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Abstract 
 
This thesis is mainly focused on the development of new palladium catalyzed transformations 

using so-called “pincer” complexes. These complexes were applied as catalysts in two 

important areas of organometallic chemistry: substitution of propargylic substrates by 

dimetallic reagents; and allylation of aldehydes and imines by allylstannanes. In addition, this 

thesis includes studies on Lewis acid mediated cyclization reactions of allylsilanes with 

aldehydes. 

 

Pincer complex catalyzed substitution of various propargylic substrates could be achieved 

under mild conditions using tin and silicon based dimetallic reagents to obtain propargyl- and 

allenylstannanes and silanes. The regioselectivity of the substitution reaction strongly depends 

on the steric and electronic effects of the propargylic substrate. According to our mechanistic 

studies the key intermediate of the reaction is an organostannane (or silane) coordinated 

pincer complex. DFT modeling studies on the transfer of the trimethylstannyl functionality to 

the propargylic substrate revealed a novel mechanism, which is based on the unique topology 

of the pincer-complex catalysts. 

 

Our further studies showed that palladium pincer complexes can be employed as efficient 

catalysts for electrophilic allylic substitution of allylstannanes with aldehyde and imine 

substrates. In contrast to previous applications for electrophilic allylic substitutions via bis-

allylpalladium complexes, this reaction involves mono-allylpalladium intermediates which 

were observed by 1H-NMR spectroscopy. 

 

The last chapter of this thesis is focused on Lewis-acid mediated cyclization of hydroxy 

functionalized allylsilanes, which afford tetrahydropyran derivatives with a high 

stereoselectivity. 

 

 

© Johan Kjellgren 

ISBN 91-7155-026-7 

Intellecta DocuSys AB 

 

 

 ii



Table of contents 

 

Abstract ..................................................................................................................................... ii 
Table of contents......................................................................................................................iii 
List of papers ........................................................................................................................... iv 
List of abbreviations................................................................................................................. v 
1. Introduction .......................................................................................................................... 1 

1.1 Palladium pincer complexes ............................................................................................. 1 
1.2 Palladium catalyzed addition of dimetal reagents to triple bonds .................................... 4 
1.3 Catalytic procedures involving allylpalladium intermediates........................................... 5 
1.4 Intramolecular acetalization–cyclization of allylsilanes with aldehydes.......................... 7 

2. Palladium pincer complex catalyzed organotin and silicon substitution of propargylic 
substrates (Papers I-II) ....................................................................................................... 8 

2.1 Trimethyltin substitution of propargylic substrates .......................................................... 9 
2.2 Organosilyl substitution of propargylic substrates ......................................................... 13 
2.3 Mechanistic investigations.............................................................................................. 15 
2.4 Synthetic utility of the products...................................................................................... 23 
2.5 Conclusions..................................................................................................................... 24 

3. Palladium pincer complex-catalyzed electrophilic substitution via mono-
allylpalladium intermediates (Papers III-IV) ................................................................. 25 

3.1 Electrophilic substitution of allylstannanes catalyzed by pincer complexes .................. 26 
3.2 Mechanism of the reaction.............................................................................................. 30 
3.3 Conclusions..................................................................................................................... 41 

4. Acetalization-cyclization of allylsilanes with aldehydes (Paper V)................................ 42 
4.1 The acetalization-cyclization reaction ............................................................................ 42 
4.2 Origin of the stereoselectivity......................................................................................... 44 
4.3 Conclusions..................................................................................................................... 46 

5. Concluding remarks........................................................................................................... 47 
Acknowledgements................................................................................................................. 48 
References ............................................................................................................................... 49 

 

 

 iii



List of papers 

 

This thesis is based on the following papers referred to by their Roman numerals I-V.  

 

I. Johan Kjellgren, Henrik Sundén, and Kálmán J. Szabó: 

Palladium Pincer-Complex Catalyzed Trimethyltin Substitution of Functionalized 

Propargylic Substrates. An Efficient Route to Propargyl- and Allenyl-Stannanes.  

J.  Am. Chem. Soc. 2004, 126, 474-475 

 

II. Johan Kjellgren, Henrik Sundén, and Kálmán J. Szabó: 

Palladium pincer complex-catalyzed stannyl and silyl transfer to propargylic 

substrates. Synthetic scope and mechanism.  

J.  Am. Chem. Soc. 2005, 127, 1787-1796 

 

III. Niclas Solin, Johan Kjellgren, and Kálmán J. Szabó:  

Palladium-Catalyzed Electrophilic Substitution via Monoallylpalladium Inter-

mediates. 

Angew.  Chem. Int. Ed. Engl. 2003, 42, 3656 − 3658 

 

IV. Niclas Solin, Johan Kjellgren, and Kálmán J. Szabó:  

Pincer complex catalyzed allylation of aldehyde and imine substrates via nucleophilic 

η1-allyl palladium intermediates. A new concept for palladium catalyzed allylic 

substitution reactions. 

J. Am. Chem. Soc. 2004, 126, 7026-7033 

 

V. Johan Kjellgren and Kálmán J. Szabó: 

Synthesis of stereodefined vinyl-tetrahydropyran and vinyl-octahydrochromene 

derivatives via acetalization-cyclization of allylsilanes with aldehydes. Origin of the 

high stereoselectivity. 

Tetrahedron Lett. 2002, 43, 1123 − 1126 

 
 

The papers were reprinted with kind permission from the publishers 

 iv



 List of abbreviations 

 
a   - Axial 

Bn   - Benzyl 

Boc   - tert-Butyl oxycarbonyl 

Cat   - Catalyst, catalytic amount 

DFT    - Density functional theory 

d.r.   - Diastereomeric ratio 

e   - Equatorial  

E   - Electrophile 

ee   - Enantiomeric excess 

GS   - Ground state 

L   - Ligand 

Ln   - Unspecified number of ligands 

NOE    - Nuclear Overhauser effect 

Nu   - Nucleophile 

OAc   - Acetate 

OMs   - Mesylate, Methyl sulfonate 

OTf   - Triflate, Trifluoromethane sulfonate 

PES   - Potential energy surface 

r.t.   - Room temperature 

TMSOTf  - Trimethyl silyl triflate 

TS   - Transition state 

ZPV   - Zero point vibration 

 

 v



1. Introduction  

 

Palladium catalysis offers particularly useful methods for organometallic transformations 

including selective formation and cleavage of carbon-metal bonds.1, 2 One of the most 

important processes for synthesis of organostannanes includes palladium catalyzed 

addition of various dimetallic reagents (e.g. distannanes and silylstannanes) to triple bonds 

affording disubstituted olefins.3, 4 On the other hand using the appropriate catalyst 

organostannanes can be employed as reagents in various substitution reactions; for 

example allylstannanes are reacted with aldehyde and imine substrates to afford 

homoallylic alcohols and amines.5-9 Since palladium catalysts may both create and cleave 

carbon-metal bonds, high selectivity of the catalyst is a very important requirement. It is 

well known that the selectivity of the palladium catalysts can be fine tuned by application 

of various ligands.2, 10, 11 However, commonly used catalysts may easily undergo ligand 

exchange considerably lowering the selectivity of the catalyst. In this respect application of 

so-called “pincer” complexes with firmly coordinating terdentate ligands can be 

particularly useful. Since the ligand exchange in a pincer complex is encumbered by a 

strong ligand-metal interaction, the high selectivity of the catalyst can be maintained under 

the entire catalytic reaction. 

 

The studies reported in thesis are mainly focused on the development of highly selective 

pincer complex catalyzed transformation of organometallic compounds. In particular, we 

have studied the possibilities to increase, or change, the selectivity of commonly used 

palladium catalysts. The last chapter of this thesis describes a brief study on the Lewis acid 

mediated stereoselective cyclization of allylsilanes. 

 

1.1 Palladium pincer complexes 

The interesting properties and catalytic reactivity of pincer complexes have attracted 

considerable attention in inorganic and, more recently, in organic chemistry.12-16 The first 

palladium pincer complex was reported by Shaw and co-workers17 in 1976, and this 

pioneering work has been followed by a large number of reports on synthesis and 

application of  a wide variety of pincer complexes. 
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The structure and properties of palladium pincer complexes. Organometallic 

complexes comprising a terdentate monoanionic (pincer) ligand of the general structure 

[2,6-(ACH2)2C6H3]- are called pincer complexes (Scheme 1).12 The pincer complexes are 

usually classified according to the heteroatoms on the side-arms of the pincer ligands. 

Accordingly, complexes 1 and 7 are called NCN complexes; 2-4 are designated as PCP 

complexes; while 5 and 6 are referred as SCS and SeCSe complexes, respectively. 

 

PdMe2N NMe2 PdPh2P PPh2

O O
PdPh2P PPh2

1 42
LLL

PdMeS SMe PdPhSe SePh

5 6

PdMe2N NMe2

NO2

7
LLL

PdPh2P PPh2

L
3

 
Scheme 1. Palladium pincer complexes employed as active catalysts in this thesis. 

 

During the last decades a number of applications using palladium pincer catalysts have 

appeared.12-16, 18, 19 There are three important features that make palladium pincer 

complexes attractive species in catalytic applications: 

 

(1) The terdentate ligand is very strongly coordinated to palladium preventing ligand 

exchange processes. The strong metal-ligand interaction ensures a high stability and 

durability of the catalyst. Therefore, many pincer complex catalysts are stable at high 

temperatures (over 120 °C) even under harsh conditions.  

 

(2) Because of the strong terdentate coordination of the pincer ligand there is only a single 

coordination site, trans to the carbon-metal bond, available for external ligands. 

Accordingly, the catalytic activities in pincer complexes are restricted to this single free 

site on palladium. Furthermore, coordination states requiring more than one free site, such 

as η3-coordination of the allyl moiety, are difficult to realize in these complexes. 
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(3) Under ambient conditions the oxidation state of palladium is largely restricted to +2 in 

pincer complexes. Reduction of the metal atom to palladium(0) leads to decomposition of 

the complex. On the other hand, oxidation of the central atom to palladium(IV) is 

thermodynamically unfavored, and therefore this oxidation state can only be realized  

under relatively harsh conditions (over 120 °C).13, 18  

 

Catalytic reactions with palladium pincer complexes. Because of the above features 

application of pincer complex catalysts have a great potential to open new synthetic routes 

in palladium catalyzed transformations. Consequently, palladium pincer complexes have 

been applied in various catalytic processes including cross-couplings, aldol condensations, 

Michael addition reactions, as well as hydroaminations.12-15  

 

Palladium pincer complexes are particularly efficient catalysts for the Heck and Suzuki 

cross-coupling reactions. Employment of these catalysts typically require reaction 

temperatures above 100 °C however their advantage is that very low catalyst loadings (as 

low as 0.1 mol%) are sufficient for achieving complete conversions.14 These low catalyst 

loadings result in remarkably high turn-over numbers (~105). The mechanism of the 

palladium pincer catalyzed cross coupling reactions has been proposed to involve a 

Pd(II)/Pd(IV) mechanism instead of the more common Pd(0)/Pd(II) mechanism.12-14, 18 

Other studies suggest that the thermal decomposition of the pincer catalyst releases the 

catalytically active palladium(0) in extremely small amounts.15, 19  

 

Palladium pincer complexes also catalyze aldol condensations and Michael addition 

reactions.12-14 In these reactions the pincer complexes react as Lewis acid type catalysts 

requiring 1-5 mol% catalyst loadings. Some of these reactions have been carried out with 

chiral pincer complexes, however so far relatively low levels of enantiomeric excess have 

been obtained. 

 

Hydroamination of olefins can also be catalyzed by palladium pincer complexes.13 

According to mechanistic investigations in these reactions palladium coordinates to the 

double bond of the olefin, thereby facilitating nucleophilic attack of the amine.20 Based on 

careful mechanistic studies the possible involvement of a palladium(IV) intermediate 

formed by oxidative addition to the N-H bond was rejected.13 
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As mentioned above the most important results in this thesis are obtained for new catalytic 

application of pincer complex catalysts in organometallic chemistry. In these studies 

(Chapters 2 and 3) we mainly investigated the catalytic activity of NCN, PCP, SeCSe, and 

SCS types of palladium pincer complexes 1-7 (Scheme 1). 

 

1.2 Palladium catalyzed addition of dimetal reagents to triple bonds 

Palladium catalyzed addition of dimetal reagents to triple bonds has proved to be a useful 

process for the preparation of 1,2-dimetal substituted olefins as products.3, 21-26 The first 

reaction of this type was reported by Mitchell and co-workers,22 employing a palladium(0) 

catalyst for the addition of hexamethylditin to alkyne substrates. This pioneering work was 

extended by the group of Chenard23, 27 using silylstannanes instead of distannanes. It was 

found that these procedures have a high level of functional group tolerance, and the 

reaction protocol could be extended to comprise a variety of different alkyne substrates 

(Scheme 2).28-32 The addition processes usually requires reaction temperatures of 70 °C or 

higher which often leads to cis-trans isomerization of the products (10a→10b, Scheme 2), 

especially in those cases where the substrates contain terminal alkynes.25, 28, 29  

 

HR

M = Sn, Si
R = Ph, H, n-Bu, PhCH2, MeOCH2, PhOCH2

[Pd(PPh3)4]cat

MMe3

R

Me3Sn

H

SnMe3

70oC

H

R

Me3Sn

MMe3
+

98
10a 10b

Me3M

 
Scheme 2. Catalytic addition of a dimetal reagent to a terminal triple bond. 

 

The catalytic cycle of the reaction (Scheme 3) starts with an oxidative addition of the 

palladium(0) catalyst to the dimetal species 9, forming bis-metal palladium(II) complex 11. 

Subsequently, one of the organometallic groups is transferred from complex 11 to the triple 

bond of the alkyne (8) forming mono-metal vinylpalladium species 12. This step is 

followed by a reductive elimination creating a second carbon-metal bond affording the 

final products 10a-b and regenerating the Pd(0) catalyst.3, 29 
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Pd(0)Ln

PdLnMe3Sn

Me3M

HR

MMe3

R

Me3Sn

H

MMe3

R

Pd

H

MMe3Me3Sn

H

R

Me3Sn

MMe3
+

10a 10b

11

9

8

12

M = Sn, Si

Me3Sn

 
Scheme 3. Palladium(0) catalyzed addition of a dimetal reagent to an alkyne substrate. 

 

In this thesis we report a new palladium catalyzed reaction of propargylic substrates with 

dimetal reagents employing palladium pincer complexes (Section 1.1). The outcome of this 

reaction is substantially different from that of the above described process involving 

palladium(0) catalysts as the products formed are allenyl or propargyl products instead of 

disubstituted olefins. The synthetic scope and a detailed investigation of the reaction 

mechanism are given in Chapter 2 of this thesis. 

 

1.3 Catalytic procedures involving allylpalladium intermediates 

Allylic displacement of acetate, carbonate, and their congeners with nucleophilic reagents 

is a widely applied synthetic procedure (Scheme 4).1, 4, 33  It is well established that these 

reactions proceed via a catalytically generated mono-allylpalladium(II) complex (13) 

which is formed by oxidative addition of palladium(0) to the allylic substrate. Subsequent 

nucleophilic attack on 13 provides the allylated product and regenerates the palladium(0) 

catalyst.1, 34-36  

 

[Pd(0)Ln]catLg Pd
L L

Lg = OAc, halide, OMs, OCOOR

13

Nu Nu

Nu = malonate, enolate, RNH2

cat

+ [Pd(0)Ln]cat

 
Scheme 4. Nucleophilic allylic substitution of a mono-allylpalladium complex.  
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Recently, the synthetic scope of the palladium catalyzed allylic substitution reactions was 

extended to electrophilic substrates (Scheme 5).8, 9, 37-46 The key step of these reactions 

involves electrophilic attack on bis-allylpalladium complexes (14), which are generated 

from mono-allylpalladium complex 13 and an allylstannane. The bis-allylpalladium 

complex (14a) is converted to its reactive form (14b) by a strongly coordinating ligand, 

which then reacts with an electrophile, affording the allylated product and reforming 13. 

Theoretical investigations have shown that the electrophilic attack takes place at the γ-

carbon of 14b.9, 46 

Pd α

βγ

E E

14b

SnR3

14a

+LPd
L L

13

Pd
L

Pd
L

E

13

 
Scheme 5. Mechanism for the electrophilic substitution of a bis-allylpalladium complex.  

 

Although the electrophilic allylic substitution proceeding via bis-allylpalladium complexes 

is a useful transformation, the diverse reactivity of the bis-allylpalladium intermediates 

imposes considerable synthetic limitations. For example, it is difficult to control the 

regioselectivity when the two allylic moieties bear different substituents (Scheme 6).42 A 

further problem is that bis-allylpalladium complexes may undergo allyl-allyl (Stille) 

coupling prior to the reaction with electrophiles (Scheme 6)47 

 

E

b

c

b ER

E

R

Pd
R

E

E
a

E

c

a

allyl-allyl
coupling

R

R
+

 
Scheme 6. Plausible reactions of unsymmetrical bis-allylpalladium complexes. 

 

Because of these limitations it would be desirable to conduct the catalytic transformations 

via mono-allylpalladium intermediates. However, this is a challenging task since it is 

known that mono-allylpalladium complexes react with nucleophiles instead of 

electrophiles. Nevertheless, we have found that this reactivity can be achieved by 

application of pincer complex catalysts. The synthetic scope and a detailed investigation of 

the reaction mechanism are given in Chapter 3 of this thesis. 

 6



1.4 Intramolecular acetalization–cyclization of allylsilanes with aldehydes 

Allylsilanes are extensively used in organic synthesis.48, 49 Their most important 

applications involve displacement of the silyl functionality forming an allyl nucleophile 

which subsequently may react with Lewis acid activated electrophiles. These reactions 

proceed with a high regio- and stereoselectivity and are therefore often used in multistep 

procedures and in natural product synthesis.50 

 

Acetalization–cyclization reactions. Mohr51 developed an efficient acid-catalyzed 

cyclization reaction of allylsilanes with acetals, for the preparation of stereodefined vinyl-

tetrahydropyran derivatives. Ito and co-workers52 extended the scope of this reaction by 

employing enantiomerically pure allylsilane 15 in a reaction with isobutyraldehyde and 

equimolar amounts of the Lewis acid TMSOTf (Scheme 7). The product (17) was formed 

in excellent yield, with a high diastereoselectivity, and preserved ee. The cyclization was 

presumed to proceed via oxonium ion intermediate 16. 

 

O iPr

Bu

O iPr

Bu

SiMe3
TMSOTf

HO Bu

SiMe3

1716

iPrCHO

15
 

Scheme 7. Mechanism of the Lewis acid mediated cyclization of allylsilanes with 

aldehydes. 

 

We have studied the possibilities to extend the synthetic scope of the acetalization-

cyclization reaction by application of various functionalized allylsilanes and aldehydes. 

We have also investigated the factors which govern the diastereoselectivity of the reaction 

by DFT calculations. These results are presented in Chapter 4. 
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2. Palladium pincer complex catalyzed organotin and silicon substitution of 

propargylic substrates (Papers I-II) 

 

Palladium catalysis offers an attractive approach for synthesis of unsaturated 

organometallic compounds from dimetallic reagents because of the high regioselectivity 

and functional group tolerance of the process.3, 4, 21, 53 As pointed out in the introduction 

(Section 1.1) the catalytic activity of pincer complexes and commonly used palladium salts 

is usually very different.  

 

PdMe2N NMe2

Br
PdPh2P PPh2

Br
PdMeS SMe
Cl

PdPhSe SePh
Cl

1a 2a 5a 6a

PdMe2N NM 2

Br

NO2

e

7a  
Scheme 8.  Palladium pincer complexes employed in the organotin and silicon substitution 

of propargylic substrates. 

 

The palladium catalyzed reactions of dimetal reagents3 (e.g. Sn-Sn, Sn-Si) with alkynes 

represent an interesting example.31, 54-56 Application of commonly used palladium(0) 

catalysts leads to oxidative addition of palladium to the tin-tin bond as far as propargylic 

leaving groups (such as halides, mesylate, epoxide etc.) are not present in the substrate. 

This oxidative addition generates a bis-metal palladium(II) species,3 which adds to the 

triple bond providing a disubstituted olefin product (see also Section 1.2). Application of 

pincer complex catalysts (Scheme 8) in related reactions is expected to show a different 

catalytic activity, since only a single coordination site is available on palladium (Section 

1.1), and therefore formation of a bis-metal reagent is unlikely. Indeed, we have found that 

using hexaalkyl dimetal reagents (9) in the reaction with propargyl chloride, epoxide, or 

mesylate substrates (18) in the presence of catalytic amounts of a pincer complex catalyst 

(Scheme 8) displacement of the propargylic leaving group occurs instead of addition of the 

organometal groups to the triple bond. This reaction leads to formation of propargyl or 

allenyl stannanes and silanes depending on the steric and electronic effects of the 

substituents attached to the triple bond (Schemes 9 and 10). 
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Me3Sn-SnMe3

Lg
Q

Q
Lg

Me3Sn
Q

Q
SnMe3

Q
Me3Sn18a-m

20m-t

[Pincer]cat

18n-u

20a-l

9a

19a-g

+

2.5 mol%

 
Scheme 9. Pincer complex catalyzed trimethyltin substitution of propargyl substrates. 

 

2.1 Trimethyltin substitution of propargylic substrates 

Primary Propargylic Substrates. We have found that NCN complex 1a efficiently 

catalyzes the transfer of the trimethyltin group from hexamethylditin (9a) to primary 

propargyl chloride and mesylate substrates (Table 1, entries 1-10). The reactions are 

conducted under neutral conditions, at 0 °C or r.t. The relatively low reaction temperature 

is essential to achieve high yields in these reactions, since the functionalized propargyl and 

allenylstannane products have a limited thermal stability. Increasing the reaction 

temperature usually results in substantial decomposition of these products giving poor 

yields. The neutral reaction conditions and the redox stability of the catalyst allows for a 

wide variety of substrate functionalities including COOEt, OR, OAc, and even unprotected 

OH. The regioselectivity of the catalytic displacement reaction for primary propargyl 

chlorides is strongly dependent on the electronic effects of the propargylic substituents. For 

bulky electron supplying substituents, such as phenyl (18a-b) and alkyl (18c) groups, the 

main product of the reaction is a propargylstannane (entries 1-8, Table 1). Propargyl 

chloride (18d) itself, and substrates with electron-withdrawing substituents (e.g. 18e, 18f, 

and 18i), give exclusively allenyl products (entries 9-12 and 16, Table 1). Interestingly, 

even subtle electronic effects have a strong influence on the regioselectivity of the 

stannylation process. For example, the hydroxymethylene group in 18f has a weak electron 

withdrawing effect, which is sufficient to direct the reaction toward exclusive formation of 

the corresponding allenyl product 20e (entry 12, Table 1). However, benzyl protection 

(18g) of the hydroxy group slightly modifies the electronic properties of the substrate 

leading to appearance of the corresponding propargyl product (19c) as a minor component 

in the reaction mixture (entry 13, Table 1). Furthermore, when a methylene unit is inserted, 

rendering the OBn functionality in the γ-position to the triple bond (18h), a predominant 

formation of the propargyl product 19d is observed (entry 15, Table 1).  
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Secondary Propargylic Substrates. The NCN catalyst 1a also smoothly transforms 

secondary propargyl chlorides (18j-18n) to the corresponding allenylstannane products 

(entries 17-23, Table 1). The reaction proceeds with an excellent regioselectivity for 

various propargylic substituents involving phenyl (18j), 2-naphthyl (18k), benzyl (18l) and 

N-Boc-aminomethylene (18m) groups to provide exclusively the corresponding allenyl 

product in good to excellent yield. Phenyl substitution of 18a at the propargylic position 

(18n) leads to a complete reversal of the regioselectivity, as the catalytic stannylation of 

substrate 18n gives exclusively the allenyl product 20n (c.f. entries 1 and 22, Table 1). 

 

We have also found that propargyl epoxides (18p-q) can be employed in place of 

propargyl chlorides. The epoxide opening takes place with an excellent regioselectivity 

providing exclusively the corresponding allenyl product (entries 23-25, Table 1). 

Conducting the reaction at 0 °C the opening of cyclic epoxides 18p and 18q provides a 

single diastereomer (20o and 20p), respectively (entries 24 and 25, Table 1). Thus the 

pincer complex catalyzed epoxide opening reaction proceeds with an excellent regio- and 

stereochemistry, and at least for 18p, with an excellent yield. Raising the reaction 

temperature to r.t. leads to formation of small amounts the other diastereomeric form (up to 

25%). 

 

Attempts to increase the activity of the pincer complex catalyst. The high electron 

density on palladium, ensured by the σ-donor amino groups on the pincer ligand is 

essential to achieve a high catalytic activity of NCN-complex 1a. A slight decrease of the 

electron donor properties of the aromatic back-bone by nitro substitution (e.g. complex 

7a57) leads to lowering of the catalytic activity of the pincer complex (c.f. entries 1 and 2, 

Table 1). Commonly used catalysts, such as Pd(PPh3)4 and Li2[PdCl4] do not show any 

catalytic activity under the applied reaction conditions. Exchange of the amino groups in 

1a with less efficient σ-donor phosphines (2a58) leads to a complete loss of the catalytic 

activity (entry 3, Table 1). Therefore, we considered to replace the amino groups of 1a 

with strongly electron-supplying counterparts, such as sulfur (5a59) and selenium based 

ligands (6a60). The SCS complex 5a displayed a high catalytic activity, however the 

catalytic transformations using 5a required longer reaction times and higher reaction 

temperatures than the corresponding processes with 1a (c.f. entries 1 and 4, and also 

entries 7 and 8, Table 1). On the other hand, SeCSe complex 6a (reported very recently by 
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Yao and co-workers60) displayed a higher catalytic activity than 1a. Comparing the 

corresponding entries (entries 1 and 5, 10 and 11, 13 and 14, as well as 20 and 21, Table 1) 

revealed that the stannylation reactions with SeCSe complex 6a required typically 50% 

shorter reaction times than with 1a. The yields (entries 5 and 8, Table 1) and 

regioselectivities (entries 5 and 14) obtained using 6a instead of 1a were, however, 

somewhat lower. These results indicate that in the presented trimethyltin transfer processes 

NCN complex 1a is a slightly more selective catalyst than SeCSe complex 6a; on the other 

hand, slow catalytic transformations can be efficiently accelerated by employment of 6a as 

catalyst. 

 

Table 1. Pincer catalyzed substitution of propargylic substrates with 9a (selected results)a 

Sn-M

Cl
Ph

Ph
Me3SnSnMe3Ph

OMs
Ph

Cl
H11C5 H11C5

Me3SnSnMe3H11C5

Cl Me3Sn

Cl
EtOOC

EtOOC
Me3Sn

Cl
HO

Me3Sn
HO

Entry Substrate Cat.b Cond.c Product Yielde

18a
1 1a r.t / 29a 87

19a 20a

2 18a 7a 9a r.t. / 20

ratiod

8:1

19a 20a 7:1 86

3 18a 2a 9a r.t. / 18

4 18a 5a 9a r.t. / 5 19a 20a 8:1 80

5 18a 6a 9a r.t. / 1.5 19a 20a 7:1 77

no reaction

18b
6 1a r.t / 139a 7519a 20a 10:1

18c
7 1a 0 / 39a 95

19b 20b
8:1

8 18c 6a 9a r.t. / 3 19b 20b 8:1 91

18d
9 1a r.t / 29a (87)f

20c

a.p.

18e
10 1a r.t. / 69a 64

20d

a.p.

11 18e 6a 9a r.t. / 3 20d a.p. 66

18f
12 1a 0 / 169a 81

20e
a.p.

14 1g 6a 9a r.t. / 3 19c 20f 951:4

Cl
BnO

Me3Sn
BnO

SnMe3

BnO18g
13 1a r.t. / 169a 95

19c 20f
1:5
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Table 1 (continued). 

Cl
AcO

Ph Me3Sn
AcO

Ph18i
16 1a r.t. / 39a 83

20h

a.p.

Cl

Ph
Me3Sn

Ph

Cl

Napht
Me3Sn

Napht
18

17
18j

1a r.t. / 49a 81
20i

a.p.

18k

1a r.t. / 49a 70
20j

a.p.

Sn-MEntry Substrate Cat.b Cond.c Product Yielderatiod

Cl

Ph
Me3Sn

Ph

Cl

NHBoc
Me3Sn

NHBoc

Cl

Ph
Ph

Me3Sn

PhPh

O

Ph

Me3Sn

Ph

OH

O OH
SnMe3

O OH
SnMe325

18m 6a 9a r.t. / 2.5 20l a.p. 95

19

20

21

22

18l

23

1a r.t. / 49a 95

20k
a.p.

18m

24

1a r.t. / 59a 95
20l

a.p.

18n
1a r.t. / 69a 84

20m
a.p.

18o

1a r.t. / 69a 83

20n

a.p.

951a 0 / 169a

18p 20o

641a 0 / 169a

18q 20p

a.p.

a.p.

Cl
BnO

Me3Sn

BnO

SnMe3BnO
18h

15 1a r.t. / 69a 95
19d 20g

8:1

 
a) 2.5 mol% catalyst was applied. b) pincer complex catalyst. c) reaction temperature [°C] / 

reaction time [h] r.t. = room temperature. d) propargyl to allenyl ratio; a.p. = allenyl 

product only. e) Isolated yield. f) The product was not isolated because of its volatility. The 

yield was determined by NMR spectroscopy. 
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2.2 Organosilyl substitution of propargylic substrates 

Similarly to 9a (Scheme 9) unsymmetrical dimetal reagents, such as silylstannanes (9b-d), 

are also known to undergo addition to triple bonds in the presence of commonly used 

palladium catalysts providing difunctionalized olefins (Section 1.2).3, 21, 25, 27 In the above 

palladium pincer complex catalyzed applications with symmetrical distannane 9a only a 

trimethylstannyl group can be transferred as opposed to unsymmetrical reagents 9b-d 

where either the silyl- or the stannyl group can be transferred to the propargyl substrates. 

 

Cl
Q

Q
Cl

PhMe2Si
Q

Q
SiMe2R1 Q

R1Me2Si

9b  R1 = Ph, R2 = Me
9c  R1 = Me, R2 = Bu
9d  R1 = Me, R2 = Me

R1Me2Si-SnR2
3

18a, 18c 
18e, 18g-h

22g-h18p-q

22a-f

[Pincer]cat

5 mol%
21

+

 
Scheme 10. Pincer complex catalyzed organosilyl substitution of propargyl substrates  

 

However, when the reaction of propargyl chlorides was performed with silylstannanes 9b61 

and 9c27 (Scheme 10) we found that exclusively the silyl functionality is transferred to the 

substrates, affording allenylsilanes in good yield (Table 2). These catalytic reactions were 

conducted at 40 °C with slow addition of trimethylstannyl reagent 9b, while a higher 

reaction temperature was required when tributylstannyl analog 9c was employed (entry 2, 

Table 2). Since the allenylsilane products have a relatively poor thermal stability, the 

isolated yields of the products were usually higher with reagent 9b (permitting a reaction 

temperature of 40 °C) than with 9c (employed at 60 °C). A fast addition of 9b usually 

leads to a partial decomposition of this dimetallic reagent, causing lower yields. Reagent 

9d could also be employed in the silylation reactions; however this reagent undergoes 

extensive decomposition during the reaction,27 even when added slowly to the reaction 

mixture. Furthermore, addition of 4 Å molecular sieves was found to give improved yields 

in these reactions. 
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Table 2. Pincer complex catalyzed substitution with silylstannanes 9b-ca

Me3Si
Ph

SiMe2Ph
C5H11 PhMe2Si

C5H11

PhMe2Si
Ph

Sn-M

PhMe2Si

BnO

PhMe2Si
BnO

EtOOC
PhMe2Si

PhMe2Si
Ph

PhMe2Si
NHBoc18r8 1a 40/249b 70

18a

22b

2 1a 60/49c 66

18c
22c

3 1a 40/249b 78

18h6 1a 40/249b 64

18q7 1a 40/249b 80

18a

22a

1 1a 40/249b 74

ratiod

a.p.

22d

22f

22g

22h

Entry Substrate Cat.b Cond.c Product Yielde

21
1:4

a.p.

a.p.

18g5 1a 40/249b 63

22e

4 1a 40/249b 7118e a.p.

a.p.

a.p.

a.p.

a) 5 mol% catalyst was used and the silylstannane reagent (9b) was added over 5 h. b) 

Pincer complex catalyst. c) Reaction conditions; reaction temperature [°C] / reaction time 

[h] r.t. = room temperature. d) propargyl to allenyl ratio; a.p. = allenyl product only. e) 

Isolated yield. 

 

Similarly to the reactions with 9a, the substitution reactions with 9b are also conducted 

under mild and neutral conditions. Therefore many functionalities, including COOEt, OBn, 

CH2Ph and NHBoc, are still tolerated. The regioselectivity of the reaction is excellent, as 

we obtained exclusively allenylsilane products (22). The only exception is the reaction of 

18c with 9b affording predominantly the allenyl product 22c together with 20% of 

propargylsilane 21 (entry 3, Table 2). The high allenyl preference of the reaction with 

silylstannanes 9b-c is in sharp contrast with the regioselectivity of the stannylation process 

with hexamethylditin (9a). For example, phenyl propargyl chloride 18a reacts with 9a in 

the presence of pincer complex catalyst 1a affording mainly the propargyl product 19a and 

only traces of allenylstannane 20a (entry 1, Table 1). Conversely, the same catalytic 
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reaction with silylstannanes 9b and 9c (entries 1 and 2, Table 2) yields exclusively 

allenylsilanes 22a and 22b respectively. As mentioned above, the reaction with alkyl 

substituted substrate 18c gave the propargylic isomer as a minor product (entry 3, Table 2). 

However, 18h bearing a benzyloxy functionality at the γ-position gives again exclusively 

allenyl product 22f (entry 6, Table 2). This regioselectivity (entries 3 and 6, Table 1) is 

again the opposite to the selectivity of the stannylation reactions (entries 7 and 15, Table 

1), which provide the corresponding propargylic isomers (9b and 9d) as the major 

products. In the presence of electron-withdrawing substituents at the α- or β-position to the 

triple bond the silylation reactions proceed smoothly (entries 4 and 5, Table 2). The 

products formed in these reactions are thermally unstable and easily decompose. Product 

22e proved to be particularly sensitive; when 18g was treated with 9c in place of 9b at 60 

°C, only traces of the corresponding allenylsilane product (22e) could be isolated from the 

reaction mixture. Finally, secondary propargyl chloride derivatives 18p and 18q were also 

converted smoothly affording the corresponding allenylsilanes 22g-h (entries 7-8, Table 2). 

 

2.3 Mechanistic investigations 

Stoichiometric reactions involving pincer complexes, hexamethylditin and propargyl 

chloride were performed to study the elementary steps of the catalytic cycle. These 

reactions were conducted in THF-d8 and were monitored by various NMR spectroscopy 

methods.  

 

It is well known that palladium(0) complexes readily undergo oxidative addition to 

propargyl chlorides.62-64 However, we found that neither NCN complex 1a nor its acetate 

analog 1b (in which the counter ion ligand dissociates more easily than in 1a) reacted with 

propargyl chloride 18d even at 70 °C for up to 24h (Scheme 11).  

 

PdMe2N NMe2
Cl

1b

1a   or
r.t. up to 70oC

1-24h

no reaction+
18dOAc

 
Scheme 11. Stoichiometric reaction of propargyl chloride 18d and a pincer complex. 
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Stoichiometric reactions with hexamethylditin (9a). In contrast to the above 

stoichiometric reaction complex 1b reacted readily with distannane 9a (Scheme 12). The 

progress of this reaction was clearly indicated by the systematic changes of the 1H- and 
119Sn-NMR spectrum of the reaction mixture. In the 1H-NMR spectrum of this 

stoichiometric reaction the methyl peak of 9a (0.2 ppm) gradually decreased, and at the 

same time two new singlets appeared at 0.5 ppm and 0.05 ppm. The peak at 0.5 ppm 

belongs to the methyl resonance of stannane by-product 23, while the appearance of the 

other singlet is indicative for the formation of a new trimethyl-stannylpalladium species 1c. 

We could also observe a small (0.1 ppm) but significant upfield shift of the benzylic 

protons of the pincer complex. According to the time-averaged 1H-NMR spectrum the 

newly formed species has a C2v symmetry indicating that the symmetrical pincer structure 

is maintained in the reaction of complex 1b with distannane 9a. The above assumption for 

formation of stannylpalladium complex 1c is confirmed by the 119Sn-NMR spectrum of the 

reaction mixture (Scheme 12). In the 119Sn-NMR spectrum we observed a decrease of the 

resonance peak at 9a (-109 ppm) and a simultaneous appearance of a new peak at -0.2 

ppm. The latter peak was assigned to the 119Sn-NMR resonance of complex 1c. This 

assignment is in line with the 119Sn-NMR data reported for similar trimethylstannyl- 

palladium complexes, such as Pd(PMe3)2(SnMe3)2 [δ(119Sn) = -28 ppm]65 and 

Pddppe(CONiPr)(SnMe3)  [δ(119Sn) = 45.4 ppm].66 Based on the above results, we 

consider complex 1c as the product of the introducing step of the catalytic process. 

 

PdMe2N NMe2

OAc

Me3Sn-SnMe3 PdMe2N NMe2

SnMe3

Me3Sn-OAc+
25 oC

THF-d8
+

δ(1H) = 0.2 ppm δ(1H) = 0.05 ppm δ(1H) = 0.5 ppm

1b
9a

1c

23

δ(119Sn) = -109 ppm δ(119Sn) = -0.2 ppm δ(119Sn) = 126 ppm  
Scheme 12. Stoichiometric reaction of hexamethylditin 9a and pincer complex 1b. 

 

Stoichiometric Reactions with PhMe2Si-SnMe3 (9b). We have also studied the 

stoichiometric reaction of complex 1a with silylstannane 9b (Scheme 13). Silylstannane 9b 

was added over 5h to pincer complex 1a, and the resulting mixture was analyzed by 29Si-

NMR. In this stoichiometric reaction silylstannane 9b [δ(29Si) = -13.4 ppm] was 
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completely consumed, while two new peaks at -21.9 ppm and at -5.5 ppm appeared in the 
29Si-NMR spectrum of the reaction mixture. The high field shift at -21.9 ppm arose from 

9e (lit. = -21.7 ppm)67 formed by disproportionation of 9b (Scheme 13). The other shift at     

-5.5 ppm could be easily distinguished from the resonance frequency of the possible 

hydrolysis product (PhSiMe2)2O (resonating at -1.2 ppm). The shift value at -5.5 ppm is 

close to the 29Si-NMR shift (-1.1 ppm)68 reported for the (dcpe)2PdHSiMe2Ph complex 

which also contains a palladium(II)-SiMe2Ph bond. Accordingly, we assigned this shift 

value to pincer complex 1d (Scheme 13), which is the silyl analog of complex 1c formed 

in the corresponding reaction with distannane 9a (Scheme 12). 

 

PdMe2N NMe2

Br
PhMe2Si-SnMe3 PdMe2N NMe2

SiMe2Ph

(Me2PhSi)2 (Me3Sn)2+
25oC

THF-d8 +

1a
9b 9e

δ(29Si) = -13.4 ppm δ(29Si) = -5.5 ppm δ(29Si) = -21.9 ppm

+
9a

1d

Scheme 13. Stoichiometric reaction of silylstannane 9b and pincer complex 1a. 

 

It was also observed that stoichiometric addition of silylstannane 9b to complex 1a in one 

portion (instead of using slow addition) leads to an extensive disproportionation of 

silylstannane 9b yielding disilane 9e and distannane 9a. This disproportionation (and other 

degradation processes) is probably the reason for the low yields in the catalytic reactions.  

 

Unfortunately, our efforts to isolate tin- and silicon-palladium pincer complexes 1c and 1d 

were fruitless because of the poor stability of these species. This poor stability can 

probably be explained by the presence of a highly reactive tin/silicon-palladium σ-bond 

(vide supra) in these complexes. 

 

The catalytic cycle of the reaction. Based on the above stoichiometric reactions we 

consider the transfer of the corresponding stannyl or silyl functionality from the dimetal 

reagent to the pincer complex as the introducing step of the catalytic cycle (Scheme 14). 

This transmetalation process involves cleavage of the corresponding Sn-M bond. In case of 

symmetrical dimetal reagent 9a this reaction can only lead to transfer of the 

trimethylstannyl group to palladium. However, for unsymmetrical reagent 9b, either the 

silyl or the stannyl functionality can be transferred to palladium. Nevertheless, the results 
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of the catalytic (Table 2) and the stoichiometric reactions (Schemes 13) clearly indicate 

that only the silyl group of 9b was transferred to palladium. The predominant formation of 

1d instead of 1c probably arises from the higher electronegativity of silicon in 9b. The 

heterolytic cleavage of the Si-Sn bond leads to accumulation of the negative charge on the 

silicon atom, while charge depletion occurs on the more electropositive tin atom. Thus, in 

the transmetalation step the halogenide counter ion on palladium will be replaced by a 

negatively charged silyl group instead of a positively charged stannyl functionality. 

 

PdMe2N NMe2

X

Q
Lg

Q
MMe2R Q

MMe2R

PdMe2N NMe2

MMe2R
Me3SnX

RMe2M-SnMe3+

1a[X]

1c or 1d

9a or 9b

M = Sn, Si
X = Br, Cl

Lg = Cl, OMs, epoxide
 

Scheme 14. Proposed catalytic cycle of the organometal substitution reactions. 

 

The final step of the catalytic process is the transfer of the organometallic functionality 

(MMe2R) from palladium to the propargylic substrate. Considering the fact that there is no 

accessible coordination site on palladium in 1c (or 1d) this process is expected to be the 

most unique reaction step in the above pincer complex catalyzed metalation process. Thus, 

in order to explore the mechanistic details of this step we carried out DFT modeling 

studies. In these studies we investigated the mechanistic aspects of the transfer of 

trimethylstannyl group from complex 1c to propargyl chloride 18d. 

 

DFT modeling of the transfer of the trimethylstannyl group. The DFT studies were 

focused on the exploration of the potential energy surface PES of the trimethylstannyl 

transfer process (Scheme 15). Study of the factors determining the regiochemistry of the 

reaction was of particular interest. Therefore, we examined various possible pathways 

leading to formation of the allenyl (20c) and propargyl (15) stannanes from 1c and 18d. 
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Computational methods. All geometries were fully optimized employing a Becke-type69 

three-parameter functional B3PW91 using a double-ζ(DZ)+P basis constructed from the 

LANL2DZ basis.70-72 According to the vibrational analysis (performed at the optimization 

level) 24a-d were characterized as transition state structures, while the rest of the structures 

were characterized as minima on the PES. All calculations were carried out by employing 

the Gaussian 03 package.73 

 

20.5

33.5

43.5

52.6

1c+18d

24a

24b

24c

24d

SnMe3

Me3Sn 20c
Me3Sn 20c

25

SnMe3

25

PdMe2N NM 2

Cl
e

1e
+

oror

1e
+

-47.3

-53.5

-47.3

-53.5

Pathway (a)Pathway (b)

Scheme 15. Reaction profiles for the trimethylstannyl transfer reactions from palladium 

(1c) to propargyl chloride (18d) giving allenyl (20c) or propargyl product (25). The TS 

structures (14a-d) are given in Figure 2. All energies are given in kcal mol-1. 

 

The calculated structure of 1c (Scheme 16) was characterized by a relatively long 

palladium-tin bond (2.749 Å) and a tight coordination of the pincer ligand to palladium. 

We considered two distinct pathways for the trimethyltin transfer reaction: (a) The first 

pathway involves interaction between the palladium atom and propargylic substrate. (b) 

The second one is performed without involvement of the palladium. An interesting feature 

of both pathways is that the formation of allenyl (20c) or propargyl stannane (25) from 1c 

and 18d takes place in a single reaction step. This means that the trimethylstannyl transfer 

from 1c to 18d involves a simultaneous formation of the carbon-tin bond and cleavage of 

the carbon-chlorine bond.  
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Pathway (a) corresponds to the lowest energy path on the PES leading to formation of 

allenylstannane 20c via TS 24a requiring a relatively low activation energy of 20.5 kcal 

mol-1 (Scheme 15). In TS 24a the distances of the attacked propargylic carbon to the 

palladium (2.638 Å) and to the tin (2.664 Å) atoms are about equal (Scheme 16). The 

carbon-chloride bond (1.952 Å) is much longer than the corresponding C-Cl bond length in 

18d (1.810 Å) indicating that a C-Cl bond breaking process takes place in the TS. 

Formation of propargyl stannane (25) proceeds through TS structure 24b requiring a 13 

kcal mol-1 higher activation energy (33.5 kcal mol-1) than formation of the allenyl analog 

20c. The geometry of the reaction center in 24b is similar to 24a, as the attacked 

propargylic carbon interacts with both the palladium (2.961 Å) and the tin (2.773 Å) atoms 

accompanied by the cleavage of the carbon-chloride bond (2.502 Å). We have also 

localized two other TS structures 24c and 24d, in which the palladium atom is not directly 

involved in the trimethyltin transfer process (see pathway (b) above). In these processes 

however the activation barrier is unrealistically high (43.5 and 52.6 kcal mol-1), and 

therefore it is unlikely that the stannylation reaction would proceed through these TS 

structures. 

 

Structural features of TS structures 24a and 24b. A closer inspection of TS structures 

24a and 24b reveals that the geometry of the reaction center similar to that of the classical 

SN2’ and SN2 reactions, in which the formation of the new bond and cleavage of the 

leaving group bond takes place simultaneously. There is, however a clear difference 

between the geometry of the TS of the classical nucleophilic substitution reactions and the 

presented processes (24a-b). In a classical SN2 reaction the attacking nucleophile is aligned 

with the reaction center and the leaving group closing an angle of 180°. However, the 

corresponding Sn-C-Cl angle in 24b is 132°, and furthermore the palladium atom is also 

involved in the displacement of the leaving group. On the other hand, the middle point of 

the palladium-tin bond, the attacked propargylic carbon and the carbon-chloride bond do 

form an angle close to 180° in the TS structures. This suggests that the electron pair of the 

palladium-tin σ-bond exerts a nucleophilic attack on the propargylic carbon simultaneously 

cleaving the carbon-chloride bond. This hypothesis can also be confirmed by inspection of 

the high energy (-4.5 eV) HOMO orbital of complex 1c (Scheme 17), which is largely 

localized to the palladium-tin σ-bond. Thus, the electron-pair of the palladium-tin σ-bond 

is readily available for electrophiles, such as 18d. It is particularly interesting to compare 
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the HOMO of complex 1c to the corresponding HOMO of hexamethylditin (9a). The 

HOMO in 9a has also a clear metal-metal σ-bond character, however the HOMO energy (-

6.3 eV) is considerably lower in 9a than in 1c.  

 

 
Scheme 16. Calculated geometries for 1c and the TS’s (24a-d) of the trimethylstannane 

transfer reaction. The ZPV corrected energies are given in italics. Energies in kcal mol-1 

and bond lengths in Å. 
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Because of this low HOMO energy 9a is not able to perform the nucleophilic displacement 

of the chloride of 18d. On the other hand, in palladium pincer complex 1c there is a high 

energy HOMO, and therefore this complex is more nucleophilic than 9a, which leads to a 

successful trimethyltin transfer to the propargylic substrate 18d (Scheme 17). This also 

explains the necessity of employment of palladium pincer complex catalysis in the above 

reaction. 

 
Scheme 17. HOMO orbitals of complex 1c (εHOMO = -4.5 eV) and hexamethylditin 9a 

(εHOMO = -6.3 eV). 

 

As far as we know, the above described palladium-metal σ-electron transfer initiated 

single-step displacement of the leaving group is a unique process in palladium chemistry 

which can be explained by the special topology of the pincer complex catalyst. In a typical 

reactive pincer complex intermediate, such as in 1c, the high energy tin-palladium and 

palladium-carbon σ-bonds are forced to a trans geometry. This topology does not permit a 

reductive elimination involving the Pd-Sn and Pd-C bonds. Therefore, the high energy Pd-

Sn bond becomes available for reactive external electrophiles, such as 18d (c.f. 24a-b). On 

the other hand, commonly occurring organopalladium intermediates has a considerably 

more flexible structure than pincer complexes, and therefore the high energy Pd-Sn and 

Pd-C bonds may easily isomerize to a cis-geometry permitting a facile intramolecular 

reductive elimination reaction.74 

 

Formation of the allenyl (20c) and propargyl (25) stannane products is a highly exothermic 

process (-47.3 and -53.5 kcal mol-1) indicating that the trimethyltin transfer from the 
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palladium atom of 1c to 18d is an irreversible process. The formation of allenylstannane 

20c is both kinetically and thermodynamically more favored than formation of propargyl 

stannane 25, at least from the parent compound 18d (entry 9, Table 1). However, 

substituent effects obviously influence the regioselectivity. For example, the presence of 

bulky phenyl (18a) or alkyl (18c) substituents at the attacked carbon in 18a probably leads 

to unfavorable steric interactions with the pincer complex explaining the predominant 

formation of the propargylic product via 14b type TS from 18a-b (Table 1). On the other 

hand, electron withdrawing substituents (e.g. 18e, 18f, and 18i) increase the electrophilicity 

of the unsaturated carbon promoting the formation of the allenyl product via a 24a-type of 

TS. The final allenyl to propargyl ratio of the reaction is determined by counteracting 

electronic and steric effects. From secondary propargylic substrates (18j-q) allenyl 

products are formed (entries 17-25, Table 1), because of the strongly destabilizing steric 

interactions in the TS structure of the SN2-type process (c.f. 24b). 

 

2.4 Synthetic utility of the products 

Allenylstannanes and silanes are versatile building blocks in advanced organic synthesis 

and also in natural product synthesis. Although, many excellent procedures for selective 

synthesis of these organometallic compounds are already available in the literature,75-82 

there is a considerable need to broaden the variety of the available functionalized species. 

Allenylstannanes and silanes undergo highly stereoselective reactions with various 

aldehydes in the presence of Lewis acid catalysts to afford homopropargyl alcohol 

products.75 Allenylstannanes can also be utilized in palladium catalyzed coupling reactions, 

such as in the Stille coupling83, 84 with aromatic halides to provide substituted allenes.85 

The palladium pincer catalysts (Scheme 8) do not react with the formed allenylstannanes 

under the employed reaction conditions, which is a prerequisite of the high yields obtained 

in the catalytic transformations. On the other hand, commonly used palladium sources, 

such as Pd(PPh3)4, readily catalyze the coupling reactions of allenylstannanes and aryl 

iodides. To demonstrate the synthetic utility of this reaction we reacted compound 20o 

obtained from stannylation of 18p as a single diastereomer (entry 24, Table 1) with phenyl 

iodide in the presence of catalytic amounts of Pd(PPh3)4 (Scheme 18). This procedure gave 

mainly trans-substituted allene 26a86, 87 in 60% yield and only traces of its cis-substituted 

counterpart 26b.87 Since it is known that the analog Stille-coupling reactions proceed with 

retention of the geometry of the vinyl-tin bond,88, 89 this reaction also helped us to assign 
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the stereochemistry of 20o. Thus, as the major product of the coupling reaction (26a) is the 

anti form, we conclude the same stereochemistry for 20o. 

 

OH

SnMe3

OH
Ph

OH

Ph

20o

+
[Pd(PPh3)4]cat

5oC / 48h +

Yield = 60%
d.r. = 14:1

26a 26b

PhI

 
Scheme 18. Stille coupling of allenylstannane 20o with phenyl iodide. 

 

2.5 Conclusions 

Pincer complex catalysis can be employed for regioselective transfer of the organostannyl 

and silyl functionality to propargylic substrates. The reactions proceed under mild and 

neutral conditions and many functionalities are therefore tolerated. The catalytic activity of 

the employed catalyst strongly depends on the electronic effects of the employed pincer 

ligand. Pincer complexes with electron supplying ligands, such as NCN, SCS and SeCSe 

complexes, display a very high catalytic activity. The regioselectivity of the stannylation 

reaction of primary propargylic substrates depends on the steric as well as electronic 

effects of the substituents on the triple bond whereas catalytic reactions involving 

secondary propargylic substrates provide exclusively the allenyl product. The epoxide 

opening via stannylation of the corresponding propargylic substrates takes place with an 

excellent regio- and stereochemistry. The silylation reactions proceed with higher allenyl 

selectivity than the corresponding stannylation processes. Interestingly, under the applied 

catalytic conditions from silylstannanes 9b-c exclusively the silyl functionality is 

transferred to the propargylic substrates. Mechanistic studies have shown that the active 

intermediate in the catalytic reactions is an organostannyl or silyl group coordinated 

palladium pincer complex. According to DFT modeling the stannyl group transfer from 

palladium to propargyl chloride is a single step process. The displacement of the chloride 

is initiated by nucleophilic attack of the tin-palladium σ-bond electrons on the propargylic 

substrate. Since the above described palladium pincer complex catalyzed process is 

characterized by mild reaction conditions, a high level of selectivity and operational 

simplicity, this transformation provides an attractive new route for preparation of 

functionalized allenylstannanes and silanes. 
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3. Palladium pincer complex-catalyzed electrophilic substitution via mono-

allylpalladium intermediates (Papers III-IV) 

 

As mentioned in the introduction (Section 1.3) Yamamoto and co-workers8 developed a 

useful palladium catalyzed process for allylation of aldehydes and imines with 

allylstannanes. This reaction proceeds via electrophilic attack of aldehydes and imines on 

bis-allylpalladium intermediates (Section 1.3) affording the corresponding homoallyl 

alcohol and imine products. Although this is a mechanistically and synthetically very 

interesting and important reaction,8, 42 the intermediacy of bis-allylpalladium species 

imposes considerable limitations to the synthetic scope of the reaction. For example, it is 

difficult to control the regioselectivity of the electrophilic attack, when the allyl moieties 

are substituted. (Scheme 6, Section 1.3).41 Another problem is that allyl-allyl coupling may 

occur prior to the reaction with the electrophilic substrate.47 Because of these limitations it 

would be desirable to conduct the catalytic transformations via mono-allylpalladium 

intermediates. However, this is a challenging task, since it is well known that mono-

allylpalladium complexes react with nucleophiles.1, 2 Nevertheless, our previous 

mechanistic studies have shown that the electrophilic attack on a bis-allylpalladium 

complex proceeds through the η1-coordinated allyl moiety,41-46 while the other, η3-

coordinated allyl group acts as a strong π-donor spectator ligand (see Section 1.3). This 

model suggests that the catalytic generation of an η1-allylpalladium intermediate 

coordinated to an electron supplying spectator ligand provides nucleophilic reactivity to 

the allyl moiety. We have found that this type of reactivity occurs when pincer complexes  

(2-4)58, 90, 91 are employed in palladium-catalyzed electrophilic substitution of 

allylstannanes 27a-d (Scheme 20). 

 

O O
PPh2Ph2P Pd

OCOCF3

PPh2Ph2P Pd
L

PPh2Ph2P Pd
L

3a L = Cl
3b L = OAc
3c L = BF4

4a2b L = Cl
2c L = BF4

 
Scheme 19. Active pincer complexes used in this study. 
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3.1 Electrophilic substitution of allylstannanes catalyzed by pincer complexes 

The electrophilic substitution reactions were typically performed at 40-60 °C by reacting 

allylstannanes 27a-d with various aldehydes (28a-h) or imine 30 in the presence of 

catalytic amounts of pincer complexes 2-4 (Scheme 19) yielding homoallylic alcohols (29) 

or amines (31) (Scheme 20 and Table 3). Although the reactions could be performed in 

many different solvents, the best results were obtained in THF (for 2b and 4a) and DMF 

(for 3a). 
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Scheme 20. Palladium pincer complex catalyzed electrophilic substitution of 

allylstannanes forming homoallylic alcohols and amines.  

 

Allylic electrophilic substitution with complexes 2 and 3. The reactions were found to 

proceed under mild and neutral conditions and therefore many functionalities, such as the 

cyano (entry 4), keto (entries 5-6), nitro (entries 7-11, and 21), and fluoro groups (entry 12) 

are tolerated (Table 3). The high chemoselectivity of the reaction was demonstrated by 

allylation of keto aldehyde 28d (entries 5-6). In this process the aldehyde functionality 

could be converted, while the keto group remained unchanged. We have also studied the 

regio- and stereoselectivity of the reaction. It was found that cinnamylstannane (27b) 

readily undergoes allylic substitution providing exclusively the branched allylic products 

(29i and 29j) with high anti diastereoselectivity. The corresponding reaction of imine 30 

also exclusively results in the branched product; however this reaction furnishes the syn 

diastereomer as the major product (entry 25, Table 3). Finally, the reaction with 

crotylstannane (27c) gives the branched allylic isomer (29k) however the two 

diastereomers are formed in a 1:1 ratio. 

 

To further increase the catalytic activity of complexes 2 and 3 we attempted to replace the 

halide ligand by an acetate (3b) or a tetrafluoroborate group (2c and 3c). Comparison of 

entry 7 with entries 8 and 9 (Table 3) clearly indicate that acetate complex 3b and 

tetrafluoroborate complex 3c are more reactive catalysts than the chloro complex 3a. When 

employing catalytic amounts of complexes 3b or 3c the coupling of allylstannane 27a with 
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4-nitrobenzaldehyde 28d was complete in a few hours at r.t. or at 40 °C. However, the 

acetate and tetrafluoroborate complexes were rapidly deactivated under the applied 

conditions. Therefore, these catalysts could not be employed for allylation of non-activated 

aldehydes (such as 28g-h) requiring a longer reaction time.  

 

Increase of the catalytic activity by employment of complex 4a.  Since we found that 

the catalytic activity is higher for complexes comprising a weakly coordinating counterion 

(such as 3b-c) than for those with a chloride counterion, we considered using 

trifluoroacetate complex 4a as catalyst in the electrophilic allylic substitution reactions. 

This PCP pincer complex is readily available by a facile two-step synthesis reported by 

Bedford and co-workers.91 Complex 4a is highly stable under the applied reaction 

conditions and its catalytic activity remains unchanged for at least 24 h, even at 60 °C.  

 

As expected, trifluoroacetate complex 4a outperforms chloro complexes 2b and 3a in all 

catalytic reactions. Thus, benzaldehyde (28a) was allylated at 40 °C in excellent yield 

using 4a as a catalyst (entry 3, Table 3), while the reaction with complexes 2b and 3a had 

to be conducted at 60 °C and also for a longer time (entries 1 and 2, Table 3). Furthermore, 

allylation of aldehyde 28c was performed at r.t. with 4a (entry 6, Table 3), while 60 °C 

reaction temperature was required for the same process catalyzed by 3a (entry 5, Table 3). 

By employment of 4a, 4-nitrobenzaldehyde (28d) could be allylated at about the same 

temperature and in the same reaction time (entry 11, Table 3) as with tetrafluoroborate 

complex 3c. Not only benzaldehyde derivatives but also cinnamylaldehyde (27d) (c.f. 

entries 13 and 14, Table 3) and imine (30) (c.f. entries 17-19, Table 3) reacted faster with 

27a in the presence of 4a than with catalytic amounts of 2b and 3a.  

 

Most importantly, electrophilic substitution of allylstannane 27a with aliphatic aldehydes 

28g-h could also be achieved with high yields by employment of catalyst 4a (entries 15-

16), while the same catalytic reaction with 2 or 3 resulted in only traces of products under 

similar or even under harsh reaction conditions. Crotylstannane (27c) reacts much slower 

with aldehydes than the parent allylstannane (27a). For example, tributyl-crotylstannane 

(27d) reacts very slowly with 28d even at 60 °C in the presence of 18a. Therefore, we had 

to employ the more reactive trimethyl-crotylstannane (27c) to accomplish this reaction 

(entry 22). However, in the presence of the highly active catalyst 4a stannane 27c could be 
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replaced by the less reactive allylstannane 27d and moreover the reaction temperature 

could be decreased to 40 °C (entry 23, Table 3). Even catalytic coupling of benzaldehyde 

(28a) with 27d could be performed with catalyst 4a (entry 24, Table 3), while this reaction 

is extremely slow with catalysts 2b and 3a under the same conditions. 

 

Table 3. Selected results from the pincer complex catalyzed allylation reactions. 
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Table 3 (continued). 
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a) 5 mol% of palladium pincer catalyst was used. b) Temperature/time [C]/[h]. c) Isolated 

yield. d) Diastereomer ratio anti:syn92 = 10:1.  e) Z:E ratio= 2:1.  f) Diastereomer ratio 

syn:anti93 = 1:1. g) Diastereomer ratio syn:anti94 12:1. 

 

Comparison of the catalytic activities of complexes 2b and 4a. We have monitored the 

catalytic reaction of allylstannane 27a with aldehyde 28d at 25 °C using 1H-NMR 

spectroscopy (Scheme 21). The diagram in Scheme 21 clearly indicates that the rate of 

formation of 29d is considerably higher with triflouroacetate complex catalyst 4a than with 
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chloro complex 2b. This experiment confirms the above findings that pincer complex 4a is 

a formidable catalyst for the electrophilic substitution of allylstannanes. 
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Scheme 21. Formation of 29d in the reaction of allylstannane 27a and aldehyde 28d (c.f. 

entries 10 and 11, Table 2) catalyzed by pincer complexes 2b (■) and 4a (•). 

 

3.2 Mechanism of the reaction 

It is a well established fact that palladium(II) species readily undergo transmetalation with 

allylstannanes to form allylpalladium complexes. For example, transmetalation of mono-

allylpalladium complexes with allylstannanes affords bis-allylpalladium species, which 

subsequently may react with electrophiles (Scheme 5).8, 95 Palladium PCP pincer 

complexes have also been reported to undergo transmetalation with allylstannanes as well 

as a variety of other organometallic reagents.96-98 For example, Cotter and co-workers96 

have shown that 2-furylstannane undergoes tin-to-palladium transmetalation with the 

triflate salt of 2. Therefore it is reasonable to assume that the first step of the studied 

reaction is a transmetalation of allylstannane 27 with the PCP pincer complex 2-4 to give 

the η1-allyl coordinated pincer species 32 (Scheme 22). 
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Scheme 22. Electrophilic coupling of allylstannanes with PCP pincer complexes 

proceeding via an η1-allylpalladium intermediate. 
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Observation of the η1-allylpalladium intermediate. We found that pincer complexes 

undergo a rapid reaction with allylstannanes even in the absence of aldehydes. When this 

reaction was carried out using 3c and trimethyl-allylstannane (27e) at -10°C in CDCl3, a 

rapid formation of propene was observed by 1H-NMR spectroscopy (Scheme 23). This 

process indicates transmetalation of the allylstannane with palladium followed by 

protonation of the η1-allyl moiety by traces of water present in the reaction mixture. The 

high proton affinity of the η1-allyl moiety is also a characteristic feature of bis-

allylpalladium complexes.  
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Scheme 23. Formation of propene from trimethyl-allylstannane and water catalyzed by 

pincer complex 3c. 

 

These primary findings prompted us to carry out a stoichiometric reaction using complex 

4a and trimethyl-allylstannane 27e in carefully dried THF-d8 (Scheme 24). In the 1H–NMR 

spectrum of this process (Schemes 25) a number of relevant peaks between 2 and 5 ppm 

could be observed.  
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Scheme 24. Formation of mono-allylpalladium pincer complex 34. 

 

One of these peaks appeared at 2.29 ppm as a doublet of triplets with coupling constants of 

8.8 Hz (3JHH) and 5.1 Hz (JHP) respectively. This shift value and its coupling pattern are 

characteristic for the α-protons of the η1-allyl moiety in analogous pincer complexes. For 

example, the α-proton resonates at 2.62 ppm with the same coupling pattern (dt, 3JHH = 8.4 

Hz, JHP= 5.3 Hz)  in complex 35 reported by Osborn and co-workers.99 The resonance 

value for the α-proton in 27 (2.29 ppm) is also in the range of the NMR shifts reported for 
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similar complexes (Scheme 26) such as 3599 (2.62 ppm) and 36100 (1.98 ppm). Two other 

shift values at 4.15 ppm and 3.84 ppm are also of great interest, since these could be 

assigned to the γ-protons of the η1-moiety of 34. Again, the shift values are very close to 

the γ-proton shifts reported for complex 34 (Scheme 25).  
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Scheme 25. 1H-NMR shift values (in ppm) reported for η1-allylpalladium complexes 

analogous to 34. 

 

In order to confirm the above 1H-NMR shift assignments we have carried out a control 

experiment. This experiment involved reaction of allylmagnesium bromide (in place of 

27e) with pincer complex 4a. It is well known that the allyl Grignard reagents are much 

more reactive organometallic substrates than allylstannanes, and therefore these reagents 

instantaneously transmetalate with palladium(II) species including allylpalladium 

complexes.37, 95, 101 Indeed, the same characteristic peaks at 2.29, 3.84 and 4.15 appeared in 

the 1H-NMR spectrum of the reaction of allylmagnesium bromide with 4a (Scheme 26b) as 

for the stoichiometric process of allylstannane 27e with complex 4a (Scheme 26a). 

Accordingly, we conclude that the stoichiometric reaction of 27e with pincer complex 4a 

leads to η1-allylpalladium pincer complex 34, which we consider as the reactive 

intermediate of the studied catalytic electrophilic substitution (Scheme 24). 

 

The above stoichiometric reaction can also be performed with tributyl-allylstannane 27a. 

However, even when using a large excess of allylstannane 27a, the 34 to 4a (Scheme 24) 

ratio was only 0.18. This ratio remained unchanged for a longer period of time. On the 

other hand, when trimethyl-allylstannane 27e was employed (Scheme 26a), the 34 to 4a 

ratio became considerably higher (0.56). These observations indicate that under catalytic 

conditions the active catalyst 34 is generated in a lower concentration from tributyl-

allylstannane derivatives than from trimethyl-allylstannane substrates. This also explains 
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the lower reactivity of allyltibutylstannanes compared to trimethyl-allylstannanes in the 

catalytic reactions with electrophiles. 

 
Scheme 26. a) 1H-NMR spectrum of the reaction of complex 4a with allyl stannane 27e. b) 
1H-NMR spectrum of the reaction of complex 4a with allyl magnesium bromide. Both 

reactions were conducted in THF-d8 (i = THF-d7, ii = ether, iii = CH2-MgBr). The shift 

values are given in ppm. 

Comparison of the different mechanistic models. Nishiyama and co-workers102 have 

reported a rhodium(III) pincer complex catalyzed allylation reaction between aldehydes 

and allylstannanes. Mechanistic studies by these authors suggested that the rhodium 

complex does not undergo transmetalation with allylstannanes; however this pincer-

complex reacts as a Lewis-acid catalyst activating the aldehyde substrate. Therefore an 

alternative mechanism may be envisaged for the presented palladium pincer complex 

catalyzed allylation reaction as well. This mechanism would involve Lewis-acid type 

activation of the electrophiles by complexes 2-4, which subsequently undergoes reaction 

with the allylstannane (Scheme 27). 
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Scheme 27. Palladium pincer Lewis acid catalyzed allylation of aldehydes 

 33



However, considering our results above, the transmetalation mechanism is strongly 

supported by the following arguments: 

 

i) We have observed the formation of η1-allylpalladium complex 34 (Scheme 26) under the 

applied reaction conditions suggesting that the first step of the catalytic process is 

transmetalation of allylstannane 27e with pincer complex 4a.  

 

ii) Lewis acids are usually electron-poor species, which readily accept lone-pair 

electrons.103 However, the high electron density on the palladium atom of 2-4 (caused by 

the electron supplying pincer ligand) leads to a low electron withdrawing potential, and 

therefore these complexes are expected to be poor Lewis acid activators. 

 

iii) The high reactivity of sulfonimines (e.g. 30) is also incompatible with Lewis-acid 

activation, as a sulfonimine is usually a poor electron donor because of the extensive 

delocalization of the nitrogen lone-pair electrons. 

 

Considering these arguments we conclude that the initial step of the palladium pincer 

complex catalyzed allylation is transmetalation of the catalyst with allylstannane affording 

η1-allylpalladium complex 34. 

 

DFT modeling of the electrophilic attack. We have carried out DFT calculations to study 

the key step of the catalytic reaction, which involves coupling of the η1-allyl moiety of 34 

with the aldehyde and imine electrophiles (Scheme 28). A particularly interesting feature is 

that only a single coordination site is accessible on palladium to achieve this coupling 

process. Therefore, rationalization of the mechanism of the electrophilic attack on 34 (and 

its analogs) requires detailed knowledge about the transition state (TS) structure and the 

activation energy of the reaction. Therefore, we carried out DFT calculations for the most 

important ground state (GS) and TS structures of the process.  

 

Computational methods. All geometries (37-38) were fully optimized employing a 

Becke-type69 three-parameter density functional model B3PW91 (Scheme 29) using a 

double-ζ(DZ)+P basis constructed from the LANL2DZ70-72 basis. All calculations have 

been carried out by employing the Gaussian 98 program package.104 
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Species 37a involves simplified models for the pincer ligand of 4a in which the phenyl 

groups are replaced by hydrogen atoms. In these calculations the benzaldehyde electrophile 

(28a) was approximated by an acetaldehyde molecule. The η1-allyl species 37a represents 

a minimum on the potential energy surface (PES) according to the vibrational analysis.  
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Scheme 28. Allyl group transfer from complex 37a to acetaldehyde (truncated system used 

for the DFT modelling). 

 

Complex 37b (Scheme 29) was characterized as a TS structure, as its vibrational analysis 

gave only one imaginary frequency. The transition vector corresponds to the bond 

formation between the γ-terminus of the η1-allyl moiety and the carbonyl carbon of 

acetaldehyde. The activation energy is only 12.2 kcal mol-1 (the zero-point vibration 

corrected value is 14.0 kcal mol-1), which is similar to the activation barrier of these types 

of electrophilic attacks on bis-allylpalladium complexes (10-15 kcal mol-1).  

 

In 37b the η1-allyl moiety, the carbonyl group and the palladium atom forms a distinct 

cyclic six-membered ring structure. This also involves that the α-carbon atom of the allyl 

group and the oxygen of the aldehyde share a single coordination site on palladium. Thus 

the terdentate pincer type ligation remains largely unaffected in the TS structure. This is 

also indicated by the fact that the strong Pd-P coordination is still maintained. As one goes 

from ground state (GS) 37a to TS structure 37b the Pd-P bond is changed by only 0.02 Å. 

The vibrational analysis of the product complex 37c gave only real frequencies indicating 

that it is a minimum on the PES. Formation of 37c from 37a is exothermic by 11.3 kcal 

mol-1 (7.9 kcal mol-1 with ZPV correction). In this complex the alkoxide group of the 

homoallylic product is coordinated to palladium and not the carbon-carbon double bond 

which is commonly seen with palladium(II) complexes (Scheme 28). 
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Scheme 29. B3PW91/LANL2DZ+P optimized structures occurring in the electrophilic 

attack on the allyl moiety. The bond lengths are given in Å. The zero-point vibration 

corrected energies are given in italics typeface; all energies are in kcal mol-1. 

 

The above DFT calculations with model systems 37a-c indicate that the electrophilic 

substitution of the η1-allyl moiety readily occurs with a low activation barrier. However, 

 36



bulky phenyl substituents on the phosphorous atoms in the rigid firmly tri-coordinated 

pincer ligand may be involved in destabilizing steric interactions with the substituents of 

the aldehyde component. These interactions may considerably increase the activation 

energy of the reaction and change the TS geometry. Therefore, we undertook theoretical 

studies for the realistic species 38a-c including phenyl groups on the pincer ligands and on 

the aldehyde substrate. As one goes from model complex 37a to complex 38a the allyl 

group is rotated by about 90° to avoid the steric interactions with the phenyl groups of the 

pincer ligand. Otherwise, the geometrical parameters describing the allyl-metal and the Pd-

P bonding are almost identical. The activation energy of the electrophilic attack by 

benzaldehyde on 38a is 13.1 kcal mol-1 (38b), which is only 0.9 kcal mol-1 higher than the 

activation energy obtained for the model systems (37a→38b). Furthermore, the reaction 

also proceeds through a six-membered cyclic transition state (38b) and the geometry of the 

TS structures 38b and 37b is very similar. The reaction is exothermic with 13.0 kcal mol-1 

(38c) which compares well to the energetic features of the model reaction (12.2 kcal mol-

1). Because of the large size of 38a-c the vibrational analysis is computationally 

prohibiting. However, the close resemblance between the corresponding species of 37a-c 

and 38a-c indicates that 38a and 38c are GS structures and 38b is a TS structure. 

Accordingly, it can be concluded that the steric effects of the phenyl substituents of the 

pincer ligand and the substituents of the aldehyde component has a relatively weak effect 

on the energetic features and on the TS geometry of the electrophilic attack. 

 

The catalytic cycle of the reaction. The stoichiometric reactions of 4a with allylstannane 

27e indicated that the introducing step of the catalytic reaction is the transmetalation of the 

allylstannane reagent with the pincer complex catalyst (Scheme 30). The stoichiometric 

reactions also revealed that this transmetalation is an equilibrium process, since only a 

certain percentage of pincer complex 4a is converted to 34 even in the presence of large 

excess of allylstannane (27a or 27e). Therefore, electronic and steric effects shifting the 

equilibrium to formation of the η1-allyl complex 34 are particularly important factors to 

increase the rate of the catalytic transformation. Weakly coordinating ligands on the pincer 

complexes, such as trifluoroacetate (4a), acetate (3b) and tetrafluoroborate (2c and 3c) can 

be much easier replaced by an allyl group than the chloride ligand (2b and 3a), which 

explains the high catalytic activity of 4a (and also 3b-c) compared to 2b and 3a. In the 

transmetalation step formally an allyl anion is transferred from allylstannane 27a to the 
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pincer complex, and thus formation of 34 is thermodynamically not favored when the 

electron density on palladium is too high. A high electron density on palladium can be 

generated by employment of σ-donor pincer ligands. Therefore, we have also investigated 

the catalytic activity of NCN complexes 1a105 and 39106, and carbene complex 40107 

(Scheme 31). All three complexes exhibited a low catalytic activity in the electrophilic 

substitution reactions, which probably is due to the slow transmetalation step. As 

mentioned above the steric and electronic features of the allylstannane substrate also 

influence the transmetalation. For example, trimethyl-allylstannanes (27b and 27c) are 

more reactive that their tributyl substituted counterparts (i.e. 27a and 27d) in the catalytic 

reaction.  
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Scheme 30. The catalytic cycle of the pincer complex catalyzed electrophilic substitution 

reaction. 

 

The electrophilic attack is probably the most important reaction step since it determines the 

regio- and stereoselectivity of the catalytic process. According to the above DFT studies 

PCP complex 34 readily undergoes electrophilic attack with aldehydes (Scheme 29). 

However, the electrophilic attack and the transmetalation step have opposite electron 

demands. In intermediate 34 the nucleophilic character of the η1-allyl moiety is increased 

by the high electron density on palladium (Scheme 30). On the other hand, formation of 34 

is facilitated by a low electron density on palladium (vide infra). Therefore, a careful 
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consideration of the electronic effects of the pincer ligands is necessary to obtain a catalyst 

that shows a high reactivity in both the transmetalation step and the electrophilic attack of 

the catalytic cycle. Pincer complexes 2-4 represent electronically well balanced catalysts 

working equally good in both reaction steps. On the other hand NCN pincer complexes 1a 

and 39-40 (Scheme 31) bearing an η1-allyl ligand are expected to undergo facile 

electrophilic attack, however formation of these species by transmetalation from 

allylstannane is probably very slow.  
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Scheme 31. Pincer complexes with low catalytic activity in the electrophilic substitution 

reactions. 

 

The origin of the regio- and stereoselectivity. The regioselectivity of the reaction (entries 

19-25, Table 3) can be explained by the substituent effects on the mode of coordination of 

the η1-allyl moieties to palladium. Our previous studies have shown that the terminally 

substituted η1-allyl complexes are more stable when the alkyl or aryl substituents are 

attached at the γ-carbon of the allyl moiety.41 9, 108 Since the electrophilic attack in the 

presented reaction also occurs at the γ-position of the η1-allyl moiety the branched isomer 

is formed.  

 

Cinnamylstannane 27b comprising a bulky phenyl substituent reacted with a high 

stereoselectivity (entries 19-22 and 25, Table 3). Interestingly, the major stereoisomer with 

aldehydes 28a, 28d and 28g is the anti isomer, while the reaction with sulfonimine 30 

affords mainly the syn diastereomer. The DFT calculations clearly show that the 

electrophilic attack proceeds through a six-membered cyclic TS, in which the allylic 

terminal substituents and the substituent of the aldehyde component may occupy distinct 

axial and equatorial positions (37b and 38b). In the calculated structures the orientation of 

the aldehyde molecules renders their substituents (Me in 37b and Ph in 38b) to an 

equatorial position. Considering that the trans-geometry represents the most stable form for 

the cinnamyl moiety (42, Scheme 32), the phenyl substituent will also occupy an equatorial 
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position in the TS structure (43). Thus in the most stable TS structure the bulky 

substituents are in a trans-diequatorial arrangement over the developing carbon-carbon 

bond, which leads to anti-diastereomer 37. A similar model was employed to explain the 

stereoselectivity of the electrophilic attack via bis-allylpalladium intermediates.45 When 

crotylstannane 27c-d is used, the level of the stereoselectivity is determined by the steric 

effects of the methyl substituent in the allyl moiety. An equal formation of the syn and the 

anti diastereomers (entries 23 and 24, Table 3) can be ascribed to the small size of the 

allylic methyl substituent allowing the Me-group to attain both equatorial and axial 

positions in the cyclic TS.   
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Scheme 32. Rationalization of the stereoselectivity of the catalytic transformation. 

 

The stereoselectivity in the reaction of 27b with 30 (entry 24) is strongly influenced by the 

trans-geometry of the phenylsulfonyl and phenyl groups across the carbon-nitrogen double 

bond in 30. Because of this geometrical restriction the lone-pair on nitrogen (interacting 

with palladium) and the phenyl group are in a cis arrangement. Furthermore, it is 

reasonable to assume that in the TS structure 45 the close vicinity between the palladium 

atom and the sulfonyl group will be avoided. As a consequence, the preferred orientation 

of 30 in TS structure 45 renders the phenyl group to an axial position. Since the allylic 

phenyl group is in equatorial position, this model predicts formation of the syn 

diastereomer 46. It is interesting to note that a similar syn-diastereoselectivity was reported 
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for the formation of 38b from 30 and cinnamyl bromide in indium and zinc mediated 

reactions.94 The theoretical calculations have shown that the electrophilic attack results in 

an alkoxide coordinated homoallylic alcohol (44) as product. Under catalytic conditions 

these complexes (such as 44) may undergo ligand exchange with the organotin salts 

formed in the transmetalation to give the final product and to regenerate the catalyst 

(Scheme 32). This reaction probably easily occurs due to the well-known low coordination 

ability of alkoxides to palladium. 

 

3.3 Conclusions 

We have shown that PCP palladium pincer complexes are formidable catalysts for 

electrophilic substitution of allylstannanes. Application of this catalyst eliminates the side 

reactions occurring in the corresponding transformations via bis-allylpalladium 

intermediates. It was shown that complex 4a with a weakly coordinating trifluoroacetate 

ligand has a remarkably high catalytic reactivity and stability under the applied catalytic 

conditions, and therefore it can be used for allylation of a broad variety of electrophiles. 

Complexes 2b and 3a are also robust catalysts; however they are inferior to 4a in the 

studied electrophilic substitution reactions. 

 

Stoichiometric reactions with allylstannane 27e and pincer complex 4a show formation of 

an η1-allyl coordinated pincer complex (34) formed by transmetalation from allyl stannane 

and the pincer catalyst. Theoretical calculations indicate that the electrophilic attack 

proceeds with a low activation barrier on the γ-position of the η1-allyl moiety in a six- 

membered cyclic TS structure. The activation energy and the TS geometry are only slightly 

affected by the steric interactions between the bulky phenyl groups on the pincer ligand 

and the aldehyde substrate. The regio- and stereoselectivity of the reaction can be 

rationalized on the basis of the calculated TS geometry of the reaction. It was found that 

the catalyst activity is determined by the ligand effects on the transmetalation step and on 

the electrophilic substitution step of the catalytic process. Since these steps have an 

opposite electron demand, PCP type complexes are expected to show the highest activity in 

electrophilic substitution reactions. Furthermore, weakly coordinating counter ion ligands 

(such as triflouoroacetate, acetate and borontetrafluoride) on palladium facilitate the 

transmetalation step, and therefore increase the catalytic activity of the applied pincer 

complex. 
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4. Acetalization-cyclization of allylsilanes with aldehydes (Paper V) 
 
Stereodefined tetrahydropyran and octahydrochromene structural motifs occur in many 

important natural products and biologically active molecules. In particular, functionalized 

allylsilanes have proven to be useful reagents for stereoselective preparation of 

tetrahydropyran derivatives.48, 50, 109-111 

 

Our group have previously reported an efficient method for preparation of hydroxy 

functionalized allylsilanes.112 These allylsilane derivatives are particularly suitable for 

studying the stereoselectivity of the acetalization-cyclization reactions (Scheme 33) 

developed by Mohr51 and Ito52 (Section 1.4). 

 

HO SiMe3
R3-CHO

TMSOTf
27a-b, 48

47a-f

OR1

R2

R3

49a-i
R2

R1

 
Scheme 33. Lewis acid cyclization of allylsilanes. 

 

4.1 The acetalization-cyclization reaction 

The studied acetalization-cyclization reactions proceeded with a remarkably high 

stereoselectivity (Table 3). The reaction of 47a with isobutyraldehyde (48) provided 49a 

and the corresponding cis-isomer in a ratio of 15:1 when using TMSOTf as Lewis acid 

(entry 1). Formation of a single diastereomer (49b-i) was observed for all other reactions 

(entries 3-11). The only side-reaction observed in these cyclizations was protodesilylation 

of substrates 47a-f, which lowered the yields by about 5-10%. The stereochemistry of 

products 49g-i could easily be established on the basis of 3JHH coupling constants and 

comparison with previously reported analogs.  

 

In this study we also attempted to replace TMSOTf with other commonly used Lewis 

acids, such as CuOTf2, TiCl4, EtAlCl2, or BF3·OEt2. We found that only CuOTf2 displayed 

Lewis acid activity under the above reaction conditions, however the yield obtained was 

only 35% (entry 5, Table 4). 
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Table 4. Acetalization-cyclization of functionalized allylsilanes 

HO SiMe3
O iPr

O Ph

O Ph-4-NO2

4

3.5

HO SiMe3

OH

HO SiMe3
O iPr

O iPrPhHO SiMe3
Ph

4.5

 6

O iPr

HO

O Ph

HO

4

4

O iPr
H

H

OH
SiMe3

O iPr
H

H

OH
SiMe3

6

 6

Substrates Aldehydes Product Yield [%]a

1

2

3

5

6

7

Entry

9

8

Time [h]

iPrCHO
42a  4 70b48

49a

49c

49b

42a 27a 66

27b42a 69

10

42b
49d

6948

49e
42c

48 70

48 64d

48 62d

42d 49f

42d

49g

42e
48 69

42f

48 66

49h

49i

4 42a 27b 20 49c 35c

 
The reactions were performed at –78 °C in dry CH2Cl2 using 1.2 equiv. of TMSOTf. a) 

Isolated yield. b) 6% of cis-product was also formed. c) 1.2 equiv. of CuOTf2 was used. d) 

2.4 equiv. of TMSOTf was used.  

 

The stereochemical assignment of 49f-i is based on a combined analysis of their 1H-NMR 

and NOE spectra. Previous studies by Mohr51 have shown that the stereoselectivity of the 

analogous cyclization reactions is very high when the C6 position of the tetrahydropyran 
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product is substituted (R1 ≠ H). It is interesting to note that the high stereoselectivity is 

preserved even for relatively unbulky substituents, such as a methyl group (entry 5, Table 

4). The effects of 5-substitution (R2 ≠ H) have not been investigated previously. We have 

found that the excellent stereoselectivity can be maintained even for 5-hydroxymethyl 

substituted tetrahydropyrans (entries 8 and 9, Table 4).  

 

Finally, we have investigated the effects of anellated cyclohexyl rings in the substrate 

(entries 10 and 11). It was found that the original stereochemistry of the hydroxy- and 

allylsilyl groups determines the trans- and cis-annulation mode of the cyclohexyl ring in 

41h and 41i respectively. The relative stereochemistry of the iPr- and vinyl groups in the 

octahydrochromene derivatives is trans, similar to what was observed for the 

tetrahydropyran products.  

 

4.2 Origin of the stereoselectivity 

In order to understand the origin of the high stereoselectivity we have carried out DFT- 

calculations at the B3LYP/6-31G(d) level of theory using the Gaussian98 program 

package.104 Because of computer time limitations, the aldehyde component was 

approximated by acetaldehyde and a SiH3 group approximated the SiMe3 group. 

 

Results of the DFT calculations. We found that pre-folded intermediates (50a and 51a) 

with a C2-C3 distance of 2.3-2.6 Å occur in the PES of the cyclization reaction. The 

relative stability of these intermediates has an important effect on the stereochemical 

outcome of the reaction. Intermediate 50a affording the (e-e)-trans-isomer 50c, is more 

stable by 1.3 kcal mol-1 than intermediate 51a giving the (e-a)-cis-isomer 51c (Scheme 34). 

The two other isomers which would lead to the (a-a)-trans-isomer and the (a-e)-cis-isomer 

have a much higher energy relative to 50a (5.3 kcal mol-1 and 4.0 kcal mol-1 respectively). 

The activation barrier of the reaction is very low, only 0.2 kcal mol-1 (51b) and 0.4 kcal 

mol-1 (51b). This activation barrier is probably higher in the condensed phase because of 

solvation of the oxonium ion; however we do not believe the solvation effect affects the 

relative stability of 50b and 51b. The lower stability of 51a compared to 50a can be 

ascribed to the short non-bonding distance between C5-H and C3'-H (2.303 Å), which is 

clearly shorter than the sum of the van der Waals radii of two hydrogen atoms (2.4 Å). 

This close van der Waals contact is imposed by hyperconjugative interactions between the 
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π* orbital of the double bond and the σ MO of the C-Si bond in the allylsilane fragment. 

This interaction requires that the plane of the C3-C3' double bond is perpendicular to the 

C-Si bond rendering the C4-C3-C3'-C3" atoms to the same plane, which leads to 

destabilizing steric strain between C5-H and C3'-H. It is interesting to point out that in the 

cyclic product 51c this interaction is not present because of the rehybridisation of C3. In 

fact, tetrahydropyran derivative 51c is only 0.8 kcal mol-1 less stable than 50c. 

Accordingly, the C5-H and C3'-H non-bonding interaction in 51a considerably enhances 

the C5-H - vinyl diaxial interaction, which explains the excellent trans-selectivity in the 

cyclization reactions studied (Table 3). 

 

Si

O

O

Si

Si

O

Si

O

1.3

2.0

2.5

0.8
50a

50b

50c

51a

51b
51c

2.303

2.419

1 2
6

5
4

3

3'
3"

 
Scheme 34. Results from the B3LYP/6-31G(d) calculations for the cyclization of 

prefolded intermediates 50a and 51a. Energies in kcal mol-1, non-bonding distances in Å. 

 

Effects of substituents at positions 5 and 6. The steric interactions in the pre-folded 

oxonium ion intermediates also explain the high stereoselectivity in the presence of 6-

methyl (52a-b) and 5-methyl (53a-b) substituents (Scheme 35). Intermediate 52b is much 

less stable than 53a due to a very short non-bonding distance between the axial methyl 

group and the H2 atom (2.198 Å). This short distance arises from the contraction of the 

O1-C2 bond113 caused by the nπ-pπ* conjugation between the oxygen lone pair and the 

carbocation centre at C2. This π-interaction is represented by a double bond in the Lewis 

structure of the intermediate (Scheme 7). In the cyclized product the corresponding non-

bonding interaction is much weaker, since the π-character of the C2-O bond disappears. 
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Because of the higher stability of 52a the 6-methyl group strongly prefers an equatorial 

position, which is in good agreement with the experimental results (entries 8-9, Table 4). 

The presence of an axial 5-methyl group (52b) involves an intermediate, which is less 

stable by 1.4 kcal mol-1 than its equatorially substituted counterpart (53a, Scheme 35). The 

lower stability is due to the steric interactions between the H3 atom and the methyl 

substituent. The H3 atom cannot avoid these destabilizing interactions because of the 

hyperconjugative interactions in the allylsilane fragment discussed above. 

 

Si

O

Si

O

52a ∆E = 0.0 52b ∆E = 2.6

2.198
1

2

3
45

6

3''
3'

SiSi

O O

53a ∆E = 0.0 53b ∆E = 1.4

2.417

 
Scheme 35. Results from the B3LYP/6-31G(d) calculations on 5,6-substituted prefolded 

intermediates 52a, 52b, 53a, and 53b. Energies in kcal mol-1, non-bonding distances in Å.  

 

4.3 Conclusions 

In summary, we have shown that 5- or 6-substituted tetrahydropyran and 

octahydrochromene derivatives can be prepared from allylsilanes and aldehydes with very 

high stereoselectivity. DFT calculations indicate the stereoselectivity is determined by the 

interplay of steric and hyperconjugative/conjugative interactions occurring in the pre-

folded reaction intermediates 50-53. 
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5. Concluding remarks 

 

In this thesis we have demonstrated that palladium pincer complexes can be employed as 

efficient catalysts in the substitution reactions of propargylic substrates with dimetal 

reagents, as well as in the electrophilic substitution of aldehydes and imine substrates with 

allylstannanes. Because of the high activity of the pincer complex catalysts these 

transformations could be carried out at 20-40 °C, which allows transformation and 

preparation of thermally unstable organometallic compounds. Because of the neutral 

reaction conditions a wide range of substrate functionalities are tolerated. These two 

features are particularly important requirements for the preparation and transformation of 

functionalized organometallic compounds. 

 

The reactivity of the pincer complex catalysts could be easily and efficiently tuned by 

employment of different pincer ligands. It was found that the substitution of propargylic 

substrates proceeds readily in the presence of electron-rich NCN and SeCSe catalysts, 

while a high reaction rate for allylation of aldehydes and imines required employment of 

relatively electron poor PCP complexes. The strong ligand metal bonding and the high 

redox stability of the pincer complexes ensured that the required electronic properties of 

the catalysts were kept under the entire reaction. This leads to a very selective 

transformation affording the desired products in high yields. Our mechanistic studies 

revealed that the mechanism of the pincer complex catalyzed transformations are 

substantially different from the corresponding palladium(0) catalyzed processes. The most 

important mechanistic difference between the two catalyst systems arise from the fact that 

that there is only a single free coordination site available in pincer complex catalysts, 

which impose restrictions for the coordination state of the catalytic intermediates. In 

summary, the unique structure and properties of pincer complexes offers new application 

areas for palladium catalyzed selective transformations of organometallic and other 

species.  

 

Our brief study of the acetalization-cyclization reaction of allylsilanes indicates that this 

method is suitable for highly stereoselective synthesis of tetrahydropyrans derivatives. 
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