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Abstract 

The use of small molecule building blocks in, for example, pharmaceutical 

research and new material development, creates a need for new and im-

proved organic synthesis methods. The use of transition metals as mediators 

and catalysts opens up new reaction pathways that have made the synthesis 

of completely new compounds possible as well as greatly improved the syn-

thetic routes to known compounds. 

Herein, the development of new metal-mediated and catalyzed reactions 

for construction of vinylic and allylic carbon-carbon and carbon-heteroatom 

bonds is described.  The use of iodonium salts as coupling partners in palla-

dium-catalyzed Heck-type reactions with alkenes is shown to improve the 

current substrate scope. Results from a mechanistic study indicate that the 

reaction proceeds via high oxidation state palladium intermediates.  

The use of IIII reagents is also believed to facilitate a PdII/PdIV catalytic 

cycle in allylic silylation of alkenes using (SiMe3)2, which, to the best of our 

knowledge, is the first method developed for metal-catalyzed allylic C-H 

silylation. 

The same silyl-source, (SiMe3)2, has previously been used in a palladium-

catalyzed allylic substitution reaction in which allylic silanes are formed 

from allylic alcohols. A detailed mechanistic investigation of this reaction is 

described in which by-products as well as intermediates, including the rest-

ing state of the catalyst, are identified using 1H, 11B, 19F, and 29Si NMR spec-

troscopy. Kinetic experiments are performed that give information about the 

turn-over limiting step and the mechanism of the analogous borylation using 

B2pin2 is also investigated. Insights from this study further made it possible 

to improve the stereoselectivity of this reaction.  

Additionally, a new method for copper-mediated trifluoromethylation of 

allylic halides is presented in which linear products are formed exclusively 

from both linear and branched allylic substrates at room temperature.  Identi-

fication of allylic fluorides as by-products during the reaction also led to the 

development of a similar copper-mediated reaction for the fluorination of 

allylic halides.  
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Populärvetenskaplig sammanfattning 

Molekyler är de grundläggande beståndsdelarna i allt omkring oss. För att 

kunna utveckla nya läkemedel, förbättrade material, displayer till våra 

smartphones eller fuktighetskrämer måste man kunna konstruera nya sorters 

molekyler. En organisk kemist som jobbar med metodutveckling arbetar 

med att hitta helt nya sätt att koppla ihop molekyler samt att förbättra nuva-

rande metoder så de blir mer miljövänliga, mindre farliga att utföra, billigare 

och effektivare. 

En kemisk förening som underlättar för en kemisk reaktion att ske utan att 

själv omvandlas till en ny förening i processen kallas katalysator. Eftersom 

katalysatorn inte förbrukas under reaktionen räcker det att en liten mängd av 

denna förening är närvarande under reaktionens gång. Idag sker över 80% av 

all industriell produktion av kemikaler genom katalytiska processer.1 Många 

metaller har egenskaper som gör dem extremt användbara som katalysatorer. 

Fokus för forskningen som presenteras i denna avhandling har varit på att 

utveckla nya katalysmetoder för att bilda kol-kol- (C-C), kol-kisel- (C-Si), 

kol-bor- (C-B) och kol-fluorbindningar (C-F) bland annat med hjälp av me-

tallen palladium (Pd) samt att studera hur dessa reaktioner går till på en mo-

lekylär nivå. 

Delprojekt 1: Kol och väte är de vanligaste beståndsdelarna i organiska 

molekyler och kol-kolbindningar är det som håller ihop dessa kemiska före-

ningar. Det är därför av största vikt att kunna konstruera sådana bindningar. 

Under det första projektet som presenteras i avhandlingen har en ny palla-

dium-katalyserad reaktion utvecklats där de två molekylerna som kopplas 

ihop har valts på ett sådant sätt att konstruktion av aldrig tidigare byggda 

molekyler blivit möjlig. 

Delprojekt 2: Molekyler som innehåller kol-tenn- och kol-

magnesiumbindningar har använts mycket som byggstenar för att konstruera 

kol-kolbindningar. Dessa molekyler är dock både instabila och farliga att 

hantera och på senare tid har det visat sig att molekyler som innehåller kol-

kisel- och kol-borbindningar kan användas på samma sätt och är därför mil-

jövänliga och stabila alternativ. Arbetet i avhandlingens andra projekt foku-

serar på att bryta en kol-vätebindning och istället bilda en kol-kiselbindning. 

Detta är ingen lätt uppgift eftersom organiska molekyler generellt innehåller 



vii 

 

många och väldigt likartade kol-vätebindningar. Med hjälp av palladiumka-

talys var det dock möjligt att selektivt byta ut ett väte i startmaterialet mot en 

kiselatom.  

Delprojekt 3: Under det tredje delprojektet undersöktes en likartad, redan 

utvecklad, palladiumkatalyserad reaktion, i vilken kol-kisel- och kol-

borbindningar bildas. Därmed fick vi insikt i de olika förändringar katalysa-

torn genomgår under reaktionen vilket hjälpte oss att ytterligare förbättra den 

redan existerande metoden. 

Delprojekt 4: Eftersom fluor är hårt bundet i mineraler i jordens inre har 

levande organismer under evolutionens gång till väldigt liten utsträckning 

inkorporerat detta grundämne i sina molekylära beståndsdelar. Eftersom djur 

av denna anledning inte fått i sig molekyler som innehåller kol-

fluorbindningar har de inte utvecklat några bra sätt att bryta dessa, i motsats 

till kol-vätebindningar som kroppen är mycket bra på att klyva. Att byta ut 

en kol-vätebindning i ett läkemedel mot en kol-fluorbindning kan därför leda 

till att läkemedlet inte bryts ner lika fort av kroppen och därmed blir mycket 

mer effektivt. Av bland annat denna anledning innehåller en stor del av da-

gens läkemedel idag minst en kol-fluorbindning.2 I avhandlingens sista del 

beskrivs en ny metod där ett kopparreagens (Cu) används för att introducera 

fluorinnehållande grupper i organiska molekyler. Även under detta projekt 

har mekanismen för bildandet av bindningarna undersökts och resultaten kan 

eventuellt ligga till grund för utveckling av en process där koppar endast 

behöver användas i katalytisk mängd. 
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DAST N,N-Diethylaminosulfur trifluoride 
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L Ligand (neutral) 

M Metal 

Monoglyme 1,2-Dimethoxyethane 

Nu- Nucleophile 

O.A. Oxidative addition 

PTS Polyoxyethanyl α-tocopheryl sebacate 

SelectFluor 1-(chloromethyl)-4-fluoro-1,4-diazo 
niabicyclo[2.2.2]octane ditetrafluoroborate 

TEMPO 2,2,6,6-tetramethyl-1-piperidinyloxy 
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R.E. Reductive elimination 

rt Room temperature 

X Ligand (charged) 
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1. Introduction 

1.1 Transition metal-catalyzed reactions 

The elements in group 3 to 12 in the periodic table are commonly called 

transition metals.3 These elements possess general metallic characteristics 

such as electronic conductivity, high melting points, and shiny appearance,4 

but the fact that these elements or their ions have partially filled d-orbitals 

also give them unique properties. Due to the small energy gap between the 

different d-orbitals of transition metal complexes, absorption of visible light 

can excite an electron to an empty d-orbital of higher energy, making the 

compound colored (for example, Cu2+(aq) is blue due to its absorption of 

yellow light).5 Therefore, such compounds have been used as additives in, 

for example, paint.6  However, more interesting from an organic chemist’s 

perspective is the wide range of oxidation states that transition metals can 

possess.3 The nature of the partially filled d-orbitals also makes it possible 

for the metal to form a larger number of bonds compared to most other ele-

ments. The number of bonds that a specific metal participates in can also 

vary. These properties make transition metal complexes highly versatile as 

catalysts for chemical reactions.  

1.1.1 Fundamental transformations and catalyst tuning 

An efficient catalyst should have the right steric and electronic requirements 

to efficiently bind the substrate, to rapidly go through the transformations of 

the catalytic cycle and, at the end, not to form too strong a bond to the prod-

uct but instead release it to accommodate a new substrate. Additionally, the 

catalyst should be stable enough not to decompose through other routes. 

When designing a transition metal catalyst, the desired properties can be 

obtained by choosing a suitable metal and oxidation state. Additionally, the 

ligands bound to the metal will also greatly influence the electronic and ste-

ric properties of the catalyst. 

The majority of transition metal-catalyzed reactions consist of a combina-

tion of a small number of fundamental transformations (Scheme 1).7 Oxida-

tive addition and reductive elimination will alter the formal oxidation state of 
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the metal. Coordinatively unsaturated electron-rich metals in low oxidation 

states with electron-donating ligands tend to undergo oxidative addition 

readily, whereas the reverse is true for reductive elimination. 

 

Scheme 1. Fundamental transformations in organometallic chemistry.  

Transmetallation is another fundamental organometallic transformation, in 

which a group is transferred from one metal (or semimetal) to another 

(Scheme 1c). Migratory insertion of a neutral ligand (L-type) into a bond 

between the metal and an X-type ligand (negatively charged) is the reverse 

of a so called - or β-elimination (Scheme 1b, d). In the case of transmetalla-

tion and elimination, a free coordination site on the metal center is required.  

1.1.2 Use of palladium in organic synthesis 

Palladium catalysis has become an essential tool for organic chemists.8 This 

versatile metal is widely used both as a heterogeneous catalyst e.g. in hydro-

genation as well as a homogeneous catalyst for carbon-carbon and carbon-

heteroatom bond formation.9 The importance of the latter was highlighted in 

2010 when Heck, Suzuki, and Negishi were awarded the Nobel Prize for 

their pioneering work in the field of palladium-catalyzed cross coupling.10 

When involved in redox chemistry, Pd0/PdII catalytic cycles have dominated 

the scene. However, it has been shown that stable Pd(I),11 Pd(III),12 and 

Pd(IV)13 species can be synthesized and such complexes have also been sug-

gested as catalytic intermediates. PdI and PdIII are usually found in dimers 

with a Pd-Pd bond making it possible to form 16- and 18-electron complex-

es, respectively. Palladium in its PdIII (dimeric) and PdIV oxidation states 

adopts an octahedral geometry and is more electrophilic than PdII, which are 

properties that could be beneficial in certain catalytic reactions (for structure 

see Figure 1).  

Recently, a series of new catalytic transformations based on the attributes 

of high oxidation state palladium have been developed, including a variety 
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of C-H functionalizations.12a,13e,14 These reactions are proposed to proceed 

via PdII/PdIVor PdII/PdIII catalytic cycles. 

 

Figure 1. Representative example complexes of palladium in its most common 

oxidation states. Complexes 1 and 2 are commercially available palladium catalysts. 

Complex 3 is one of the first organo-PdIV complexes that was synthesized and char-

acterized.13b 

1.1.3 Use of copper in organic synthesis 

Copper is an inexpensive, earth-abundant, non-toxic metal which is also 

frequently encountered in organic synthesis.13a,15 Already in 1901, long be-

fore the utility of palladium in coupling reactions was discovered, Ullmann 

published a copper-mediated C-C homo-coupling.16 Later during the 20th 

century, organocuprates (Figure 2, third structure) found widespread use in 

the stoichiometric alkylation of electrophiles as well as substitution reactions 

and were shown to provide complementary selectivity with respect to other 

metal reagents and catalysts.15a 

Since then, the conditions for copper-mediated carbon-carbon or carbon-

heteroatom bond forming reactions have become milder, the use of copper in 

catalytic amounts has become possible and the scope of transformations and 

suitable substrates has increased.15,17 Nevertheless, the field of palladium 

catalysis is still more explored and the use of palladium catalysts in cross-

coupling is more frequent. A disadvantage of copper catalysis is that the 

mechanisms by which these reactions operate are not as well understood, 

making predictions about new reactivity more challenging.7 One reason for 

this is that copper easily undergoes one-electron redox transformations, in-

cluding disproportionation reactions.17-18 Another complicating factor is that 

copper species have a tendency to aggregate.18b These properties can howev-

er, also be seen as advantages when it comes to the development of new 

synthetic methodology.  

The CuII oxidation state is common in inorganic salts, but scarce for or-

ganocopper species, which are most frequently found as CuI or, more rarely, 

CuIII complexes (Figure 2).15a 
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Figure 2. Examples of organocopper complexes in the most common oxidation 

states. Copper complex 4 is relatively stable and has been analyzed by X-ray crystal-

lography,19 whilst 5 could only be identified by rapid injection NMR spectroscopy at 

-100 C.20 Complex 6 is an example of a dimeric organocuprate reagent.21 

1.2 Transition metal-catalyzed functionalization of 
alkenes 

Coordinating an organic molecule to a transition metal can completely 

change its reactivity. For example, free alkenes commonly react as nucleo-

philes, while the reverse reactivity can be seen when alkenes are bound to 

metal complexes. The metal-alkene interaction consists of both -donation 

from the alkene and π-backdonation from the metal (Figure 3a).  

 

Figure 3. (a) Simplified MO diagram showing the interaction between an alkene and 

a metal. (b) η2-η1 slipping explains why alkenes react as electrophiles. Below: The 

LUMO of the system. (c) The regioselectivity is often governed by the ability of the 

alkene substituents to stabilize a positive charge in the η1-form. 

Because of the synergic nature of the metal-alkene bond, an electron-rich 

metal will form strong bonds to electron-deficient alkenes and vice versa.7 

From the MO diagram it can be seen that the LUMO of the system, with 
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which a nucleophile will interact, has been raised in energy, making it less 

susceptible to nucleophilic attack than before the coordination. The activa-

tion of the alkene by the metal can instead be explained by a η2-η1 slipping of 

the ligand (Figure 3b),7,22 whereby the LUMO of the η1-form will be stabi-

lized and thereby susceptible to attack.7,22 The fact that this equilibrium is 

shifted towards the most stable η1-form of the metal-alkene complex (Figure 

3c) explains why nucleophilic attack predominantly occurs at the most sub-

stituted terminus of the alkene.   

1.2.1 Alkene functionalization via insertion 

External nucleophiles commonly attack the alkene anti with respect to the 

metal (Figure 3c).7 However, if the nucleophile first coordinates to the metal, 

addition from the same side will be possible (syn addition). The resulting 

complex can undergo a β-elimination and form a vinylic product (Scheme 

2). If only one of the two β-positions is substituted with a group that can 

migrate or eliminate, a selective reaction can take place. Otherwise, there is a 

risk of forming a mixture of vinylic and allylic products. 

PdII complexes containing alkyl ligands are known to easily undergo β-

hydride elimination. However, if the catalytic intermediate is instead a PdIV 

complex, it has been shown that the chemoselectivity can be changed. In 

these cases, reductive elimination will dominate and difunctionalization will 

occur (Scheme 2).14a,22 The stereochemical outcome of such a reaction will 

depend on both the nature of the addition to the double bond and the reduc-

tive elimination. 

 

Scheme 2. Alkenes coordinated to a metal can be attacked by a nucleophile fol-

lowed by either β-elimination or reductive elimination.  
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An example of vinylic functionalization is the Mizoroki-Heck reaction9a,23 

which was initially independently reported by Mizoroki24 and Heck25 and  

involves the arylation or alkenylation of alkenes.23a 

The classical, commonly accepted mechanism begins with an oxidative 

addition of the organic halide or triflate to the catalyst (Figure 4). This step is 

followed by coordination of the alkene and subsequent insertion into the 

M-C bond. For neutral palladium catalysts, steric effects tend to determine 

the regioselectivity; cationic palladium catalysts show a greater tendency to 

be influenced by electronic factors.26 The coupling product is formed after β-

hydride elimination and the catalyst is regenerated after base-assisted reduc-

tive elimination of HX (Figure 4). This transformation is catalyzed by palla-

dium species in an overwhelming majority of cases. However, methods us-

ing other metals including Ni,27 Cu,28 Ir,29 and Rh30 have also been reported. 

 

Figure 4. General mechanism of the Mizoroki-Heck reaction.26 Common conditions 

for Heck-type reactions:23a Mcat. = almost exclusively Pd, but also Ni, Cu, Ir and Rh; 

R1 = alkenyl, aryl, alkyl (no β-hydrogens); R2 = alkenyl, aryl, alkyl; X = Cl, Br, I, 

OTf, OTs; base = amine, KOAc, NaHCO3. 

1.2.2 Alkene functionalization via allyl metal complex formation 

Coordination of an alkene to a metal can also be followed by the formation 

of an allyl metal complex (Figure 5a). A C-H bond can be activated by its 

interaction with the metal, which can lead to cleavage and transfer of the 

proton to another ligand. This process is called concerted metallation-

deprotonation (CMD).31 The Y ligands in these cases are most commonly 
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carboxylates, which enables a six-membered transition state for the C-H 

bond breaking (Figure 5a). The activation of a -bond by coordination to a 

metal can also weaken it to such an extent that it is completely cleaved, but 

in allylic systems, oxidative addition is most commonly of SN2 character 

rather than proceeding via a direct insertion (Figure 5a).26  

The allyl metal complex can be coordinated via either one or three of the 

allylic carbons. The η3-isomer is commonly electrophilic and attack by nu-

cleophiles predominantly occurs at the terminal position (Figure 5b).7 Very 

broadly, it can be said that reactions of monosubstituted allylic Ru, Ir, and 

Rh complexes will occur at the most substituted terminus, whilst Ni and Pd 

complexes predominantly form linear products.7 Copper-mediated reactions, 

on the other hand, can be selective for functionalization at the -position.7 

 

Figure 5. (a) Formation of allyl metal complexes. (b) Reactivity of allyl metal com-

plexes. 

There are also instances when nucleophilic attack on the central carbon will 

occur. This reactivity is, for example, observed between η3-allyl PdII com-

plexes with strong -donor ligands and carbon nucleophiles.32 In Figure 6, 

an MO diagram showing the most important orbital interactions between 

PdL2
2+ and an allyl ligand can be seen. In the most common case, the LUMO 

has a large contribution from the p-orbitals at the terminal positions of the 

allylic fragment. However, -donor ligands raise the a″ level of the PdL2
2+ 

fragment, making the bonding interaction between a″ and n stronger. As a 

consequence, the energy of 2a″ increases. Molecular orbital 2a′, with a large 

contribution from the p-orbital of the central carbon will in these complexes 

be the orbital interacting with the incoming nucleophile which can explain 



 

 

 

 

8 

the change in regioselectivity. It should, however, be mentioned that not all 

reactions are frontier orbital-controlled and for cationic allyl PdL2 complexes 

a charge-controlled nucleophilic attack is expected to occur at the terminal 

position.32c In the case of a terminal attack, the electrons from the ligand-

metal bond will be left with the metal, which is thereby reduced (Figure 5b). 

In contrast, the η1-isomer readily reacts with electrophiles such as aldehydes 

and imines, yielding the corresponding homoallylic alcohols or amines 

(Figure 5b).9a,33 

 

Figure 6. MO diagram showing the most important interactions in a η3-allyl PdIIL2 

complex.32  

A nucleophilic substitution reaction involving the catalytic generation of η3-

allyl metal complexes is commonly called the Tsuji-Trost reaction,7,9a,23a,34 in 

recognition of Tsuji’s discovery of the electrophilic nature of η3-allyl palla-

dium complexes.35  

Trost was first to report an enantioselective version
36

 of the reaction and 

has since then further developed it and applied it in natural product synthe-

sis.37 Most commonly, palladium complexes are used as catalysts for this 

transformation, but many other metals such as Ru,38 Rh,39 Ir,40 and Cu15a,41 

also catalyze this type of reaction.7 The transformation is considered to in-

volve oxidative addition of the allylic substrate to form an η3-allyl metal 

complex and subsequent attack by a nucleophile with simultaneous reduction 

of the metal (Figure 7).26 The oxidative addition commonly occurs with in-

version of the stereochemistry.26 If the final step of the cycle involves exter-

nal nucleophilic attack overall retention of the configuration will be ob-

served. The opposite is true if the reaction proceeds via reductive elimina-

tion.  

This reaction is an example of a classic coupling reaction in the sense that 

an electrophile is coupled with a nucleophile. Alternatively, in oxidative 

coupling reactions two nucleophiles are coupled together.42 This requires an 
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oxidant that acts as an electron acceptor without being incorporated into the 

products. This strategy makes it possible to use alkenes directly as substrates 

in the reaction. Figure 7 shows a commonly proposed catalytic cycle for 

palladium-catalyzed oxidative allylic C-H functionalization.14f,43-44  

 

 

Figure 7. Left: Generic mechanism of the Tsuji-Trost reaction.7 Common conditions 

for Tsuji-Trost type reactions: Mcat. = Pd, Cu, Ru, Ir, Rh; X = OCOR, Cl, OH; Nu = 

C-, O- or N-based.7,23a The formation of branched products is also possible. Right: 

Mechanistic proposal for oxidative allylic C-H functionalization.43  

1.3 Aim of the thesis 

“Chemistry has a central role in science, and synthesis has a central 
role in chemistry.”1 - Ryoji Noyori 

Research in synthetic methodology development has provided many power-

ful tools for the construction of diverse molecules, enabling progress in 

pharmaceutical and materials sciences and far beyond. Transition metal ca-

talysis in particular has attracted near unparalleled attention for its ability to 

furnish new chemical transformations and impressive levels of selectivity.  

Although transition metal-catalyzed C-C, C-O, and C-N bond forming re-

actions have been mapped in considerable detail during the second half of 

the past century, limitations still remain when it comes to, for example, func-

tional group tolerance. Furthermore, the construction of other carbon-

heteroatom bonds has been studied less extensively. The potential of transi-
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tion metal catalysis is therefore far from exhausted and its use in the delivery 

of new forms of reactivity remains an exciting challenge. 

The aim of the research presented in this thesis has been to extend the 

product scope in palladium-catalyzed and copper-mediated allylic and vinyl-

ic carbon-carbon bond forming reactions and to develop new and improved 

methods for the formation of allylic carbon-silicon, carbon-boron and car-

bon-fluorine bonds. Focus has also been put on investigating the mechanism 

of these transformations. 
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2. Pincer complex-catalyzed redox coupling 
of alkenes with iodonium salts via presumed 
PdIV intermediates (Paper I) 

2.1 Background 

As mentioned in section 1.2.1 the Mizoroki-Heck reaction, often referred to 

as merely the Heck reaction, involves the functionalization of alkenes using 

organic halides or triflates in the presence of base and most commonly a 

palladium catalyst. This transformation has become a valued tool in the as-

sembly of molecules and the classical mechanism is proposed to proceed via 

a Pd0/PdII catalytic cycle (Figure 4). 

2.1.1 Heck reactions proposed to proceed via Pd
IV

 intermediates  

In 1995, Hermann showed that palladacycles are highly active catalysts in 

the Heck reaction (Scheme 3a). Since no visible decomposition to palladium 

black was observed, it was put forward that the reaction may proceed 

through a PdII/PdIV catalytic cycle.45  

 

Scheme 3. Palladacycles are highly efficient catalysts in the Heck reaction. PdII/PdIV 

catalytic pathways were proposed for the Heck reactions published by (a) Hermann45  

and (b) Jensen.46 
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Even more robust palladium pincer complexes,47 having a coplanar tridentate 

ligand coordination were also shown by Jensen46
 (Scheme 3b) and others48

 

to efficiently catalyze the transformation. The low probability of these com-

plexes decomposing to Pd0 led to the proposal of PdIV intermediates also in 

these reactions. 

A more thorough mechanistic study of the coupling of styrene with phe-

nyl halides catalyzed by different palladium pincer complexes (one of them 

being 8, Scheme 3) was performed by Eberhart.49 It was observed by 
31P NMR spectroscopy that the catalyst decomposed in the presence of base. 

Also, mercury poisoning tests were performed. The addition of metallic 

mercury to the reaction resulted in complete inhibition, suggesting that the 

palladacycles in solution were inactive as catalysts.50 Several other inde-

pendent research groups also conducted investigations into the mechanism of 

these Heck reactions, involving kinetic studies, additional poisoning experi-

ments, and DFT calculations.50-51 The studies revealed that these types of 

palladium complexes merely act as pre-catalysts that release extremely cata-

lytically active Pd0 species that catalyzes the Heck reaction through a tradi-

tional Pd0/PdII couple. 

It was later shown that Pd(OAc)2 can be used very successfully as a cata-

lyst in the Heck reaction without the addition of stabilizing ligands as long as 

the catalyst loading is kept between 0.01 and 0.1 mol%.52 Interestingly, the 

activity of the catalyst could be increased by lowering the loading. This can 

be explained by a pre-equilibrium between palladium clusters and catalyti-

cally active monomeric palladium which is shifted towards the monomeric 

form at lower palladium concentrations (Figure 8). Mass spectrometry stud-

ies also indicated that Heck couplings catalyzed by palladacycles might op-

erate through the same mechanism.
52

  

 

Figure 8. Mechanism proposed by De Vries and co-workers for ligand free 

Pd(OAc)2-catalyzed Heck coupling.52
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2.1.2 Heck-type couplings between alkenes and iodonium salts 

Today it is generally accepted that organic halides and triflates are not reac-

tive enough to oxidatively add to palladacycles under normal Heck condi-

tions in an efficient way. However, these findings do not necessarily imply a 

PdII/PdIV mechanism is unfeasible in the presence of a stronger oxidant. For 

example, it has been shown that diaryliodonium salts can be used in the 

preparation of PdIV complexes.53 Prior to this, Yamazaki showed that this 

type of reagent can be used as an alternative to aryl halides in the arylation 

of styrene with the benefit of considerably lower reaction temperatures 

(Scheme 4a).54 A kinetic study was performed showing that oxidation is the 

turn-over limiting step. However, a Pd0/PdII catalytic cycle was proposed.  

 

Scheme 4. Examples from the literature in which iodonium salts are used as an 

alternative to aryl halides in Heck-type reactions. These reactions were proposed to 

proceed through Pd0/PdII catalytic cycles. 

In 1991 Moriarty and co-workers extended the scope of this reaction to in-

clude alkenyliodonium salts (Scheme 4b).55 By reacting 9 with 10, Shibasaki 

and co-workers showed that it was also possible to perform an asymmetric 

Heck-type reaction using an iodonium salt (Scheme 4c).56 The resulting 

product could be synthesized in relatively high ee, but the reaction required a 

high catalyst loading and produced 11 in low yield. 

2.1.3 Objectives 

Since Pd0 complexes are able to oxidatively add to aryl halides and allylic 

acetates, we envisaged that if the intermediacy of these complexes could be 
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avoided in Heck-type reactions, the current substrate scope could be substan-

tially improved. We believed that this could be accomplished by using io-

donium salts as reagents.  

In light of this, we wanted to develop a practical protocol based on com-

mercially available palladium salts, whilst using pincer complexes for mech-

anistic studies and to demonstrate their potential in future applications such 

as catalysts in asymmetric Heck reactions. 

2.2 Results and discussion 

A mild method for Heck-type coupling under oxidative conditions catalyzed 

by either palladium pincer complexes or Pd(OAc)2 was developed (Scheme 

5). These reactions were performed at 50 °C in the presence NaHCO3 in 

THF or MeCN. All reactions could be carried out under air. 

 

Scheme 5. Heck-type coupling of alkenes with iodonium salts. 

Diaryliodonium salts (13a-e),57 were used as aryl sources. These reagents are 

stable, easy to handle compounds that are either commercially available or 

easily synthesized.57b,c,58 

 



 

 

 

 

15 

Table 1. Palladium-catalyzed Heck-type coupling of alkenes with iodonium salts.a 
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Table 1. cont. 

 
 a Unless otherwise stated 13 (0.30 mmol), 12 (0.20 mmol), NaHCO3 (0.20 mmol) 

and catalyst 14a-b, d (5 mol%) were dissolved in THF or MeCN (0.30 ml) and 

stirred at 50 oC. b Isolated yield. c Isolated yield in the presence of 150 equiv. of Hg 

with respect to Pd. d 0.40 mmol 12e was used. 

2.2.1 Scope  

Although Heck-type couplings with iodonium salts have been performed 

previously, this was prior to the realization that these types of reagents may 

give access to PdIV intermediates. Because we now know that these condi-

tions make it possible to avoid Pd0, we focused on substrates that would be 

unstable towards these types of intermediates (Table 1). 

As shown in Table 1, the reaction has a broad synthetic scope and affords 

the coupling products in excellent regio- and stereoselectivity, only a single 

regio- and stereoisomer is formed in good to excellent yields. Also the 

chemoselectivity is excellent and no formation of diarylated products could 

be observed.  

A range of functional groups is tolerated, including, COOEt (entries 9-

10), SiMe3 (entries 13-14), and SO2Ph (entries 21-22). Especially notewor-

thy is that sensitive functionalities such as allylic acetates (entries 1-12) and 

aryl bromides (entries 17-20) are inert under the reaction conditions. Re-

markably, even allylic diacetate functionalities (15d and 15e) are unaffected. 

The broad functional group tolerance gives facile access to a wide range of 
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densely functionalized synthetic building blocks. For example, the allylic 

backbone of 15f (entry 9) bears four discrete functional groups (aryl bro-

mide, allylic acetate, ester, alkene) each of which could be selectively elabo-

rated as part of more complex syntheses. Additionally, unlike in standard 

Pd0-catalyzed Heck reactions, alkenes with bulky and electron-donating 

substituents (entries 13-16) react readily and with high yields.  

Both pincer complexes (14a-b) and Pd(OAc)2 (14d) were shown to be ef-

ficient catalysts in the reaction. As Pd(OAc)2 gave slightly higher yields than 

the pincer complexes and because it is commercially available, it is the most 

suitable choice of catalyst for organic chemists using this synthetic method. 

2.2.2 NMR study and mercury poisoning experiments 

Pincer complex 14a catalyzed the coupling between 12a and 13a with full 

conversion to 15a (Table 1, entry 1). Analysis of the crude reaction mixture 

by 31P NMR spectroscopy revealed that unlike in the Heck reactions studied 

by Eberhart (Section 2.1.1),49 the structural integrity of the pincer complex 

was completely preserved and no trace of dissociated or oxidized ligand was 

evident. The same transformation was also performed using Pd(OAc)2 as the 

catalyst in the presence of PPh3. In this case complete oxidation of the phos-

phorus occurred. 

It could be argued that the pincer complex decomposes to highly catalyti-

cally active Pd0 species in such small amounts that the dissociated ligand 

would not be detected by NMR spectroscopy and that the pincer complex is 

merely a pre-catalyst. To investigate this possibility we also performed the 

arylation of 12a in the presence of 150 equivalents of mercury relative to the 

catalyst (Table 1, entry 1). In contrast to Eberhart’s observations (Section 

2.1.1),49 this reaction proceeded to full conversion and the product could be 

isolated in the same yield as under the standard conditions. The same exper-

iment was also performed using Pd(OAc)2 as catalyst and also this reaction 

was unaffected by the addition of metallic mercury (Table 1, entry 3). A 

control experiment was also performed to ensure that Hg was not taking part 

in the reaction.  

2.2.3 DFT modeling of the oxidative addition 

PdIV pincer complex 15a (Scheme 6a) has previously been synthesized by 

Canty and co-workers and characterized by 1H NMR spectroscopy.53 How-

ever, our efforts to observe similar aryl PdIV intermediates (16a) in stoichio-

metric reactions between catalyst 14b and diaryliodonoium salt 13a re-

mained fruitless. An explanation for why this complex would be harder to 
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observe can be inferred from DFT modeling (Scheme 6b). These show that 

oxidative addition to 14c proceeds through a considerably higher activation 

barrier with iodonium salt 13a than with 13f. This relatively high barrier 

requiring elevated temperature probably makes less likely the observation of 

aryl PdIV complexes like 16a. However, an activation energy of 27 kcal/mol 

is still reasonable for a catalytic reaction proceeding at 50 °C.  

 

Scheme 6. (a) Stoichiometric oxidation of complex 14b. (b) DFT calculations per-

formed for the oxidative addition of 13a and 13f to 14c. In order to reduce necessary 

computational efforts the counterion was changed from benzoate to acetate. 

The studies indicate that the most important molecular orbitals involved 

in the transition state is the LUMO of the iodonium salt and a filled non-

bonding palladium 4d orbital perpendicular to the plane of the pincer com-

plex (Figure 9). This interaction results in transfer of electrons into the unoc-

cupied σ* orbital of the iodonium species, weakening of the C-I-O bond, 

fragmentation of the iodonium salt, and finally transfer of the apical phenyl 

 

 

Figure 9. Transition state for the oxidation of 14c by 13a derived from DFT calcula-

tions. The methyl groups on nitrogen are omitted for clarity. 
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group to palladium. The pincer ligand remains coordinated to the palladium 

throughout the course of the oxidation. 

2.2.4 Proposed catalytic cycle  

Based on the functional group tolerance of the reaction, the spectroscopic 

observations, poisoning experiment, and modeling results combined with 

results from previous studies53 we propose that the catalytic cycle for the 

pincer complex-catalyzed reaction begins with oxidative addition of the io-

donium salt 13 to 14a. This results in formation of PdIV complex 17 and the 

creation of two extra coordination sites on the organometallic species 

(Figure 10). The next step we propose to be dissociation of an X ligand fol-

lowed by coordination of the alkene and subsequent insertion into the palla-

dium-aryl bond. The product can then be formed after β-hydride elimination 

and the catalyst regenerated after product dissociation and reductive depro-

tonation. 

 

Figure 10. Proposed mechanism for the Heck-type coupling of alkenes with iodoni-

um salts. 

2.2.5 The mechanism of the Pd(OAc)2-catalyzed reaction 

Based on the negative mercury poisoning test result when using Pd(OAc)2 as 

a catalyst and the tolerance of functionalities such as aryl halides and allylic 

acetates together with information from kinetic studies on similar arylation 
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reactions54,59 we propose that the Pd(OAc)2-catalyzed reactions also proceed 

via high oxidation state palladium intermediates.  

Sanford and co-workers have observed a second order rate dependence on 

the concentration of Pd(OAc)2 in C-C coupling between arenes and iodoni-

um salts, which suggests oxidation of acetate-bridged dimeric palladium 

species.59 Ritter and co-workers have shown that PdIII-PdIII species form 

from reaction of such PdII dimers with IIII reagents.12c It is possible that a 

similar mechanism is operating also under our conditions. This type of col-

laborative oxidation of two palladium atoms might lower the barrier of the 

oxidation step which otherwise would be expected to be greater compared to 

oxidation of the pincer complexes with strongly donating ligands able to 

stabilize PdIV intermediates.  

2.3 Conclusions 

A palladium-catalyzed Heck-type coupling between alkenes and iodonium 

salts has been developed. It has extended the scope of standard Heck reac-

tions to include products with allylic acetate and aryl bromide functionali-

ties. Additionally, electron-rich and bulky alkenes are readily functionalized. 

The coupling affords arylated products in excellent regio- and stereoselectiv-

ity and in good to excellent yield. Both commercially available Pd(OAc)2 as 

well as palladium pincer complexes can be used as catalysts. That the latter 

complexes are catalytically active and that the pincer ligand is stable towards 

oxidation under the reaction conditions opens up for future applications in 

asymmetric Heck reactions using chiral pincer complexes60 or for immobili-

zation of the complex for recycling purposes.61  

A PdII/PdIV catalytic cycle has been proposed for the pincer-complex cata-

lyzed reaction, which is supported by mercury poisoning tests and DFT cal-

culations.  
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3. Palladium-catalyzed oxidative allylic C-H 
silylation (Paper II) 

3.1 Background 

3.1.1 Allylic silanes 

Allylic silanes are important building blocks in modern organic synthesis,62 

most commonly used in the allylation of electrophiles63 and transition metal-

catalyzed coupling reactions.64 Carbon-silicon bonds are particularly 

 

 

Figure 11. (a) Electrophilic allylic substitution. (b) The allylic silane is more nucle-

ophilic than a simple alkene due to ground state destabilization of the HOMO. (c) 

Intermediate 20 is stabilized by efficient hyperconjugation between the empty p-

orbital in β-position and the C-Si σ-bond.  
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efficient at stabilizing a positive charge in β-position with respect to the sili-

con atom through hyperconjugation (so-called β-silyl effect, Figure 11c).65 

This electronic effect combined with the steric influence from the large silyl 

group generally make electrophilic substitution reactions with these reagents 

highly regio- and stereoselective (Figure 11).65  

Organosilicon compounds have several advantages over other organome-

tallic type compounds.65-66 The weak polarization of the carbon-silicon bond 

makes them easy to handle. They are stable to silica gel chromatography and 

tolerant to many preparative conditions such as air, moisture, reducing and 

oxidizing conditions, but at the same time highly reactive when exposed to 

the appropriate conditions. From an environmental perspective, orga-

nosilanes are preferred over other metal-based analogues because of their 

lower toxicity. By-products of organosilicon-based transformations have low 

environmental impact and do not require special disposal.  

Several mild methods for synthesis of allylic silanes based on allylic sub-

stitution have been published to date. Allylic acetates,67 allylic ethers,68 and 

even allylic alcohols69 can be used as starting materials (Scheme 7).  

 

Scheme 7. Synthesis of allylic silanes through allylic substitution published by (a) 

Tsuji,67 (b) Lipshutz68 and (c) Szabó.69 PTS = Polyoxyethanyl α-tocopheryl seba-

cate; DPEphos = Bis(2-diphenylphosphinophenyl)ether. 

3.1.2 C-H silylation 

C-H silylation70 in general is today a rare process compared to the analogous 

C-H borylation.71 One reason for this is probably the lower reactivity of the 

commonly used silyl sources resulting from to the large size of silyl groups. 
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Several convenient methods for allylic C-H acetoxylation,44a-f 

amination14f,44g and alkylation44h have previously been developed.43 Howev-

er, to the best of our knowledge no useful protocol for allylic C-H silylation 

has been described. In a paper published by Ishikawa and co-workers the 

reactivity of a highly strained disilane (21, Scheme 8) was studied.72 When 

this compound was reacted with 1-hexene in the presence of a palladium 

catalyst at high temperature, allylic silane 22 was formed in 41% yield. This 

reaction shows that allylic C-H silylation of alkenes is possible, but since 

then no progress has been made within this area. 

 

Scheme 8. Reactivity study performed by Ishikawa in 1994.72 

3.1.3 Objectives 

 

The Szabó group has previously developed an allylic C-H acetoxylation 

reaction using 23 as oxidant (Scheme 9).14g Deuterium labeling studies indi-

cated that the reaction goes through an η3-allyl palladium intermediate and 

stoichiometric experiments followed by 1H NMR spectroscopy confirmed 

that the oxidant was powerful enough to efficiently oxidize PdII pincer com-

plex 24 to PdIV.  

 

Scheme 9. Allylic C-H acetoxylation published by Szabó and co-workers in 2009.14g 

We were therefore interested in investigating if it would be possible to per-

form an allylic C-H silylation reaction under similar conditions. However, 

instead of transferring a functional group from the oxidant to the substrate it 

would be introduced via transmetallation.  
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3.2 Results and discussion 

We wanted to develop an easily performed C-H silylation reaction using 

readily accessible starting materials. Hexamethyldisilane, (SiMe3)2, which is 

commercially available and easy to handle was chosen as a silyl source. The 

silylation of 28b was selected as a model reaction and the catalyst, oxidant, 

solvent, and temperature were varied (Scheme 10). 

3.2.1 Optimization and substrate scope 

Using Pd(OAc)2 as a catalyst in acetone-d6, it was found that temperatures of 

above 60 °C were needed to get an acceptable conversion of the starting 

material to product 28b  after 18 hours reaction time (Scheme 10). Initially 

26 was used as oxidant, which resulted in the formation of acyloxy 

by-product 29. This side-reaction could efficiently be suppressed by chang-

ing the apical ligands on the IIII reagent to p-nitrobenzoate, which is less 

nucleophilic (27). It was also shown that the reaction was sensitive to the 

choice of solvent. In a coordinating solvent such as MeCN, the substrate was 

fully converted to the unwanted acyloxy by-product (29), likely because 

solvent coordination to the catalyst prevented its reaction with (SiMe3)2.  

 

Scheme 10. Model reaction used when optimizing the reaction conditions for the 

C-H silylation reaction. 

Satisfyingly, efficient silylation of 25b could be performed in both THF and 

monoglyme at 80 °C. Monoglyme was generally preferred due to its higher 

boiling point. Unfortunately, complete stereoselectivity could not be 

achieved (see Table 2, entry 4, E/Z 4:1). Both (E)-28b and (Z)-28b were 

formed, however, the two isomers could easily be separated by column 

chromatography. 
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A selection of palladium pincer complexes was also screened. Unfortunately, 

the stereoselectivity could not be improved by changing the palladium cata-

lyst and the conversion to allylic silane was somewhat reduced.  

Running the reaction under argon or under air did not affect the outcome. 

 

Scheme 11. Method A for C-H silylation of alkenes. Monoglyme = 1,2-

Dimethoxyethane. 

After optimizing the reaction conditions (Scheme 11) for substrate 25b 

(Table 2, entry 4) the scope of the silylation was investigated. This Pd(OAc)2 

catalyzed method was found to work well for allylic esters 25a-c and allylic 

amide 25d (Table 2). However, due to low chemoselectivity, a second cata-

lyst screening had to be performed for tertiary amide 25e and allyl benzene 

derivative 25h. It was shown that the acyloxy by-product formation could be 

inhibited with the use of palladacycle 30b in the silylation of 25e (entry 7). 

In the case of substrate 25h, the main side reaction produced Heck-type 

products, most likely formed from a reaction between the substrate and phe-

nyl iodide formed in the reaction. By lowering the temperature to 60 °C and 

using palladacycle 30c as a catalyst, formation of this and other by-products 

could be reduced (entry 10). 

In the silylation of sulfone 25f and sulfonamide 25g according to method 

A the reaction stopped before 50% conversion of the substrate had been 

achieved. Increasing the temperature resulted in formation of a complex 

mixture of by-products and a second catalyst screening did not improve the 

product yield. One of the main by-products was again the Heck coupling 

product. We therefore sought to find another efficient oxidant that did not 

produce phenyl iodide when reduced. A number of oxidants were screened, 

this time using 25a as the model substrate. The combination of benzoyl per-

oxide (31) and p-benzoquinone (BQ) in the presence of 4-nitrobenzoic acid 

proved as efficient as IIII reagent 27. Replacing 27 with this combination 

improved the stereoselectivity in the silylation of 28a. All three components 

were necessary for full conversion of the substrate.  
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  Table 2. Oxidative C-H silylation of terminal alkenes.a 

 
a Unless otherwise stated, a mixture of 25 (0.20 mmol), (SiMe3)2 (0.40 mmol), the 

oxidant and the palladium catalyst 30 (5 mol%) was stirred for 18 h at 80 °C. 
b Method A: 27 (0.40 mmol) was used as oxidant in monoglyme (0.50 ml). Meth-

od B: 31 (0.40 mmol) and BQ (0.20 mmol) were used as oxidants in THF (0.50 

ml) in the presence of 4-nitrobenzoic acid (0.20 mmol). c E/Z ratio determined by 
1H NMR spectroscopy from the crude reaction mixture. d Isolated yield of both 

isomers. e THF was used as a solvent. f 4-nitrobenzoic acid (0.10 mmol) was add-

ed. g At 60 °C. 
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Scheme 12. Method B for C-H silylation of alkenes. 

We were pleased to find that the use of method B (Scheme 12) in the silyla-

tion of substate 25f and 25g efficiently suppressed the formation of Heck-

type by-products and increased the isolated yield of the resulting products 

(Table 2, entries 8-9). 

The regioselectivity of the presented silylation reaction was excellent, 

with only linear allylic isomers forming. A high stereoselectivity was also 

achieved for most of the substrates. Typically, the trans-isomer was formed 

as the major or only product. However, in the silylation of sulfone 25f and 

sulfonamide 25g the cis-isomer was surprisingly formed to a larger extent, 

possibly due to chelation at some stage in the catalytic cycle. In all cases 

where the trans-isomer was formed predominantly, separation by column 

chromatography could easily be performed and the products were isolated as 

single isomers. 

One limiting factor is that (SiMe3)2 slowly reacts with the oxidant even 

without any palladium catalyst present. Consequently, catalytic silylation 

needs to be faster than this process for high yields to be achieved.  

3.2.2 Proposed mechanistic cycle for allylic silylation using 

iodine(III) reagents as oxidants 

A tandem C-H acyloxylation – allylic substitution mechanistic sequence was 

ruled out as a viable reaction pathway since it was shown that 25a will not 

react to form 32 under the method A reaction conditions, even in the absence 

of (SiMe3)2 (Scheme 13). It was further shown that even if 32 would form 

during the silylation it would not be converted to allylic silane 28a which 

further indicates that Pd0 is probably not involved in the operating mecha-

nism.  

Although the mechanistic details of this reaction have yet to be elucidat-

ed, observations made from similar transformations and stoichiometric stud-

ies can be used in formulating a plausible mechanism. It has been shown that 

IIII reagent 27 can efficiently oxidize PdII complexes to PdIV, which makes 

oxidation of the catalyst a viable initial step in our silylation reaction.73 Pin-

cer complexes limited to one free coordination site could be employed as 

catalysts in the reaction, which suggests that at least those reactions proceed- 
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Scheme 13. The reaction cannot be carried out as a tandem sequence via intermedi-

ate formation of 32. 

ed via an initial oxidation step (assuming decomposition did not occur). Ox-

idation would render a more electron-poor metal center (33, Figure 12) 

which could facilitate alkene coordination, followed by an intramolecular 

deprotonation by a coordinated acyloxy ligand and formation of a η3-allyl 

palladium intermediate.31 In the latter process, the least sterically hindered 

syn complex is expected to form to a larger extent (34, Figure 12).74 This 

intermediate (34) may undergo η3-η1-η3 allylic rearrangement, especially 

since the substrates have electron-withdrawing substituents that would stabi-

lize the η1-form of the complex.75 Transmetallation between 34 and (SiMe3)2 

likely follows, in which 35 is formed. The conformation of this complex 

when undergoing reductive elimination will determine the double bond con-

formation in the product. This step is probably fast, considering that it has 

previously been shown that analogous η3-allyl PdII-μ-OAc dimers undergo 

reductive elimination at 0 °C after transmetallation with (SiMe3)2.
76 (A study  

 

 

Figure 12. Proposed catalytic cycle for the presented allylic C-H silylation.  
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of the reactivity of a cationic PdII monomer towards (SiMe3)2 will be de-

scribed in section 4.2.6). A PdIV complex is expected to undergo this trans-

formation even faster. 

Additionally, as mentioned previously (section 2.2.5), earlier studies have 

shown that when bridging ligands (such as acetate) are present 

in the reaction mixture, two-electron oxidation of a palladium dimer using IIII 

reagents is possible, forming PdIII-PdIII species.12c 59 Therefore, it is also pos-

sible that the intermediates in the process described herein are PdIII dimers 

and not PdIV monomers as shown in Figure 12.  

3.2.3 Mechanistic considerations when using benzoyl 

peroxide/BQ as oxidants  

Regarding the mechanism of the silylation according to method B (Scheme 

12), an investigation would be necessary to find out where this synergistic 

effect of the reagents originates. One possibility is that benzoyl peroxide, 

which studies suggest is able to oxidize PdII complexes,77 is needed for the 

oxidation of PdII to PdIV. BQ, which was also partially reduced under the 

reaction conditions, can have multiple roles. This compound is well-known 

for being both efficient at stabilizing Pd0 and oxidizing it to PdII, which 

could prevent the formation of palladium black. Reduction of BQ to hydro-

quinone requires protic conditions which could be the role of 4-nitrobenzoic 

acid. BQ has also been shown to promote alkene coordination14f which could 

be a critical step in the silylation reaction. It should be pointed out that when 

using only BQ as oxidant, product formation could be observed, and there-

fore a Pd0/PdII mechanism cannot be discounted for silylation through meth-

od B.  

3.3 Conclusions  

To the best of our knowledge, the first method for metal-catalyzed allylic 

C-H silylation of alkenes has been developed. The presented procedure is 

suitable for terminal alkenes with electron-withdrawing substituents and 

yields linear allylic silanes with complete regioselectivity. Generally, trans-

products were formed with moderate to high stereoselectivity and the two 

isomers were easily separable by column chromatography. Interestingly, 

when using sulfone or sulfone amide substrates this selectivity was reversed.  

It was disclosed that the reaction does not proceed via a sequential 

acyloxylation - allylic substitution pathway and a PdII/PdIV catalytic cycle 

has been proposed. 
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4. Mechanistic investigation of the palladium-
catalyzed synthesis of allylic silanes and 
boronates from allylic alcohols (Paper III) 

4.1 Background 

Even though the direct allylic C-H functionalization of alkenes is a desirable 

transformation, the current methods still suffer from problems with selectivi-

ty and functional group tolerance. Allylic substitution reactions remain gen-

erally superior in this regard so development of such methods are therefore 

also of interest. 

Allylic alcohols are stable and readily available compounds, which make 

them convenient substrates in allylic substitution reactions.78 However, be-

cause of the poor leaving group ability of the hydroxyl group these sub-

strates are not as common as for example allylic esters and carbonates, 

which are usually prepared from the corresponding allylic alcohol.78c As 

mentioned in Chapter 3, allylic silanes are useful synthetic intermediates,62 

most commonly used in the allylation of electrophiles63 and in transition 

metal-catalyzed cross coupling.64 The same applies to allylic boronates.79,80,81  

The Szabó group has previously developed an efficient method for palla-

dium pincer complex-catalyzed borylation82 of allylic alcohols and shown 

that the boronates formed can be used directly in allylation of electrophiles 

in a one-pot fashion (Scheme 14).83 

 

Scheme 14. Pincer complex-catalyzed synthesis of allylic boronates from allylic 

alcohols and their one-pot functionalization developed in the Szabó group.82,83 
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Recently, it was demonstrated that commercially available 

[Pd(MeCN)4](BF4)2 catalyzes the borylation under even milder conditions 

(Scheme 15).69 Furthermore, as mentioned in section 3.1.1, replacing B2pin2 

with (SiMe3)2 enabled the transformation of allylic alcohols to allylic 

silanes.69 

 

Scheme 15. Palladium-catalyzed silylation and borylation of allylic alcohols.69 

4.1.1 Objectives 

A number of observations, for example that allylic alcohols were functional-

ized much faster than allylic acetates under these conditions sparked our 

interest in the mechanism of the reaction. Because no detailed mechanistic 

investigation of borylation and silylation of allylic alcohols had been per-

formed previously we sought out to investigate the following details about 

the silylation reaction: 

 

 How is the hydroxyl group activated? 

 What are the organometallic intermediates? 

 What is the turn-over limiting step of the reaction? 

 What mechanistic similarities are there between the silylation and 

borylation reactions? 

4.2 Results and discussion 

The silylation was chosen as the focus of the mechanistic investigation be-

cause its longer reaction times made it easier to identify intermediates and 

conduct kinetic experiments. As a model reaction the silylation of 36a was 

chosen (Scheme 16). 
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Scheme 16. Model reaction for the silylation.69 

4.2.1 Multinuclear NMR analysis 

Following the model reaction by 29Si NMR showed that a number of differ-

ent silicon-containing by-products are formed (Figure 13). Initially, Me3Si-F 

was observed followed by Me3Si-OCD3 and thereafter Me3Si-OH. The con-

densation of the last two compounds in turn resulted in the formation of si-

loxane (40).84 

 

Figure 13. 29Si NMR spectrum of the crude reaction mixture of the model reaction. 

The surprising observation of Me3Si-F led us to follow the reaction by 19F 

NMR spectroscopy, which showed that BF3 was formed from the catalyst 

counterion BF4
- at the start of the reaction. The concentration of this com-

pound reached its maximum after 10 minutes and then started decreasing. 

After 2 hours the concentration of the intermediate was too low to be ob-

servable. However, BF4
- continued being consumed suggesting that BF3 was 

formed throughout the reaction. At the end only 5% of the catalyst counteri-

on was still intact (Figure 14). 
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Figure 14. 19F NMR spectrum of the crude reaction mixture of the model reaction. 

11B NMR analysis of the crude reaction mixture revealed that BF4
- had been 

converted to B(OR)3 (R = H or CD3) species. A control experiment was per-

formed to verify that these compounds were not formed by direct hydrolysis 

of the catalyst counterion in the MeOH-d4/DMSO-d6 solvent. 

4.2.2 Intermediate formation of allylic ethers 

If the model silylation reaction (Scheme 16) was stopped before complete 

conversion to 38a, allylic ethers could be observed in the crude reaction 

mixture by 1H NMR analysis. These compounds were formed from the reac-

tion of the substrate with MeOH-d4 that was used as a solvent. Full conver-

sion to the same compounds (41a-d3 and 41b-d3) could also be seen if 

(SiMe3)2 was excluded from the model reaction (Scheme 17a). 

Additionally, it is also possible to synthesize 38a from 41a in very good 

yield (Scheme 17b) making it theoretically possible that 38a is formed ex-

clusively via allylic ether intermediates during the silylation reaction. Inter-

estingly, a competition experiment between allylic alcohol (36a) and allylic 

ether (41a) revealed that 41a will not be converted to 38a before all 36a is 

fully consumed (Figure 15). That no 41a or 41a-d3 was consumed during the 

first 2 hours of the reaction makes it possible to compare the rates of for-

mation of 41a-d3 and 38a. From Figure 15 it can be seen that not only does 

the catalyst prefer allylic alcohol 36a over the allylic ether 41a as a sub-

strate, 41a-d3 is also formed at a lower rate than the allylic silane. 
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Scheme 17. Synthesis of 41a-d3 from 36a and of 38a from 41a is possible under the 

model reaction conditions. Yields are determined by 1H NMR spectroscopy using an 

internal standard. 

 

 

Figure 15. Competition experiment – silylation of 36a and 41a. Lines are given as a 

guide for the eye. 

4.2.3 Activation of the hydroxyl group 

When using Pd2(dba)3 as a catalyst instead of 37 in the model reaction, the 

starting material was mainly left unreacted and no silylated product was 

formed (Scheme 18a). It has been shown previously that Pd0 efficiently cata-

lyzes allylic alcohol substitution reactions in the presence of a Lewis acid 

such as BEt3.
85 We therefore reasoned that the formation of BF3 during the 

silylation reaction might be of key importance for the activation of the allylic  
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Scheme 18. Attempted silylation of 36a using Pd2(dba)3 as a catalyst. Yields are 

determined by 1H NMR spectroscopy using an internal standard. 

alcohol. Indeed, when the silylation was performed with a combination of 

Pd2(dba)3 and BF3OEt2, 38a was formed in 72% yield (Scheme 18b). This 

shows that a catalytic amount of BF3 is able to efficiently activate the allylic  

 

 

Figure 16. 1H NMR spectra of the silylation of 36a (b) and 36b (c) after 1 hour and 

authentic samples of η3-allyl palladium complexes (42-Br)2 (a) and [42L2]-BF4 (d) in 

DMSO-d6/MeOH-d4 1:1 solutions. 
‡
std cond. (standard conditions, reaction arrows 

in 16b-c): 1.2 equiv. (SiMe3)2, 5 mol% 37, DMSO-d6/MeOH-d4 1:1. 
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alcohol under conditions very similar to those in the model reaction. When 

excluding Pd2(dba)3 from the reaction shown in Scheme 18b, no silylated 

product was formed. However, formation of 41a-d3 (28% NMR yield) and 

41b-d3 (40% NMR yield, see Scheme 17 for structure) could still be ob-

served, suggesting that a less selective SN2/SN2′ and/or SN1 mechanism is 

operating. 

4.2.4 The resting state of the catalyst 

When monitoring the model silylation reaction by 1H NMR a fast forming 

intermediate was observed (Figure 16b). It was present at a constant concen-

tration until the end of the reaction and it was realized that its shift values 

and coupling patterns were very characteristic for η3-allyl palladium com-

plexes such as (42-Br)2 (Figure 16a).86 The same peaks were also observed 

in the silylation of cinnamyl alcohol (36b, Figure 16c) and allylic ether 41a. 

Considering the almost perfect agreement between the coupling constants 

and shift values of the observed intermediate and those of cationic complex 

[42L2]-BF4 (L = DMSO-d6 or MeOH-d4, Figure 16d), it is believed that the 

intermediate is a very closely related η3-allyl palladium species. The nature 

of the neutral ligand coordinated to [42L2]-BF4 in the DMSO-d6/MeOH-d4 

solvent mixture has not yet been determined. However, there are significant  

 

 

Figure 17. 1H NMR spectra of [42L2]-BF4 in different solvents at room temperature. 
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differences between the 1H NMR spectra of [42L2]-BF4 in different solvents 

(Figure 17). 

In MeOH-d4 all four protons on the allylic fragment give rise to sharp 

peaks. However, in both DMSO-d6 and DMSO-d6/MeOH-d4 solution the two 

terminal protons give rise to a single broad peak. This suggests that a fast η3-

η1-η3 exchange75 is taking place in the two latter cases making the two termi-

nal protons indistinguishable on the NMR time scale. This indicates that 

DMSO-d6 is coordinated to the η3-allyl palladium intermediate observed in 

the silylation reaction, at least to some extent. 

To find out if this complex is the catalyst resting state, its catalytic com-

petence in the silylation had to be examined. For this purpose [42(MeCN)2]-

BF4 was used. It was found that this complex indeed catalyzes the silylation 

reaction (Scheme 19).  

 

Scheme 19. Silylation of 36a using [42(MeCN)2]-BF4 as a catalyst. The yield is 

determined by 1H NMR spectroscopy using an internal standard. 

However, the complex was observed to decompose slightly faster than the 

η3-allyl palladium complex formed in situ during the model reaction. It was 

reasoned that a possible difference could be that in the catalytic reaction BF3 

is formed early in the reaction, possibly to a large extent during catalyst acti-

vation. As expected, addition of 10 mol% of BF3OEt2 to the reaction shown 

in Scheme 19 resulted in a higher yield of 38a (91%). In addition, 1H NMR 

analysis of the crude reaction mixture showed that 50% of the η3-allyl palla-

dium complex was still intact after complete conversion to 38a. Because 

catalyst deactivation likely occurs via Pd0 aggregation which leads to for-

mation of palladium black, it is possible that BF3 stabilizes the unstable Pd0 

intermediates.87 Alternatively, BF3 could activate the alcohol towards oxida-

tive addition which would lead to a decrease in the concentration of Pd0 in-

termediates and thereby limit the decomposition. 

4.2.5 Formation of the active catalyst 

Having identified an η3-allyl palladium complex as the resting state of the 

catalyst, we wanted to investigate under which conditions it would form.  
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Scheme 20. Formation of [42L2]-X from 36a and a Pd0 source. The reactions were 

performed in NMR tubes and analyzed by 1H NMR spectroscopy. 

Alcohol 36a was found to be completely inert to the Pd0 source Pd2(dba)3 

(Scheme 20a). After 1h at room temperature no reaction with the metal had 

taken place. However, when BF3OEt2 was included, rapid room temperature 

conversion to [42L2]-X could be observed (Scheme 20b). The reaction was 

instantaneous and no by-product formation was detected. On the other hand, 

reacting [Pd(MeCN)4](BF4)2 with the allylic alcohol (36a) with or without 

the addition of BF3OEt2 resulted in the formation of a complex mixture of 

different compounds, amongst which [42L2]-X was only a minor product 

(10-15%). This suggests that reduction of the pre-catalyst is crucial for cata-

lyst activation. 

Oxidation of the substrate alcohol was not observed during the course of 

the reaction. Also, palladium black was not formed when heating the catalyst 

overnight in the reaction solvent (DMSO/MeOH), which suggests that the 

alcohols do not act as reductants during the silylation.  

 

Scheme 21. Formation of [42L2]-X from [Pd(MeCN)4](BF4)2 via Pd0 generation. 

The reaction was performed in an NMR tube and was analyzed by 1H, 11B and 19F 

NMR spectroscopy. 
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Considering that Me3Si-F and BF3 are observed to form at the start of the 

reaction, it is more likely that (SiMe3)2 is involved. Heating the catalyst with 

an excess of (SiMe3)2 led to the formation of both Me3Si-F and BF3 and after 

2 hours palladium black was observed to form (Scheme 21). If instead 36a 

was added to the dark red solution after 1.5 hours, fast formation of [42L2]-X 

occurred and the solution returned to a yellow color. 

4.2.6 Formation of allylic silanes from η
3
-allyl palladium 

complexes 

The stoichiometric reaction between [42(MeCN)2]-BF4 and (SiMe3)2 (ex-

cess) was monitored by 1H NMR spectroscopy (Scheme 22). After 10 

minutes, allylic silane product 38a was seen to form together with a smaller 

amount of 43. However, at full conversion of [42(MeCN)2]-BF4, the ratio 

between these products had decreased to 1.3:1 (38a:43) making 43 a major 

by-product. Continued heating did not alter the product ratio, suggesting that 

this compound is formed from [42(MeCN)2]-BF4 and not from protodesilyla-

tion of 38a. In the catalytic reaction, formation of this by-product was also 

observed, but then only as a minor by-product (2% NMR yield). Increasing 

the catalyst loading in the model silylation reaction was shown to also in-

crease the formation of 43. A possible explanation would be that 43 is 

formed at the end of the reaction, when the catalyst starts to decompose. This 

is in agreement with the results from the stoichiometric reaction shown in 

Scheme 22 in which most of 43 is formed during the second half of the reac-

tion.  

 

Scheme 22. Stoichiometric reaction between [42(MeCN)2]-BF4 and (SiMe3)2 at 

50 C. The product ratios were determined using 1H NMR spectroscopy. 

Allylic silane 38a and Me3Si-F were the only two silicon-containing com-

pounds formed in the reaction shown in Scheme 22, which confirms that 

BF4
- takes part in the reaction. We therefore propose that the catalyst coun-

terion activates (SiMe3)2 towards transmetallation (Scheme 23). Additional-
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ly, the fact that no Pd-SiMe3 species could be observed during the stoichio-

metric reaction is in agreement with a fast reductive elimination of the prod-

uct following the transmetallation step.   

 

Scheme 23. Proposed reaction sequence: Transmetallation of (SiMe3)2 with the 

η3-allyl palladium complex followed by reductive elimination. 

Performing the reaction of [42(MeCN)2]-BF4 and (SiMe3)2 at room tempera-

ture favored the formation of allylic ether 41a-d3 over 38a (Scheme 24). This 

shows that both 41a-d3 and 38a can form from the η3-allyl palladium com-

plex, but that a higher temperature favors its reaction with (SiMe3)2. 

 

Scheme 24. Stoichiometric reactions between [42(MeCN)2]-BF4 and (SiMe3)2 at 

room temperature. The compound ratio was determined using 1H NMR spectrosco-

py. 

4.2.7 Relative concentration of the reaction components over 

time 

When monitoring the model silylation reaction by 1H NMR it was observed 

that the η3-allyl palladium complex [42L2]-X was formed directly at the start 

of the reaction and was thereafter present at a constant concentration (ap-

proximately 5 mol%) until 36a was fully consumed (Figure 18). As ex-

pected, the concentration of the allylic ether 41a-d3 increased as long as 36a 

was still present in the reaction mixture and subsequently started to be con-

sumed to form 38a. Me3Si-F was formed at the same rate as the product 

(38a) for the first hour and its rate of formation was thereafter reduced. At 



 

 

 

 

41 

the end its maximum theoretical conversion from a 10 mol% loading of BF4
- 

had almost been reached (40%). 

 

Figure 18. Relative concentration of the reaction components as a function of time. 

The conversion refers to the silylation of 36a in formation of 38a. For reaction con-

ditions see Scheme 16. Lines are given as a guide for the eye. 

4.2.8 Kinetic studies: Reagent order determination 

In order to identify the turn-over limiting step, the initial rate dependence on 

the concentration of the different reaction components was measured. The 

reaction was shown to be approximately first order in (SiMe3)2 and 

[Pd(MeCN)4](BF4)2, however, zero order in allylic alcohols 36a and 36b 

(Figure 19). This information combined with the previous observations that 

the η3-allyl palladium complex [42L2]-X is formed instantly from the pre-

catalyst [Pd(MeCN)4](BF4)2 during the silylation and that this complex is the 

catalyst resting state indicates that the C-OH bond cleavage is fast and that 

[42L2]-X and (SiMe3)2 are involved in the turn-over limiting step. To our 

surprise, it was also shown that the rate had a third-order dependence on the 

concentration of MeOH-d4 (Figure 19). The reason for this is still not fully 

elucidated, but a possible explanation could be that the MeOH molecules 

form a hydrogen bonding network that stabilizes the transition state of the 

turn-over limiting step. Sigman and co-workers have proposed a similar 

explanation for the third-order dependence on the concentration of water 

observed in the Wacker oxidation.88 A solvent isotope effect experiment was 

performed in an attempt to investigate the role of MeOH further. However, 
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no appreciable difference in rate between the silylation performed in CD3OH 

and CD3OD could be observed.  

 

    

     

Figure 19. Dependence of the logarithm of the initial rate on the logarithm of the 

concentration of (a) (SiMe3)2, (b) [Pd(MeCN)4](BF4)2, (c) allylic alcohol 36a, (d) 

allylic alcohol 36b, and (e) MeOH-d4. 

4.2.9 The mechanism of the borylation reaction 

After gaining insight into the mechanism of the silylation reaction our focus 

turned to the borylation. As a model reaction the analogous borylation of 36a 

with bis(pinacolato)diboron was chosen (Scheme 25). 

 

Scheme 25. Model reaction for studying the borylation. The yield is determined by 
1H NMR spectroscopy using an internal standard. 

19F NMR analysis revealed that BF3 forms throughout the reaction, albeit, 

with a constant increase in concentration. Several peaks having the charac-

teristic appearance of B-F bond containing compounds (10BF/11BF 1:4) could 

be observed, one of them corresponding to BF3OH- (Figure 20).89 
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Figure 20. 19F NMR spectrum of the crude reaction mixture of the model borylation 

reaction (Scheme 25). 

 

 

Figure 21.11B NMR spectrum of the crude reaction mixture of the model borylation 

reaction. 

The crude reaction mixture was also studied by 11B NMR spectroscopy 

(Figure 21). In contrast to the silylation, in which Me3Si-F is formed, the 

formation of pinB-F cannot be observed.90 The only identified by-product 
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containing a Bpin adduct was pinB-OH.91 A substantial amount of B(OR)3 

species were also present, likely formed via the hydrolysis of pinB-OH. It is 

also possible that a small amount of pinB-F was formed during the reaction 

but was thereafter hydrolyzed to pinB-OH and/or B(OR)3 species. 
1H NMR spectroscopy revealed that the same η3-allyl palladium complex, 

[42L2]-X, observed in the silylation reaction was also present during the 

borylation (Figure 22). Unlike in the silylation the formation of this complex 

is slow. Nevertheless, its maximum concentration (5 mol%) was maintained 

until 36a was fully consumed. Allylic ether 41a-d3 and 41b-d3 were not ob-

served as intermediates in the reaction. 

 

Figure 22. Relative concentration of the reaction components of the model boryla-

tion reaction as a function of time. The conversion refers to the borylation of 36a in 

formation of 39a. For reaction conditions see Scheme 25. 

Complex [42(MeCN)2]-BF4 was shown to function very well as a catalyst 

also in the model borylation reaction together with a catalytic amount of 

BF3·OEt2 (Scheme 26a). It was also demonstrated that this complex is clean-

ly converted to 39a when reacted with an excess of B2pin2 at 0 ºC (Scheme 

26b).  

To summarize, BF3 is formed in both the silylation and borylation reac-

tions, although to a lesser extent in the latter, in which most of the BF4
- is 

still intact at the end of the reaction. Additionally, in both reactions, 

[42L2]-X is formed and present as the major organometallic species after 

catalyst activation. Its catalytic competence in both reactions has also been 

confirmed which indicates that it is the catalyst resting state in both cases. A 

notable difference is that the activation of the catalyst is significantly faster 
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in the silylation than in the borylation. A transmetallation-reductive elimina-

tion sequence has also been shown to be a possible reaction pathway for both 

types of reactions. 

 

 

Scheme 26. (a) Borylation of 36a catalyzed by [42(MeCN)2]-BF4. The yield was 

determined by 1H NMR spectroscopy using an internal standard. (b) Stoichiometric 

reaction between [42(MeCN)2]-BF4 and B2pin2. The reaction was performed in an 

NMR tube and was analyzed by 1H NMR spectroscopy. 

4.2.10 The stereoselectivity of the reaction 

The stereochemical outcome of a reaction can provide valuable clues about 

the mechanism. If a reaction operates via an oxidative addition/reductive 

elimination sequence, the nature of both steps will influence the configura-

tion of the final product. We have previously shown that cis-36c can be both 

borylated and silylated with inversion of the configuration (Scheme 27).69  
 

 

Scheme 27. Stereoselective silylation and borylation of cis-36c.69 

Because the borylation of cis-36c proceeds more cleanly than the analogous 

silylation, this reaction was chosen for the stereoselectivity study. The 

borylation was initially followed by 1H NMR spectroscopy (Figure 23). Both  
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Figure 23. The borylation of cis-1c was followed by 1H NMR spectroscopy under 

standard borylation conditions (see Scheme 27) with the exception that 10 mol% of 

37 was used to make the observation of the catalyst more accurate. Lines are given 

as a guide for the eye.  

allyl palladium complexes cis- and trans-[44L2]-X can be observed to form 

(Figure 23). The major η3-allyl palladium isomer present throughout the 

reaction is trans-[44L2]-X. This complex is likely formed via oxidative addi-

tion with inversion of configuration, in accordance with previous studies.92 

It was also observed that the borylated product trans-39b formed at a 

higher rate than cis-39b throughout the reaction, which makes it reasonable 

to assume that trans-39b was formed from trans-[44L2]-X and that cis-39b 

was formed from cis-[44L2]-X by reductive elimination with retention of the 

configuration. If this assumption is correct, the fact that the trans-39b/cis-

39b ratio was consistently higher than the trans-[44L2]-X/cis-[44L2]-X ratio 

means that trans-[44L2]-X is a more efficient catalyst and undergoes more 

turnovers than cis-[44L2]-X does. 

When studying the stoichiometric reaction of trans-[44L2]-X with B2pin2 

full conversion to 39b could be observed (Scheme 28). We were, however, 

surprised to see that the reaction was not stereoselective.  

 

Scheme 28. Stoichiometric reaction between trans-[44(MeCN)2]-BF4 and B2pin2. 

The reaction was performed in an NMR tube and was analyzed by 1H NMR spec-

troscopy. 
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Bäckvall and co-workers have proposed that cis-trans isomerization of relat-

ed η3-allyl palladium complexes result from nucleophilic attack by Pd0 on 

the η3-allyl ligand.92b We therefore reasoned that the stoichiometric amount 

of Pd0 formed in the reaction shown in Scheme 28 similarly might be re-

sponsible for the observed lack of stereoselectivity. To investigate this, 5 

mol% Pd2(dba)3 was added in the borylation of cis-36b (Figure 24). This 

resulted in a substantially lower yield of 39b as well as a lower stereoselec-

tivity. If oxidative addition of cis-36b is highly stereoselective and if Pd0-

mediated isomerization of trans-[44L2]-X is actually responsible for the 

formation of cis-39b, minimizing the concentration of Pd0 intermediates 

during the reaction should improve the stereoselectivity; one way to accom-

plish this would be to speed up the oxidative addition. Indeed, the addition of 

30 mol% BF3·OEt2 to the reaction mixture improved both the yield and the 

stereoselectivity (Figure 24). Considering that two palladium species are 

involved in the cis-trans isomerization while only one is involved in the 

borylation, another way of suppressing the undesired process would be to 

lower the catalyst loading.92b When using only 2.5 mol% of 

[Pd(MeCN)4](BF4)2 together with a catalytic amount of BF3·OEt2, the high  

 

 

Figure 24. Investigation into the effects of additives on the stereoselectivity of the 

borylation. 
‡
Standard borylation conditions: B2pin2 (1.2 equiv.), 37 (5 mol%), 

DMSO-d6/MeOH-d4 1:1, rt, 1.5 h. The yields were determined by 1H NMR spec-

troscopy using an internal standard. 
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yield was maintained and the stereoselectivity could be further improved 

(Figure 24). 

4.2.11 Proposed catalytic cycle 

Based on the results from the mechanistic investigation, a catalytic cycle is 

proposed (Figure 25). The major initiation pathway is believed to proceed 

via [Pd(MeCN)4](BF4)2 undergoing two consecutive transmetallations with 

(SiMe3)2. Activation of the disilane by BF4
- results in the formation of 

Me3Si-F and BF3. Reductive elimination will then regenerate 1 equivalent of 

(SiMe3)2 with respect to the catalyst and a Pd0 complex with loosely coordi-

nated ligands that can enter the catalytic cycle. 

This complex is thereafter proposed to undergo oxidative addition of the 

allylic alcohol. It has been shown that this process does not occur without 

activation of the hydroxyl group (Scheme 20). It was also demonstrated that 

[Pd(MeCN)4](BF4)2 can be efficiently replaced in the silylation by a Pd0 

catalyst and 15 mol% BF3·OEt2 (Scheme 18). This shows that a catalytic 

amount of BF3·OEt2 can activate the substrate under otherwise identical 

reaction conditions. It is also possible that the palladium complex [42L2]-X 

could act as a Lewis acid,93 but considering that the hydroxyl group is trans-

ferred to boron rather than to silicon at the start of the reaction suggests that 

BF3 or its derivatives are coordinated to the alcohol during the C-OH bond 

breaking step. The study of the stereochemistry of the borylation shows that 

the oxidative addition likely proceeds with inversion of configuration. Since 

the silylation and the borylation share the common intermediate [42L2]-X, 

formed in the oxidative addition, and that both reactions proceed with over-

all inversion, it is reasonable to assume that the oxidative addition during the 

silylation occurs with the same stereochemistry. 

That the stereoselectivity of the borylation could be improved by addition 

of BF3·OEt2 and lowering of the catalyst loading suggests that the formation 

of the η3-allyl palladium complex is highly stereoselective, but, that this 

process is followed by Pd0-mediated cis/trans-isomerization. This is in ac-

cordance with the lower stereoselectivity observed in the silylation compared 

to the borylation, since the longer reaction time in the former case gives the 

η3-allyl palladium complex more time to isomerize. 

It was furthermore demonstrated that [42(MeCN)2]-BF4 can react with the 

MeOH-d4 solvent and form allylic ether 41a-d3 (Scheme 24). That this com-

pound is both formed and consumed during the silylation suggests that this 

process is reversible. 

Complex [42(MeCN)2]-BF4 can also react with (SiMe3)2 forming allylic 

silane product 38a (Scheme 22). The only silicon-containing compound 
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formed in this reaction except for 38a is Me3Si-F, which shows that the cata-

lyst counterion takes part in the reaction. The next step in the catalytic cycle 

is therefore proposed to be the transmetallation between (SiMe3)2 and the η3-

allyl palladium complex in which the catalyst counterion activates (SiMe3)2. 

The nature of the counterion (X) will vary during the course of the reaction  

(BF4
-, BF3OCD3

-, BF3OH- etc.), which explains the formation of Me3Si-F, 

Me3Si-OCD3, and Me3Si-OH. 

The transmetallation is proposed to be followed by reductive elimination 

in which the product (38a) is formed. If the oxidative addition occurs with 

inversion, the reductive elimination needs to proceed with retention of con-

figuration to give the overall stereochemical outcome observed (Scheme 27). 

It has been shown that quantitative formation of [42L2]-X from the pre-

catalyst [Pd(MeCN)4](BF4)2 is fast under the reaction conditions for the si-

lylation. The fact that this complex is present at a steady high concentration 

and has been shown to be catalytically competent indicates that it is the cata-

lyst resting state. Our kinetic studies show a first-order dependence on the 

[Pd(MeCN)4](BF4)2 and (SiMe3)2 concentrations which together with the 

identification of the catalyst resting state is in accordance with a turn-over 

limiting transmetallation step. The zero order kinetics observed for the  

 

 

Figure 25. Proposed mechanism of the first turn-over of the palladium-catalyzed 

allylic silylation reaction. The exact nature of the borate species may vary for subse-

quent turn-overs as BF4
- is converted to BF4-xXx (X = OH, OCD3) throughout the 

catalysis. 
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allylic alcohols is also in agreement with a turn-over limiting transmetalla-

tion since increasing the concentration of 36a-b will not influence the con-

centration of [42L2]-X. 

4.3 Conclusions 

It has been shown that BF3 is formed from the catalyst counterion, BF4
-, 

during the silylation reaction and that a catalytic amount of this Lewis acid is 

able to efficiently activate the allylic alcohol towards oxidative addition un-

der our catalytic conditions.  

The resting state of the catalyst has been identified as an η3-allyl palladi-

um complex, [42L2]-X. This catalytic intermediate is instantly formed and 

present at a constant high concentration throughout the silylation reaction. It 

has also been shown to be catalytically competent. 

The results from the kinetic experiments indicate that the transmetallation 

between the η3-allyl palladium complex and (SiMe3)2 is the turn-over limit-

ing step of the catalytic cycle. Considering the poor leaving group ability of 

the hydroxyl group, it is interesting to note that C-OH bond cleavage under 

these conditions is fast. 

Many similarities, but also some differences, between the silylation and 

the borylation of allylic alcohols have been identified. It has been shown that 

both reactions likely proceed via an oxidative addition-transmetallation-

reductive elimination catalytic sequence. Both reactions also have a η3-allyl 

palladium complex as the catalyst resting state. However, in the silylation 

catalyst activation is fast and in the borylation it is slow. 

When studying the stereoselectivity of the borylation it was realized that a 

Pd0-mediated cis-trans isomerization of the catalyst resting state is the likely 

reason for the formation of the minor stereoisomeric allylic boronate prod-

uct. This isomerization could then be suppressed by increasing the rate of the 

oxidative addition and lowering of the catalyst loading which substantially 

improved the stereoselectivity of the reaction. 
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5. Regio- and stereoselective allylic 
trifluoromethylation and fluorination using 
convenient CuCF3 and CuF reagents 

5.1 Background 

5.1.1 Fluorine in pharmaceuticals 

Despite fluorine being a relatively abundant element in the Earth’s crust, 

most terrestrial fluorine is bound in insoluble form, making fluorine-

containing natural products very rare.94 Consequently, efficient metabolic 

pathways for fluorinated organic molecules are not well evolved, rendering 

them unusually stable to metabolic degradation. The incorporation of fluo-

rine into drug targets can, therefore, be highly desirable.96-97 This fact is ex-

pressed in the high number of top-selling drugs (~20%) containing at least 

one fluorine atom (Figure 26).2 

 

Figure 26. Examples of fluorine-containing pharmaceuticals.2b,95 

In addition to increased metabolic stability, replacement of a hydrogen atom 

for a fluorine atom in a drug candidate will only induce a minor size pertur-

bation but a large electronegativity perturbation.95 The latter effect can, for 

example, affect the compound’s ability to pass through cell membranes (lip-

ophilicity) and its binding to target receptors.95 
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5.1.2 Methods for allylic trifluoromethylation and fluorination 

The increasing demand for complex fluorinated molecules has recently re-

sulted in the development of many new methods for perfluoroalkylation and 

fluorination of organic molecules.96 There are two main strategies for allylic 

trifluoromethylation: i) C-H functionalization of alkenes using an electro-

philic source of CF3 (Scheme 29a)
97

 and ii) allylic substitution using a nu-

cleophilic CF3 source (Scheme 30a).98 An example of a method based on the 

first strategy was developed by Buchwald and co-workers in which copper-

catalyzed allylic trifluoromethylation was achieved using Togni’s reagent as 

both the CF3 source and as the oxidant (Scheme 29b).97a 

 

Scheme 29. (a) General strategy for electrophilic allylic trifluoromethylation. (b) 

Copper-catalyzed trifluoromethylation of alkenes developed by Buchwald and co-

workers.97a 

In the second approach, stoichiometric amounts of copper salts and high 

temperatures are commonly required. However, Nishibayashi and co-

workers recently developed a copper-catalyzed method for trifluoromethyla-

tion that converts allylic halides to the corresponding trifluoromethylated 

products at 60 C (Scheme 30b).98a 

 

Scheme 30. (a) General strategy for nucleophilic allylic trifluoromethylation. (b) 

Copper-catalyzed trifluoromethylation by allylic substitution developed by Nishi-

bayashi and co-corkers.98a CuTC = CuI-thiophene-2-carboxylate. 
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Scheme 31. (a) Strategies for allylic fluorination. (b) Examples of the use of 

DAST99 and SelectFluor63e in allylic fluorination. (c) Palladium-catalyzed enantio-

selective fluorination of allylic chlorides developed by Doyle and co-workers.100 

Allylic fluorination can be achieved by both electrophilic as well as nucleo-

philic substitution (Scheme 31a). DAST is a commonly used nucleophilic 

reagent in the conversion of allylic alcohols to allylic fluorides (Scheme 

31b). A disadvantage of this reagent is that the products are usually formed 

with low regioselectivity and that HF is formed as a by-product.101 Allylic 

silanes can be regioselectively transformed to allylic fluorides using the elec-

trophilic fluorinating reagent SelectFluor (Scheme 31b).63e One disadvantage 

of this method is the long reaction time.  

Recently, a number of metal-catalyzed nucleophilic substitution methods 

have been developed.100,102 In 2010, Doyle and co-workers published a Pd0-

catalyzed enantioselective transformation of cyclic allylic chlorides to allylic 

fluorides using AgF as the fluorine source (Scheme 31c).100 

5.1.3 Objectives 

In 2011, Grushin and co-workers published a simple and high-yielding two-

step synthesis of the well-defined copper complex 46 from inexpensive start-

ing materials (Scheme 32a).103 It was also shown that this reagent could be 

efficiently used in aromatic trifluoromethylation of aryl iodides (Scheme 

32b). 103  

Even though there are several good catalytic methods for allylic trifluo-

romethylation, we considered that there remained substantial room for im-
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provement in terms of substrate scope and selectivity. We envisioned that 46 

could also be used efficiently in allylic trifluoromethylation and that insight 

into the mechanism of this copper-mediated process might in the future lead 

to the development of even more efficient catalytic systems. 

 

Scheme 32. (a) Efficient synthetic route to copper complex 46.103 (b) Trifluoro-

methylation of aryl iodides using reagent 46.103 

5.2 Results and discussion 

5.2.1 Allylic trifluoromethylation using (PPh3)3CuCF3 

Trifluoromethylation of cinnamyl chloride (47a) was efficiently achieved at 

room temperature using a slight excess of 46 in non-coordinating solvents 

CDCl3 and C6D6 (Scheme 33). Amongst the two, CDCl3 was preferred be-

cause of its lower toxicity. 

 

Scheme 33. Optimization of the conditions for allylic trifluoromethylation. 

Complex (phen)CuCF3 is an alternative trifluoromethylating reagent that has 

been successfully employed in trifluoromethylation of aryl halides and aryl 

boronates.104 However, using (phen)CuCF3 in the trifluoromethylation of 

cinnamyl chloride (47a) instead of (PPh3)3CuCF3 resulted in lower conver-

sion of the allylic halide, lower yield of 48a (30% NMR yield) and extensive 

by-product formation (Scheme 33).  
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Scheme 34. Standard conditions for trifluoromethylation of linear and branched 

allylic halides and trifluoroacetates. 

The use of non-halide leaving groups was also investigated. It was shown 

that cinnamyl acetate is completely inert to 46 even at 50 C. However, cin-

namyl trifluoroacetate could be successfully trifluoromethylated at slightly 

elevated temperature (Table 3, entry 2). 

Using the optimized conditions (Scheme 34) a number of cinnamyl chlo-

ride derivatives with both electron-donating and electron-withdrawing sub-

stituents on the aromatic ring could be efficiently trifluoromethylated (Table 

3, entries 1, 4-7). The mild conditions make the procedure selective for al-

lylic chlorides, thereby enabling the synthesis of 48b from 47b in very good 

yield. 

It was shown that both linear and branched allylic chlorides completely 

selectively formed linear trifluoromethylated products (entries 5-6),  making 

it possible to start from a mixture of linear and branched starting materials 

and still form the linear products selectively (entries 10, 13). The same selec-

tivity was also observed for the allylic trifluoroacetate substrates and prod-

ucts not stabilized by conjugation (entries 8-13).  

In the trifluoromethylation of vinylic silane 47i, PhMe2Si-F was observed 

to form as a major by-product and in the conversion of 49c, allylic fluorina-

tion was seen to take place (Scheme 35).  

 

Scheme 35. Reaction of 49c with (PPh3)3CuCF3 results in the formation of both 48e 

and 50. Compound 50 is likely formed from reaction of 49c with a Cu-F complex 

generated by 46 undergoing -elimination. 
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Table 3. Trifluoromethylation of allylic halides and allylic trifluoroacetates.a 

 
a Unless otherwise stated, a mixture of 47 or 49 (0.15 mmol) and 46 (1.1 equiv.) in 

CDCl3 (0.60 ml) was stirred for 18 h at room temperature. b Isolated yield. c The 

reactions were performed at 55 °C. 
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It is well known that Cu-CF3 complexes can undergo -elimination to form 

Cu-F complexes and carbenes and this is presumed to be the reason for the 

formation of 50 and PhMe2Si-F.98b These results gave us the idea to attempt 

allylic fluorination using (PPh3)3CuF (45), an intermediate in Grushin’s syn-

thesis of 46 (see Scheme 32a). This complex has previously been used as a 

catalyst in aldol reactions,105 but to the best of our knowledge, no method for 

fluorination using this reagent has previously been developed. 

5.2.2 Allylic fluorination using (PPh3)3CuF 

Fluorination of allylic halides using 45 required higher temperature and a 

slightly larger excess of the copper reagent than the corresponding trifluo-

romethylation (Table 4). Interestingly, it was shown that the former method 

was most suitable for cyclic allylic substrates (Table 4) whereas the trifluo-

romethylation did not proceed at all using these types of starting materials 

(47l-m). Instead, formation of allylic fluorides could be observed together 

with a complex mixture of other compounds. 

In the synthesis of (PPh3)3CuF, the reagent was recrystallized in MeOH 

and complete removal of the solvent by drying under vacuum at room tem-

perature could not be achieved, likely due to strong hydrogen bonding be-

tween the alcohol and fluorine.106 The presence of MeOH resulted in allylic 

ether by-product formation (23% yield) in the fluorination of 47k (Table 4, 

entry 2). Removal of the methanol coordinated to (PPh3)3CuF could be ac-

complished by recrystallization in CHCl3. Complex (PPh3)3CuF∙xCHCl3 

proved easier to dry at room temperature and the number of CHCl3 mole-

cules coordinated to the complex varied between 0 and 0.8. Gratifyingly, 

using this reagent in the fluorination of 47k eliminated the allylic ether for-

mation and thereby increased the yield of 51b to 76% (Table 4, entry 3). 

The same by-product formation also posed a problem in the fluorination 

of allylic bromide 47l when using 45∙xMeOH. Also in this case the use of 

the alternative fluorinating reagent (45∙xCHCl3) eliminated this problem 

(Table 4, entry 4). The allylic bromide proved to be much more reactive 

towards 45 than the allylic chlorides and 51c was formed highly selectively 

after only 10 minutes at room temperature. Unfortunately, non-stabilized 

allylic fluorides easily decompose via HF elimination through initial F- ab-

straction induced by contact with borosilicate glass or catalytic amount of 

weak acids, followed by polycondensation.107 Therefore, attempted purifica-

tion of 51c was not successful, whereas 51b and 51d are relatively stable, 

even towards silica gel chromatography.  

Suprisingly, allylic ether formation was shown not to pose any significant 

problems in the fluorination of 47m using 45∙xMeOH (Table 4, entry 6). It 



 

 

 

 

58 

also produced 51d with higher stereoselectivity compared to the equivalent 

reaction using 45∙xCHCl3 (Table 4, entry 5) making it the superior fluorinat-

ing reagent for this substrate. 

Table 4. Fluorination of allylic halides.a 

 
a A mixture of 47 (0.30 mmol) and 45∙xCHCl (1.8 equiv.) or 45∙xMeOH (1.4 

equiv.)  in CDCl3 (0.50 ml) was stirred for 2.5 h at 80 C. b Solvent coordinated 

to (PPh3)3CuF in solid form c Isolated yield unless otherwise stated. d The reaction 

was performed on 0.15 mmol scale. e The reaction was performed at room tem-

perature for 10 min., NMR yield.  f Yield of cis/trans-51d. The isolated product 

was contaminated with the regioisomer 2-fluorocyclohex-3-en-1-yl acetate (52). 

Ratio 51d:52 5:1. 

5.2.3 Mechanistic investigation 

Inclusion of PPh3 in the trifluoromethylation of 47a strongly inhibited the 

reaction, suggesting that the mechanism is initiated by dissociation of a PPh3 

ligand followed by coordination of the substrate (Scheme 36, Scheme 39a). 

This phenomenon was also observed by Grushin in the trifluoromethylation 

of aromatic iodides using the same trifluoromethylating reagent.103 In our 
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case, the presence of free PPh3 also resulted in the foreseeable formation of 

phosphonium salt 53.108 

 

Scheme 36. Study of the inhibitory effect of PPh3 on the trifluoromethylation of 

47a. 

Addition of the radical scavenger TEMPO in the trifluoromethylation of 47a 

resulted in formation of TEMPO adducts 54 and 55 (Scheme 37). However, 

the reaction was not completely inhibited and 48a was still formed in 44% 

yield.  

 

Scheme 37. (a) Study of the effect of adding a radical scavenger in the trifluoro-

methylation of 47a. The yields of 48a and 54 are based on 47a and the yield of 55 is 

based on conversion of (PPh3)3CuCF3 (46) (determined by 1H NMR spectroscopy 

using an internal standard). (b) Control experiments show that neither 47a nor 

(PPh3)3CuCF3 react directly with the radical scavenger TEMPO. 

Control experiments further showed that neither 47a nor (PPh3)3CuCF3 re-

acts directly with TEMPO to form 54 or 55, suggesting that these com-

pounds are formed from an intermediate in the trifluoromethylation. The fact 

that the wanted reaction was not fully inhibited, in contrast to other trifluo-

romethylation reactions that were completely inhibited by TEMPO,109 indi-

cates that the described trifluoromethylation does not proceed via a radical 

mechanism. That an ionic mechanism is operating is further supported by 
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competition experiments showing that 46 has a minor preference for the 

cinnamyl chloride derivative with the most electron-rich aromatic ring 

(Scheme 38). 

 

Scheme 38. Competition experiment. 
‡
Conditions: (PPh3)3CuCF3 (46, 1 equiv.) 

CDCl3, rt, 18 h.  

Based on the results from the mechanistic investigation, the reaction is pro-

posed to start with PPh3 dissociation followed by coordination of the allylic 

substrate (Scheme 39a). The resulting complex can thereafter undergo oxida-

tive addition to form an η3-allyl CuIII intermediate.110 The intermediacy of 

similar complexes has been observed by rapid injection NMR spectroscopy  

 

 

Scheme 39. (a) Proposed mechanism for allylic trifluoromethylation using 46. (b) 

Rationale for the formation of 54 and 55 in the TEMPO inhibition experiment. 
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in the methylation of cinnamyl chloride using Me2CuLiLiI.20 These studies 

suggest that reactions via η3-allyl CuIII intermediates mainly result in the 

formation of linear methylated allylic products. Similarly, in our reaction, 

the high level of stereoselectivity might be due to the formation of η3-allyl 

CuIII intermediates. However, it is also possible that the presence of bulky 

PPh3 ligands in our system results in the formation of the least sterically 

hindered η1-allyl CuIII complex, possibly via η1-η3-η1 isomerization. A reduc-

tive elimination of the linear product from intermediate 56 could be promot-

ed by the presence of PPh3 ligands.  

According to the competition experiments, (PPh3)3CuCF3 (46) has a small 

preference for the cinnamyl chloride derivative with the more electron-rich 

aromatic ring. This selectivity could be rationalized by the initial coordina-

tion of the strongest -donor. Alternatively, a slow SN2/SN2′-type oxidative 

addition with a build-up of positive charge in the transition state could also 

account for these results.  

If complex 56 forms during the reaction, it could undergo a one-electron 

reduction to form either an allylic or a CF3 radical that can then be trapped 

by TEMPO. This argument could explain the formation of 54 and 55 

(Scheme 39b). 

5.3 Conclusions 

A method for copper-mediated trifluoromethylation of allylic halides and 

trifluoroacetates using (PPh3)3CuCF3 has been described. The reaction pro-

ceeds at room temperature and was shown to be completely regioselective. 

Both branched and linear substrates formed linear trifluoromethylated prod-

ucts, making this method highly synthetically useful considering that the 

allylic chloride substrates do not have to be isomerically pure for selective 

formation of linear trifluoromethylated products.  

During the development of this reaction it was realized that (PPh3)3CuCF3 

could undergo -elimination in formation of (PPh3)3CuF that could fluori-

nate the allylic substrates. A method for copper-mediated fluorination using 

(PPh3)3CuF was therefore attempted. It was shown that this regio- and stere-

oselective reaction is suitable for cyclic allylic halide substrates. The reac-

tion occurs with inversion of configuration, which complements the selectiv-

ity observed in the palladium-catalyzed fluorination of cyclic allylic halides 

developed by Doyle and co-workers.100 For the trifluroromethylation, a 

mechanism involving allyl CuIII intermediates has been proposed based on 

the observed regioselectivity together with results from inhibition and com-

petition experiments. 
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6. Concluding remarks 

New methods for metal-mediated vinylic and allylic fuctionalization have 

been developed. 

A palladium-catalyzed Heck-type reaction between alkenes and iodonium 

salts was described which extends the scope of existing methods to include 

products containing allylic acetates and aryl bromide functional groups. 

Mercury poisoning tests and DFT calculations support a proposed PdII/PdIV 

catalytic cycle. 

The first method for metal-catalyzed allylic C-H silylation has also been 

developed, in which palladium-catalyzed oxidative coupling between termi-

nal alkenes and (SiMe3)2 produces allylic silanes regioselectively. 

Furthermore, the mechanism of Pd(BF4)2-catalyzed allylic silylation and 

borylation of allylic alcohols has been investigated. It was shown that BF3 

forms from the catalyst during the silylation and that this Lewis acid can 

activate the hydroxyl group of the alcohol towards oxidative addition. The 

resting state of the catalyst was identified as an η3-allyl palladium complex 

and results from kinetic experiments indicate that this complex and (SiMe3)2 

are involved in a turn over-limiting transmetallation step. The allylic boryla-

tion was shown to proceed in a fashion similar to that of the silylation and 

identification of Pd
0
-mediated cis-trans isomerization of the catalyst resting 

state made it possible to improve the stereoselectivity of the borylation. 

In the final chapter, a new method for copper-mediated trifluoromethyla-

tion of allylic halides and trifluoroacetates using (PPh3)3CuCF3 was de-

scribed. The reaction proceeds at room temperature and shows complete 

regioselectivity. 

Identification of allylic fluoride by-products in these reactions led to the 

development of an allylic fluorination method utilizing (PPh3)3CuF. The 

trifluoromethylation is suitable for acyclic substrates and the fluorination for 

cyclic halides. The intermediacy of allyl CuIII species in the trifluorometh-

ylation was supported by inhibition and competition experiments.  
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