed reactions, 

which would open up new opportunities in Pd-catalyzed cascade transfor-

mations. 

 

Scheme 4.3. Schematic depiction of the cavity in the Pd-AMP-MCF catalyst. 
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4.2. Diastereoselective cyclobutenol synthesis: a hetero-

geneous palladium-catalyzed oxidative carbocycliza-

tion-borylation of enallenols 

 

Based on the aforementioned concept of hydroxyl-assisted allenic C–H ac-

tivation and our previous study on the carbocyclization of allenes 54 for the 

formation of the highly-strained cyclobutene derivatives P1 (Scheme 4.4a),153 

we designed substrate 101, that contains a hydroxyl group in the α-position 

with respect to the allene moiety (Scheme 4.4b). We were eager to learn how 

the presence of a free hydroxyl group in 101 would influence the reaction out-

come, and if 102 would be formed in a diastereoselective manner (cf., trans-

formations described in Chapter 3 of this thesis). 

 
Scheme 4.4. (a) Previously reported synthesis of cyclobutenes P1 and (b) design of 

the hydroxyl group-containing β-enallenol 101. 

 

We initiated the investigation by using enallenol 101a as the model sub-

strate, B2pin2 as trapping agent, Pd(0)-AmP-MCF as the catalyst, BQ as the 

oxidant, and MeOH as the solvent. We were happy to observe that cyclobu-

tenol 102a was formed in 8% yield with very high regio- and diastereoselec-

tivity for the trans- product (Table 4.1, entry 1). We then set out to optimize 

the reaction conditions for the selective formation of 102a (for full optimiza-

tion table, see Table 1 in Paper VI). Screening of various solvents did not lead 

to any increase of the yield of 102a (Table 4.1, entry 2). We then tried to 

improve the outcome of the reaction by using different additives (Table 4.1, 

entries 3 and 4). The yield of cyclobutenol 102a was increased to 45% by 

using 1.0 equiv of Et3N as an additive (Table 4.1, entry 4). The further opti-

mized conditions consisted of lowered amount of Pd(0)-AmP-MCF catalyst 

(from 5 mol% to 1 mol%), 10 mol% of Et3N and more diluted reaction solu-

tion. As a result, the yield of 102a was improved to 59% (Table 4.1, entry 5). 

To our delight, the yield of 102a was improved to 82% (Table 4.1, entry 6) on 

replacement of Pd(0)-AmP-MCF by its unreduced precursor Pd(II)-AmP-

MCF. We later discovered, that trialkylamines improve the yield of cyclobu-

tenol 102a in this transformation to a great extent, likely due to coordination 
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of trialkylamines to the catalytically active Pd center, controlling the reactivity 

of enallenol 101a.186,187  

 

Table 4.1. Optimization of the reaction conditions for formation of cyclobutenol de-

rivative 102a.[a] 

 
En-

try 

Catalyst (mol%) Solvent 

(mL) 

Time 

(h) 

Additive 

(equiv) 

Yield 

(%)[b] 
trans/cis 

1 Pd0-AmP-MCF (5) MeOH (1) 6 none 8 >30:1 

2 Pd0-AmP-MCF (5) [c] (1) 6 none <8[c] - 

3 Pd0-AmP-MCF (5) MeOH (1) 6 [d] (1.0) <8[d] - 

4 Pd0-AmP-MCF (5) MeOH (1) 6 Et3N (1.0) 45 >30:1 

5 Pd0-AmP-MCF (1) MeOH (2) 2 Et3N (0.1) 59 >30:1 

6 PdII-AmP-MCF (1) MeOH (2) 2 Et3N (0.1) 82 >30:1 

[a]The reaction was conducted with 0.2 mmol of 101a, B2pin2 (1.3 equiv), BQ (1.1 equiv), 

and catalyst in the indicated solvent. [b]Determined by NMR using anisole as the internal 

standard. [c]CH2Cl2, CHCl3, THF, EtOH, n-PrOH and t-BuOH as solvents did not increase 

the yield of 102a. [d]H2O, DMSO, Cu(OAc)2 and AcOH as additives did not increase the 

yield of 102a. 
 

 

To gain more insight into the activation mode of this catalytic system, we 

performed recycling and characterization studies of both heterogeneous Pd 

catalysts (Figure 4.2). Interestingly, with Pd(0)-AmP-MCF the yield of 102a 

increased from 59% in the first run to 78% in the second run and remained 

almost unchanged at around 80% from the second run to seventh run (Figure 

4.2b), while Pd(II)-AmP-MCF afforded almost constant yield (similarly, 

around 80%) throughout all seven runs (Figure 4.2a). We speculate, that a pre-

activation step is required for the Pd(0)-AmP-MCF catalyst to achieve similar 

performance to its Pd(II) precursor catalyst in this transformation. 

 

Figure 4.2. Recycling of the heterogeneous Pd-AmP-MCF catalysts in preparation of 

102a. 
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Transmission electron microscopy (TEM) images of Pd(0)-AmP-MCF and 

Pd(II)-AmP-MCF before the reaction are quite different (Figure 4.3), but after 

several recyclings they start to resemble each other. After the seventh run, the 

TEM images of Pd(0)-AmP-MCF and Pd(II)-AmP-MCF catalysts were al-

most indistinguishable from one another. We see that as an indication, that the 

nanoparticle catalysts obtained from the two pre-catalysts are very similar. 

 

Figure 4.3. TEM images of Pd(0)-AmP-MCF (top) and Pd(II)-AmP-MCF (bottom) 

catalysts before and after recycling. 

 

We also performed analysis of the Pd(0)-AmP-MCF catalyst, in its pristine 

form and after treatment with excess of BQ, using X-ray photoelectron spec-

troscopy (XPS). The deconvoluted Pd3d XPS spectrum of Pd(0)-AmP-MCF 

pre-treated with BQ revealed that the surface of the PdNPs have a high pro-

portion of Pd(II) (Figure 4.4a). There is an increase of the C1s spectral inten-

sity of Pd(0)-AmP-MCF after treatment with BQ (Figure 4.4c), which indi-

cates that carbon-containing molecules are adsorbed on the surface of the 

PdNPs in Pd(0)-AmP-MCF. Based on the results obtained by XPS analysis, 

we propose that BQ and the reduced HQ are both adsorbed on the surface of 

Pd-AmP-MCF after treatment with BQ. 
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Figure 4.4. XPS spectra of Pd3d of Pd0-AmP-MCF after treatment with BQ (a), and 

C1s of Pd0-AmP-MCF before and after treatment with BQ (b and c). 

 

Control experiments performed with 101a demonstrate that neither Pd(0)-

AmP-MCF nor Pd(II)-AmP-MCF in stoichiometric amounts results in any de-

tectable formation of 102a (Table 4.2, entries 1 and 2). After treatment of these 

two catalyst materials with 2.0 equiv of BQ for 2 h in MeOH, followed by 

centrifugation and washing with MeOH, they promoted the formation of cy-

clobutenol 102a in 74% and 77% yields, respectively (Table 4.2, entries 3 and 

4), which indicates that the adsorption of BQ on the surface of PdNPs in Pd-

AmP-MCF is essential for the initiation of the reaction.  

 

Table 4.2. Formation of 102a using stoichiometric amounts of Pd-AmP-MCF cata-

lysts. 

 

Entry Catalyst Pre-treated with BQ Yield of 102a (%) 

1 Pd(0)-AmP-MCF No 0 

2 Pd(II)-AmP-MCF No 0 

3 Pd(0)-AmP-MCF Yes 74 

4 Pd(II)-AmP-MCF Yes 77 

We also performed ICP-OES analysis of the reaction solution together with 

leaching and hot filtration tests. Results showed that there was no detectable 

leaching of Pd species during the reaction. Therefore, we propose, that the 

active Pd(II) atoms required for the oxidative carbocylization of 101a are gen-

erated on the surface of PdNPs in Pd-AmP-MCF through adsorption of BQ. 

The substrate scope of the carbocyclization-borylation of enallenols 101a 

was studied. Selected examples of the substrate scope are shown in Scheme 

4.5. The reaction tolerated functional groups like ester groups or an additional 

hydroxyl group to furnish the corresponding cyclobutenols 102b and 102c in 

64% and 71% yields, respectively. Cyclobutylidene substituent on the allene 
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moiety also afforded the corresponding product 102d in good yield. In addi-

tion, the reaction of an unsymmetrical enallenol 101e bearing methyl and phe-

nyl groups on allene moiety afforded product 102e in 77% yield. Enallenol 

101f with a tertiary alcohol afforded tertiary cyclobutenol 102f in 70% yield. 

Compound 102g bearing an all carbon-substituted quaternary carbon center 

could be obtained in only 8% yield under the standard reaction conditions, 

probably due to the disfavoring steric effect on the olefin insertion step by the 

methyl substituent in R3 position. Bicyclic cyclobutenol 102h bearing three 

adjacent stereogenic centers was obtained in 50% yield as a single diastere-

omer. It is noteworthy that all of the cyclobutenol derivatives 102 in this study 

were obtained as single diastereomers with very high selectivity (>30:1 d.r.). 

 

Scheme 4.5. Selected examples of substrate scope in the diastereoselective formation 

of cyclobutenols 102. 

 

Multiple transformations of the obtained cyclobutanol derivatives 102 were 

performed, showcasing the versatility of functionalities present in these prod-

ucts and their potential in the preparation of useful synthetic building blocks 

(not discussed here, see Scheme 4a in Paper VI for details). Optically enriched 

substrate (S)-101a (95% ee) was obtained via KR of 101a with Candida ant-

arctica lipase B (CalB) and was further successfully transformed to optically 

pure cyclobutenol derivative (1S,4S)-102a in 83% yield with full enantiore-

tention (Scheme 4.6a). To gain better insight into the origin of the high dia-

stereoselectivity in the formation of cyclobutanol derivatives 102, we exam-

ined the reactivity and selectivity of substrate 101ab in which the hydroxyl 

group was replaced by an acetoxy group (Scheme 4.6b). Product 102ab was 

obtained in comparable yield to that of hydroxyl group-containing substrate, 

but with a decreased diastereoselectivity, indicating that the hydroxyl group 

plays a crucial role in the diastereoselective formation of products 102. We 

also studied the reactivity and selectivity of imide 101ac and sulfonamide 

101ad. Substrate 101ac showed no diastereoselectivity in this reaction. The 
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reaction of 101ad, on the other hand, was diastereoselective and afforded 

102ad in a 11:1 d.r. We speculate, that active hydrogen-containing assisting 

groups (OH or NH) are necessary for efficient control of diastereoselectivity 

in this transformation.  

 

Scheme 4.6. (a) Preparation optically enriched enallenol (S)-101a and its application 

in the carbocyclization-borylation reaction and (b) use of various assisting groups in 

carbocyclization-borylation of β-enallenes. 

 

To gain further insight into the mechanism of the developed hydroxyl-as-

sisted reaction, the deuterium kinetic isotope effects were studied (see Scheme 

6 in Paper VI for details). A plausible mechanism for the formation of cyclo-

butenols 102 is depicted in Scheme 4.7. Simultaneous coordination of allene, 

olefin and hydroxyl group in 101 to the Pd(II) center on the surface of the 

active PdNP would form intermediate int-4.2. Vinyl-Pd complex int-4.1 gen-

erated via allene attack on Pd(II), bearing an axial hydroxyl group, would pro-

mote the formation of int-4.3 via face-selective olefin insertion. Subsequent 

transmetallation of int-4.3 with B2pin2 would produce intermediate int-4.4, 

which on reductive elimination would yield the target cyclobutanol derivative 

102. The Pd(0) on the surface of the PdNP is subsequently re-oxidized by BQ 

to active Pd(II) to close the catalytic cycle. 
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Scheme 4.7. Proposed reaction mechanism for the diastereoselective formation of 

102. 

  

4.3. Chemodivergent and diastereoselective synthesis of γ-

lactones and γ-lactams: a heterogeneous palladium-

catalyzed oxidative tandem process 

 

As discussed in Chapter 4.1 of this thesis, γ-lactones and γ-lactams consti-

tute core structures found in a variety of natural and bioactive compounds and 

are useful building blocks in organic synthesis. We envisioned that enallenols 

101, similarly to their homologues 84 (see Chapter 3.3 of this thesis) could 

undergo Pd(II)-catalyzed carbonylative carbocyclization reaction producing 

valuable γ-lactone products (Scheme 4.8). We proposed that carbocyclization-

lactonization products 103 would be formed via a process that involves double 

CO insertion. First, int-4.1 would be formed via Pd(II)-catalyzed allenic C–H 

cleavage in 101. Then, insertion of CO into the Pd-C bond of int-4.1 would 

give int-4.5, which could undergo an insertion of the olefin unit to form int-

4.6. The second CO insertion in int-4.6 would give intermediate int-4.7, which 

would undergo lactonization affording cyclopentenone-fused γ-lactones 102 

with two adjacent stereogenic centers. As one of the main challenges in de-

velopment of this transformation, we anticipated the control of chemoselec-

tivity during this tandem process, considering the possible side-reactions aris-

ing from intermediates int-4.1, int-4.5 and int-4.6. 
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Scheme 4.8. Proposed approach for formation of cyclopentenone-fused γ-lactone 103 

and possible side reactions. 

 

Our initial attempts to carry out the Pd(II)-catalyzed oxidative tandem re-

action began with the reaction of the model substrate 101a in the presence of 

Pd(TFA)2 as the catalyst and BQ as the oxidant. After 12h reaction time the 

target γ-lactone 102a was obtained in only 28% yield, but as the sole diaster-

eoisomer (Scheme 4.9). The main product in this reaction was γ-lactone 104a 

obtained in 65% yield. Product 104a was formed due to the intramolecular 

reaction of acyl-Pd intermediate int-4.5 with the hydroxyl group. 

 

Scheme 4.9. Initial attempt in carbonylative carbocyclization of 101a. 

 

We then turned to optimizing the reaction conditions for the chemoselec-

tive formation of γ-lactone 103a. When using various homogeneous Pd(II) 

catalysts, γ-lactone 104a was always the major product (Table 4.3, entries 1-

8). However, upon using the heterogenous catalyst Pd(II)-AmP-MCF, the 

yield of 103a increased to 68% and formation of 3a was suppressed (Table 

4.3, entry 9). By changing the solvent to CH2Br2, the oxidant to Me-BQ, and 

the amount of Pd(II)-AmP-MCF catalyst to 2 mol %, 103a was obtained in 

80% yield and with a chemoselectivity of 20:1 (Table 4.3, entry 10). 
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Table 4.3. Optimization of the reaction conditions for carbonylative carbocyclization 

of 101a. 

 

Entry Pd catalyst Solvent 
Yield of 103a 

(%)[a] 

Yield of 104a 

(%)[a] 

1 Pd(TFA)2 DCE 28 65 

2 Pd(OAc)2 DCE 17 50 

3 Pd(PPh3)2Cl2 DCE 12 44 

4 
 

DCE 17 35 

5 Pd(TFA)2 DCM 28 67 

6 Pd(TFA)2 CHCl3 20 70 

7 Pd(TFA)2 CH2Br2 35 55 

8 Pd(TFA)2 THF 26 52 

9 PdII-AmP-MCF DCE 68 20 

10[b] PdII-AmP-MCF CH2Br2 80 4 

11[c] Pd(TFA)2 CH2Br2 15 57 

12[d] Pd(TFA)2 CHCl3 3 86 
[a]Determined by NMR using anisole as the internal standard. [b]2 mol% of PdII-

AmP-MCF and Me-BQ was used. [c]15 bar of CO was used. [d]10 mol% of 

CH3CO2H was used. 

 

We speculate, that the high surface area (500-800 m2g-1) and large average 

pore size (~26 nm) of AmP-MCF could contribute to aggregation of CO in 

Pd-AmP-MCF catalyst, favoring the formation of double-carbonylated prod-

uct 103a. The physical adsorption of CO in the porous material AmP-MCF 

would increase the concentration of CO in the reaction mixture. The surface 

of the catalytically active PdNPs in Pd-AmP-MCF is comprised of both Pd(0) 

and Pd(II) atoms (see Chapter 4.2 for detailed description of the surface states 

of PdNPs in Pd-AmP-MCF in the presence of BQ). We speculated, that the 

Pd(0) atoms in Pd(II)-AmP-MCF can adsorb CO molecules efficiently for the 

next carbonylative step (Figure 4.5).  

 

Figure 4.5. Adsorbed CO molecules on the surface of PdNP in Pd-AmP-MCF. 
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By running the reaction under increased pressure of CO (Table 4.3, entry 

11), product 103a was obtained in only 15% yield using Pd(TFA)2 as the cat-

alyst. This observation serves as evidence, that the chemoselectivity of this 

transformation can not be shifted to favor formation of 103a by simply in-

creasing the CO pressure in the homogeneous catalytic system. Interestingly, 

CH3CO2H as the additive in the case of the homogeneous catalytic system 

enabled a highly chemoselective (>20:1 chemoselectivity) formation of γ-lac-

tone 104a in 86% yield (Table 4.3, entry 12). 

We investigated the scope for the chemo- and diastereoselective formation 

of γ-lactone derivatives 103 (Scheme 4.10). In this study, all of the γ-lactones 

103 were obtained with very high diastereoselectivity (>50:1 d.r.). Enallenols 

101a-101h various substituents and hydrogen atom in the R1 position worked 

well to furnish cyclopentenone-fused γ-lactones 103a-103h in good yields. An 

ester as functional group in 101g was also tolerated in this transformation. The 

substrates with cyclopentylidene and cyclooctylidene substituents on the al-

lene moiety afforded the corresponding products 103i and 103j in good yields. 

Tertiary alcohol-containing substrate 101l gave product 103l with a quater-

nary carbon stereocenter in good yield. Enallenol 101m containing a methyl 

group in the R4 position provided the corresponding γ-lactone 103m as the 

sole diastereomer in 52% yield. 

 

Scheme 4.10. Substrate scope for selective formation of γ-lactones 103. 

 

The heterogeneous Pd-Amp-MCF catalyst used for the selective formation 

of γ-lactones 103 can be recovered and recycled multiple times without any 
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observed loss of activity or selectivity (Figure 4.6), demonstrating its robust-

ness. We also performed ICP-OES analysis of the reaction solution together 

with leaching and hot filtration tests. The results showed that there was no 

detectable leaching of Pd species during the reaction. 

 

Figure 4.6. Recycling study of the heterogeneous Pd-AmP-MCF catalyst in the prep-

aration of 103a. 

 

Selected examples from the substrate scope for chemoselective formation 

of γ-lactones 104 are shown in Scheme 4.11. Cyclopentylidene substituted 

enallenol 101b, ester group-containing substrate 101c, and unsymmetrical 

phenyl-substituted enallenol 101d all worked well to give the corresponding 

products 104b-104d in good yields. Substrates 101e-101g with methyl sub-

stituents in R2, R3 and R4 positions, worked equally well to give substituted γ-

lactones 104e-104g in good yields. Gratifyingly, the spiro-γ-lactone 104h was 

also obtained with very good chemoselectivity in 77% yield under the homo-

geneous reaction conditions. 

 

Scheme 4.11. Selected examples from the substrate scope for selective formation of 

γ-lactones 104. 

 



74 

As in the study described in Chapter 4.2 of this thesis, optically pure enal-

lenols (S)-101 (>99% ee) were readily prepared via a lipase-catalyzed KR re-

action and were further transformed into the highly valuable chiral cyclopen-

tenone-fused γ-lactones (3R,6S)-103 (Scheme 4.12a). Successful chemodiver-

gent and diastereoselective preparation of γ-lactams was also achieved 

(Scheme 4.12b). Using sulfonamide group-containing enallene 101ab as the 

substrate, switchable synthesis of either γ-lactam 103ab or γ-lactam 104ab 

was achieved in good yields and excellent diastereoselectivity, by employing 

either heterogenous or homogenous catalytic systems. Further transformation 

of the obtained γ-lactams 103 and 104 via selective hydrogenation reactions 

was performed, showing the versatility of these compounds as useful building 

blocks in organic synthesis (not shown here, see Scheme 6 in Paper VII for 

details). 

 

Scheme 4.12. (a) Use of optically pure enallenols (S)-101 in the carbonylative carbo-

cyclization reaction and (b) chemodivergent and diastereoselective synthesis of γ-lac-

tams 103ab and 104ab. 

 

A plausible mechanism for the chemodivergent diastereoselective prepara-

tion of γ-lactones is depicted in Scheme 4.13. The first step would involve 

simultaneous coordination of the hydroxyl group (sulfonamide group), allene 

and olefin units to the Pd(II) center would be promoting the allenic C–H bond 

cleavage forming vinyl-Pd complex int-4.8. We propose, that in the presence 

of homogeneous Pd, attack by the XH group on the coordinated CO would be 

favored with formation of int-4.8´ (path a) and provide γ-lactones or γ-lactams 

104 as products after reductive elimination, while in the presence of heteroge-

neous Pd, CO insertion into the Pd–C bond of int-4.8 would be favored, af-

fording int-4.9 (path b). Lactonization/lactamization of int-4.9 could also lead 

to γ-lactones or γ-lactams 104, while selective olefin insertion in int-4.9 di-

rected by the XH group would afford int-4.10. In int-4.10 the alkyl palladium 

and hydroxyl/sulfonamide group are on the same side of cyclopentenone moi-

ety. Subsequent CO insertion in int-4.10 would produce int-4.11, which 
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would further undergo lactonization/lactamization to give γ-lactones or γ-lac-

tams 103. 

 

Scheme 4.13. Proposed reaction mechanism for the chemo- and diastereo-selective 

formation of 103 or 104. 

 

4.4. Efficient heterogeneous palladium-catalyzed oxida-

tive cascade reactions of enallenols to furan and ox-

aborole derivatives 

 

The study summarized in the Chapter 2.3 of this thesis (Paper II) deals with 

olefin-assisted alkynylation of β-enallenes (Scheme 4.14a). In efforts to ex-

plore the role of the hydroxyl as assisting group in the oxidative transfor-

mations of allenes, we turned our attention to the possible use of enallenol 

101a in related dehydrogenative coupling reaction with alkynes. We envi-

sioned that substrate 101a under similar conditions would undergo allenic C–

H bond cleavage, forming vinyl-Pd intermediate int-4.13 with the Pd(II) and 

the allyl alcohol group on the same side of the C=C bond (Scheme 4.14b). In 

the presence of the terminal alkyne, ligand exchange and reductive elimination 

would furnish the (Z)-tetrasubstituted 1,3-enyne derivative 105a. In our initial 

attempt, formation of 105a was not observed, and tetrasubstituted furan deriv-

ative 107a was obtained exclusively instead (Scheme 4.14c). We proposed 
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that formation of 107a may result from isomerization of 106a, which would 

be an intermediate in this transformation. 

 
Scheme 4.14. (a) Alkynylation of enallenes 54, (b) envisioned outcome of the oxida-

tive alkynylation reaction of enallenol 101a and (c) observed reaction outcome and 

formation of 107a. 

 

Distinct differences between the efficiency of homogeneous palladium and 

the heterogeneous Pd-AmP-MCF catalysts were observed in this transfor-

mation (Table 4.4). The use of 1 mol% of Pd(OAc)2 as the catalyst only af-

forded 107 in 36% yield (Table 4.4, entry 1). The use of 1,10-phenanthroline 

as the ligand for Pd completely shut down the reaction (Table 4.4, entry 2), 

presumably due to the strong coordination of 1,10-phenanthroline to Pd(II) 

center disfavoring the formation of chelate complex int-4.12 and the subse-

quent allenic C–H bond cleavage. Replacement of Pd(OAc)2 by the heteroge-

neous Pd-AmP-MCF catalyst in this transformation afforded 107a in a much 

higher 82% yield. 

 

Table 4.4. Catalyst efficiency comparison in the formation of furane derivative 107a. 

 

Entry Catalyst Cat. loading 

(mol%) 

Yield of 107a 

(%) 

1 Pd(OAc)2 1 36 

2 Pd(OAc)2 + 1,10-Phen 1 0 

3 PdII-AmP-MCF 1 82 

 

An interesting and useful feature of the heterogenous Pd-AmP-MCF cata-

lyst is that no formation of Pd black was observed in the reaction mixture after 
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completion of the reaction, while generation of Pd black was observed when 

Pd(OAc)2 was used as the catalyst. Similar effects were observed in other ox-

idative transformations described in Chapters 4.2 and 4.3 of this thesis. These 

observations demonstrate the high efficiency of the Pd-AmP-MCF catalyst in 

Pd-catalyzed C(sp3)-H oxidation reactions. 

An unexpected chemoselectivity was observed, when the alkynylation re-

action of 101a was conducted in different solvents. The use of CH3CN, 

CH3OH or CHCl3 as solvents, selectively yielded (Z)-tetrasubstituted olefin 

105a, 2,5-dihydrofuran 106a or tetrasubstituted furan 107a as the dominant 

product, respectively (Table 4.5).  

 

Table 4.5. Solvent-controlled chemoselectivity in formation of 105a, 106a and 107a. 

 

Entry Catalyst Yield of 105a 

(%) 

Yield of 106a 

(%) 

Yield of 

107a (%) 

1 CH3CN 90 0 0 

2 CH3OH 0 75 8 

3 CHCl3 0 0 82 

 

We carried out control experiments where we treated 105a with 1 mol% of 

Pd-AmP-MCF in either CH3OH or CHCl3 as solvents, which afforded 106a 

or 107a, respectively. 2,5-Dihydrofuran derivative 106a was transformed into 

107a overnight in 91% yield in CHCl3 in the absence of the metal catalyst 

(Scheme 4.15). These results indicate that compound 106a is formed via 

Pd(II)-catalyzed intramolecular cycloisomerization of 105a, and that tetrasub-

stituted furan derivative 107a is formed via isomerization of 106a.  

 

Scheme 4.15. Control experiments rationalizing formation of 107a via 106a. 

 

Under optimized reaction conditions for each transformation, we explored 

the substrate scope of enallenols 101 for the divergent syntheses of 105, 106, 

and 107 (Scheme 4.16). By using CH3CN or CH3OH as solvents, enallenols 



78 

101 reacted well with terminal alkynes 109 to give (Z)-tetrasubstituted olefins 

105 or 2,5-dihydrofuran derivatives 106, respectively. The chemoselectivity 

of the Pd-AmP-MCF-catalyzed oxidative cyclization of 101 was shifted to-

wards the selective formation of 107 in CHCl3 as the solvent. A few products 

arising via unexpected isomerization of 106 or 107 were also observed (see 

Scheme 4 in Paper VIII for details). 

 

Scheme 4.16. Selected examples from the substrate scope for selective formation of 

105, 106 or 107. 

 

Kinetic studies of the formation of 107a revealed that the rate and yield of 

the reaction maintained very similar throughout six consecutive runs, which 

demonstrates the robustness of Pd-Amp-MCF as a catalyst in this transfor-

mation (see Figure 1 in Paper VIII for details). We also performed XPS and 

TEM analyses of Pd-AmP-MCF catalyst before reaction and after six cycles. 

The deconvoluted Pd3d XPS spectrum of Pd-AmP-MCF before reaction 

showed intensive Pd(II) signals at 338 eV and 343 eV (Figure 4.7a). After 6 

recyclings of the heterogenous catalyst, the surface of PdNPs in Pd-AmP-

MCF still had a dominant proportion of Pd(II) (Figure 4.7b). TEM images 

revealed that no Pd-black was formed from Pd species of Pd-AmP-MCF after 

6 recycles (Figure 4.7d). From these results, we conclude that the porous sup-

port (AmP-MCF) of the heterogeneous Pd catalyst prevents the catalytically 

active Pd species from deactivation during the catalytic cycle. 
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Figure 4.7. XPS and TEM analyses of Pd-AmP-MCF before reaction and after six 

cycles. 

 

Based on the results obtained in the control experiments (Scheme 4.15), the 

mechanism shown in Scheme 4.17 was proposed for the Pd-AmP-MCF-cata-

lyzed oxidative transformations of enallenols 101 towards the formation of 

products 105, 106 or 107. The observed solvent effect could be explained by 

the following reasons: (a) CH3CN can interact with the Pd(II) center inhibiting 

the Pd-catalyzed intramolecular cyclization of 105 to give 106 at room tem-

perature; (b) protic solvents, such as MeOH can favor the conversion from 

105 to 106, since a proton is needed during the process; (c) the relatively acidic 

solvent, such as CHCl3 can favor the isomerization from 106 to 107. 

 

 
Scheme 4.17. Proposed reaction mechanism for formation of 105, 106 and 107 from 

101. 
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Replacing the alkyne coupling partner with B2pin2 in this transformation 

led to the formation of oxaborole derivatives 108 in excellent yields (Scheme 

4.18). Similar to transformations described in Chapters 4.2 and 4.3 of this the-

sis, in this reaction the use of enantiomerically enriched (S)-101 led to the 

formation of highly optically enriched (>99% ee) oxaboroles (S)-108 in high 

yields. The reactions proceeded without any loss of optical purity, in spite of 

the possible racemization of the allylic alcohol in the presence of Pd. The se-

lectivity of the reaction can be switched to give cyclobutenol products 102 if 

MeOH is used as the solvent in the presence of Et3N as an additive (for selec-

tive formation of 102, see Chapter 4.2 of this thesis). We propose, that in the 

case of the selective formation of 102, interaction between Et3N and the Pd 

center favors olefin insertion to occur prior to transmetallation with B2pin2. In 

the transformation described here, the relative acidity of CHCl3 as the solvent 

favors the direct transmetallation of the key vinyl-Pd intermediate and subse-

quent intramolecular alcoholysis of the boronate ester resulting in selective 

formation of oxaboroles 108. 

 

Scheme 4.18. Synthesis of oxaborole derivatives 108 via Pd-AmP-MCF-catalyzed 

cyclization reaction of 101. 
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4.5. Conclusions 

We have developed an efficient heterogeneous Pd-catalyzed oxidative car-

bocyclization reactions of allenes for the stereoselective preparation of cyclo-

butenols, tandem chemodivergent and diastereoselective synthesis of γ-lac-

tones and γ-lactams, as well as the cascade cyclizations towards highly sub-

stituted furan and oxaborole derivatives. We have successfully demonstrated, 

that the heterogeneous nanopalladium material (Pd-AmP-MCF) can catalyze 

oxidative carbocyclization of allenes. In the case of carbonylative carbocy-

clization, catalyst controlled chemodivergent transformations of enallenols 

were achieved by switching between homogeneous and heterogeneous palla-

dium catalysts, which opens new opportunities for possible control of 

chemoselectivity in other carbonylation reactions.  

It was demonstrated, that the use of Pd-AmP-MCF as the catalyst circum-

vents the Pd deactivation problem in homogeneous Pd-catalyzed oxidations. 

We propose, that this is due to the functionalized support (AmP-MCF) acting 

as a ”heterogeneous ligand” for Pd, hence, protecting the Pd species from ag-

gregating to catalytically inactive Pd black during the catalytic cycle. In all 

oxidative transformations described in this chapter, this heterogeneous cata-

lyst Pd-AmP-MCF showed excellent recyclability and no detectable metal 

leaching. We found, that enantiomerically enriched enallenols could be read-

ily prepared via lipase-catalyzed DKR and further transformed into chiral 

products by using the newly developed methodology, yielding the aforemen-

tioned products with full enantioretention. Further studies on the use of Pd-

AmP-MCF catalysts in various Pd-catalyzed oxidative transformations will be 

disclosed by our group in the near future. 
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5. Concluding remarks 

In summary, novel selective oxidative carbocyclization/functionalization 

reactions of allenes via Pd(ΙΙ) catalysis has been developed. The new method-

ology enables straightforward preparation of rarely accessible structural mo-

tifs form a readily available allene starting materials. The described Pd(ΙΙ)-

catalyzed transformations of allenes involve selective allenic C–H cleavage 

under oxidative conditions. Some of these reactions can be carried out under 

aerobic biomimetic conditions by the use of the electron transfer mediators 

(ETMs) and oxygen gas as the stoichiometric oxidant. The weak coordination 

of the hydroxyl group to the Pd(II) is sufficient to trigger the allenic C–H bond 

cleavage enabling the formation of the key (vinyl)Pd(II) intermediates in these 

transformations. Through the discovery and development of heterogeneous 

and homogeneous catalytic systems, that both exhibit high selectivity under 

the oxidative conditions, we were able to achieve chemodivergent and dia-

stereoselective transformations of enallenols. 

With regard to continuation of the studies described in this thesis, the doors 

are now open for further investigations into the mechanistic aspects of the 

newly developed transformations, that would rationalize the observed high di-

astereoselectivity obtained by the use of the weakly coordinating assisting 

groups.  The reaction mechanisms governing the selectivity in the carbonyla-

tive carbocyclization towards γ-lactones and γ-lactams in the presence of ei-

ther the heterogeneous or homogeneous Pd catalysts (see Chapter 4.3 of this 

thesis) should also be investigated in more detail in future. We hope that the 

presented work would spark new interest in C–H bond oxidation catalyzed by 

heterogeneous Pd(ΙΙ) catalysts.   
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Appendix A: Free-energy profiles for the allene 

insertion, isomerization, and deprotonation in car-

bocyclization-borylation of bisallenes 
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