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Abstract 

This thesis is focused on the development of new pincer complex-catalyzed 
transformations. Optimization of the catalytic properties (fine-tuning) was 
directed to increase the catalytic activity as well as the chemo-, stereo- and 
enantioselectivity of the complexes. This was achieved by varying the het-
eroatoms in the terdentate pincer ligand, by changing the electronic proper-
ties of the coordinated aryl moiety and by implementing chiral functional-
ities in the pincer complexes. 

In the cross-coupling reaction of vinyl epoxides and aziridines with or-
ganoboronic acids the chemoselectivity of the reaction could be increased by 
employment of pincer complexes instead of commonly used Pd(0) catalysts. 
Furthermore, the introduction of a methoxy substituent in the aromatic sub-
unit of the complex considerably increased the activity of the pincer complex 
catalyst. 

Fine-tuning of the enantioselectivity in electrophilic allylation reactions 
was achieved by using a wide variety of new BINOL and biphenanthrol-
based pincer complexes. The highest enantioselectivity (85% ee) was ob-
tained by applying biphenanthrol-based pincer complexes. 

Stereoselective pincer complex-catalyzed condensation of sulfonylimines 
with isocyanoacetate could be achieved under mild reaction conditions. By 
application of chiral PCP catalysts, 2-imidazolines could be obtained with up 
to 86% ee. 

A new pincer complex-catalyzed C-H bond functionalization based reac-
tion between organonitriles and sulfonylimines affords homoallylic amines 
and β-aminonitriles in high yields. The asymmetric version of this process 
affords β-aminonitriles with up to 71% ee. 

In the last chapter, a pincer complex-catalyzed redox coupling reaction is 
described. In this highly regio- and stereoselective process the integrity of 
the pincer catalysts is fully retained. This catalytic reaction proceeds with a 
high level of functional group tolerance, as allylic acetate and aryl halide 
functionalities are retained. 
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lb Line broadening 
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1 Introduction 

Development of new catalytic transformations for selective carbon-carbon 
bond formation reactions is an important field in modern organic synthesis.1-

5 Palladium catalysis offers a versatile method for creating new carbon-
carbon bonds with high regio-, stereo- and chemoselectivity under mild con-
ditions.4,6-10 

 
Figure 1. Selected pincer complexes. 
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The use of the so-called palladium pincer complexes is a rapidly expanding 
field in palladium-catalyzed organic synthesis.11-18 Compared to traditional 
palladium catalysts, pincer complexes often offer higher efficiency, selectiv-
ity and functional group tolerance. This thesis is focused on the synthesis of 
electronically and sterically fine-tuned palladium pincer complexes, and 
their use in new organic transformations. 

1.1 Nomenclature, properties and synthesis of pincer 
complexes 
The nomenclature of the pincer complexes is based on the heteroatoms of 
the side arms and the ipso atom bound to palladium. For example, the abbre-
viated name of complex 1a is SeCSe palladium pincer complex (Figure 1). 

As a consequence of the terdentate pincer ligand structure and the strong 
ligand-metal interaction, ligand exchange processes are prevented, leading to 
air-, moisture- and thermostable pincer based catalysts.12-16 Since the pincer 
ligand occupies three of the four coordination sites, only a single site is 
available for external ligands when the palladium atom is in oxidation state 
+II. Limiting the number of free sites on the catalyst leads to an increase in 
the regio- and stereoselectivity of organic transformations.14,16 In addition, 
the high stability and catalytic selectivity make pincer complex catalysts 
suitable for immobilization on solid support.12,14 Because of the well-defined 
structure, the high catalytic activity and selectivity, pincer complexes can be 
efficiently fine-tuned by varying the heteroatom in the side arms, or by sub-
stitution of the aryl subunit of the complex (Figure 2). 

Two oxidation states, +II and +IV, are accessible for the palladium in pin-
cer complexes. However, when the palladium atom is reduced to its lowest 
oxidation state (Pd(0)) the complex decomposes.19 In the majority of the 
direct pincer complex-catalyzed transformations the palladium atom is in +II 
oxidation state. Although, catalytic transformations via Pd(IV) pincer inter-
mediates have never been reported, Canty20 and van Koten21 have shown that 
NCN complexes 1o-p react with hypervalent iodonium(III) salts affording 
Pd(IV) pincer complexes (see chapter 7). 

 
Figure 2. General features of pincer complexes. 
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There are several strategies to introduce the metal atom into the pincer 
ligand. One of the approaches is based on oxidative addition of Pd(0) to the 
aryl-halogen bond of the pincer pro-ligand (Scheme 1). 

 
Scheme 1. Synthesis of NCN palladium pincer complex 1n via oxidative addition. 

For example, the synthesis of NCN palladium pincer complex 1n is initiated 
by amination of tribromide 2 with secondary amines such as dimethyl amine 
yielding NCN ligand 3. Subsequently, palladium is inserted to the aryl-
bromide bond via a facile oxidative addition to obtain complex 1n (Scheme 
1).22,23 

Another strategy for introduction of palladium to a pincer ligand is aro-
matic carbon-hydrogen bond activation, such as in preparation of complex 
1k (Scheme 2). In this process resorcinol (4) was first reacted with Ph2PCl 
affording 5. When Pd(OCOCF3)2 is added to 5, the phosphorus side arms 
coordinate to the palladium atom, and this ligation process triggers ortho-
metalation of the aromatic ring providing complex 1k.12,14,15,24 

 
Scheme 2. Synthetic route to PCP Pd pincer complex 1k via C-H bond activation. 

1.2 Application of pincer complexes in organic 
transformations 
Aldol reactions. One of the main application areas of palladium pincer 
complex catalysis is the aldol reaction of aldehydes 6 with isocyanoacetates 
7 affording oxazoline derivatives 8,25-31 which can be hydrolyzed to β-
hydroxy amino acids 9 (Scheme 3). 

 
Scheme 3. Catalytic aldol reaction of aldehyde 6a and isocyanoacetate. 
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Using the appropriate chiral catalyst this reaction has a potential for synthe-
sis of optically active β-hydroxy amino acids. 

 
Scheme 4. Asymmetric version of the aldol reaction. 

Indeed, Zhang and co-workers developed an asymmetric version of this con-
densation reaction using chiral pincer catalyst 1r (Scheme 4).26 

Allylation of aldehydes and imines. Although the palladium-catalyzed 
nucleophilic allylic substitution is an important area in palladium cataly-
sis,4,6,7,32-36 recently, electrophilic allylation reactions have attracted consid-
erable attention.35,37-47 It was shown by Szabó and co-workers48-50 that palla-
dium pincer complexes efficiently catalyze the electrophilic allylation of 
imines and aldehydes. In these reactions allyl stannanes (such as 10) and 
potassium trifluoro(allyl)borates (such as 11a) were employed as allylating 
reagents (Scheme 5). The reaction afforded homoallylic alcohols (such as 
14a) and amines (such as 15a) in high yields and selectivity.51,52 Mechanistic 
studies have shown48-50 that complex 1k undergoes transmetalation with 10 
(or 11a) affording η1-allyl palladium complex 12a. Subsequently complex 
12a reacts with an electrophile (e.g. 6a or 13a) providing the functionalized 
homoallylic product (e.g. 14a or 15a). 

Ph

OH

Ph

[1k]cat

6a

13a

14a

15a

Ph

NBs

Ph

O

BF3K

11a

or

SnBu3

10

O O

PdPh2P PPh2

OCOCF3
O O

PdPh2P PPh2

[12a]cat

NHBs

 
Scheme 5. Pincer complex catalyzed allylation of aldehydes and sulfonylimines. 

Synthesis of allylic boronates. The Szabó group has also shown53-55 that 
allylic substrates can be converted to allylic boronates using hypodiboric 
acid 16 and catalytic amounts of palladium pincer complex 1a.56 For exam-
ple, using this methodology, cinnamyl alcohol (17) can directly be trans-
formed into the corresponding cinnamyl boronic acid 18 (eq 1). Subse-
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quently, the synthesized allyl boronic acid derivatives (18) were converted to 
more stable allyl trifluoroborates, such as 11b, which can be employed as 
substrate50 in stereoselective allylation of sulfonylimines (c.f. Scheme 5). 

 

1.3 Aim of this thesis 
This thesis is focused on the development of new pincer complex-catalyzed 
reactions and the fine-tuning of the catalytic activity of palladium pincer 
complex catalysts. The development of new transformations is focused on 
the broadening of the synthetic scope of palladium pincer complex catalysis 
on several new areas, such as: cross-coupling reaction of vinyl epoxides and 
aziridines (papers I and II); catalytic C-C coupling of organonitriles with 
sulfonylimines (papers VI and VII) and oxidative Heck-reaction (paper 
VIII). Another important aim is to develop asymmetric catalysis based on 
the use of chiral pincer complex catalysts (papers III, V and VI). The syn-
thetic work is also combined with mechanistic studies to allow a systematic 
design of selective pincer complex catalysts. 
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2. Pincer complex-catalyzed cross-coupling of 
vinyl epoxides and aziridines with 
organoboronic acids (Paper I) 

Although palladium-catalyzed coupling of organoboronic acids with various 
unsaturated substrates (Suzuki-Miyaura cross-coupling57-62) has become one 
of the most important processes in synthetic organic chemistry, the literature 
of Pd-catalyzed cross-coupling reactions of organoboron compounds with 
vinyl epoxides and aziridines is surprisingly scarce. One of the few literature 
procedures is reported by Suzuki and Miyaura on a Pd(0)-catalyzed C-C 
coupling reaction of vinyl epoxides with alkenylboronates.63 

 
Scheme 6. Pd(0) catalyzed C-O coupling with arylboronic acids and vinyl epoxides. 

Interestingly, using Pd(PPh3)4 as the catalyst source, vinyl epoxides 19 un-
dergo C-O coupling with arylboronic acids 20 via (η3-allyl)palladium inter-
mediates.64 In this reaction the boronic acid derivatives 20 react as oxygen 
nucleophiles instead of carbon nucleophiles (Scheme 6).64,65 

 
Scheme 7. Pincer complex-catalyzed arylation of vinyl epoxides and aziridines. 

However, Pd-catalyzed C-C coupling of vinyl epoxides with aryl- and al-
kenylboronic acids has not been reported in the literature. There is also a 
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remarkable lack of reports in the literature concerning Pd-catalyzed ring 
opening reactions of vinyl aziridines with organoboronic acids (Scheme 7). 

Our studies demonstrate that palladium pincer complexes 1a,56 1b and 
1n66 (Scheme 8) are efficient catalysts in the cross-coupling of vinyl epox-
ides and aziridines with organoboronic acids (Scheme 7). 

 
Scheme 8. Pincer complexes employed in this study. 

2.1 Synthesis of functionalized allylic alcohols and 
amines via pincer complex-catalyzed cross-coupling of 
vinyl epoxides and aziridines with organoboronic acids 
In our studies we have coupled vinyl epoxides 23a-e and aziridines 26a-d 
with arylboronic acids 20a-e using catalytic amounts of complex 1a or 1b 
(Scheme 7) under typical Suzuki-Miyaura conditions57-62 including the use of 
base and water as additives. The reactions are operationally simple and pro-
ceed in high yield. In a typical procedure, the appropriate epoxide (23a-e) or 
aziridine (26a-d), the organoboronic acid derivative 20a-e (1.2 eqv), Cs2CO3 
or CsF (2 eqv) and catalyst 1a (0.5-2.5 mol%) in THF/water 10:1 were 
stirred at 20 °C for 8 hours. Subsequently, the product was purified by chro-
matography. Neither inert atmosphere nor carefully dried solvent were re-
quired in these reactions. As a consequence of the mild reaction conditions 
and the redox stability of the catalyst, halide (I, Cl and Br) substituents are 
tolerated (Table 1, entries 4, 5 and 6; Table 2, entry 5; Table 4, entry 1). It 
was found that the reactivity of the acyclic epoxides 23a-d is lower than that 
of cyclic epoxide 23e (Table 1, entries 1-7 compared to entry 8), and that the 
parent epoxide 23a reacted faster than its substituted analogues 23b-d (Table 
1, entry 1 compared to entries 2-8). 

We have briefly studied the substituent effects on the reactivity of the vi-
nyl epoxide and aziridine components. In the presence of an electron-
withdrawing chloro substituent on the vinyl epoxide substrate (23c), the 
reactivity is increased leading to about 50% faster cross-coupling reactions 
(Table 1, entries 2 and 5). Surprisingly, the presence of aromatic substituents 
did not influence significantly the reactivity of the aziridine substrates (26a-
d). The reactivity also depends on the substituents of the organoboronic acid 
component. In the cross-coupling reaction with vinyl epoxides, alkenylbo-
ronic acid 20b reacts much faster than arylboronic acids 20a and 20c (Table 
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1, entries 2-4). The same trend was observed for the cross-coupling reaction 
of vinyl aziridines, where boronic acid 20b reacted faster than boronic acids 
20a and 20e (Table 2, entries 1-2 and Table 4, entry 1). 

Table 1. Pincer complex-catalyzed arylations of vinyl epoxides.[a] 

 
[a] The reactions were carried out using 2.5 mol% catalyst in the presence of Cs2CO3 in 
THF/H2O 10:1. [b] 2.5 mol% catalyst was used. [c] Reaction temperature / reaction time [°C] / 
[h]. [d] Isomer ratio of 24/25. The > 20:1 ratio indicates that isomer 25 was not detected in the 
crude or in the isolated product by 1H NMR spectroscopy. [e] Isolated yield [%]. [f] The results 
indicated in parentheses were run with 0.5 mol% catalyst. 

Bromo substitution of the arylboronic acid component (20c) clearly acceler-
ates the cross-coupling process with vinyl epoxides (Table 1, entries 2 and 
4). Sterically hindered boronic acids (such as 20d) represent challenging 
substrates. Indeed the cross-coupling reaction of 20d with aziridine 26a 
could not be performed efficiently using catalyst 1a. It was found that ex-
change of the chloride counter ion of 1a to trifluoroacetate (1b) leads to an 
increase of the catalytic activity of the complex. Accordingly, complex 1b 
catalyzed the opening of vinyl aziridine 26a with excellent selectivity and 
yield (Table 2, entry 3). The pincer complex-catalyzed reactions also tolerate 
ortho substituents in the aromatic substrates (20d). In these processes, 
trifluoroacetate complex 1b was employed as catalyst to provide high yields 
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(entry 3 in Table 2). The cross-coupling reaction of 26a and 20d was also 
attempted with Pd2(dba)3 as catalyst. 1H NMR analysis of the crude reaction 
mixture indicated formation of 27c together with several unidentified by-
products. 

Table 2. Selected entries for catalytic arylation of vinyl aziridines.[a] 

 
[a] The reactions were carried out using 2.5 mol% catalyst in the presence of CsF in THF/H2O 
10:1. [b] Trans/cis (approximately 2:1) mixture was used as substrate. Bs = benzenesulfonyl; 
Ts = toluenesulfonyl. [c] Reaction temperature / reaction time [°C] / [h]. [d] Trans/cis ratio of 
the double bond geometry in the products. [e] Isolated yield [%]. [f] 5 mol% catalyst was em-
ployed. 

We also attempted to use other pincer complex catalysts in the cross-
coupling reactions. It was found that catalyst 1n (Scheme 8) displayed lower 
reactivity and regioselectivity than 1a (compare entries 1 and 2 in Table 3). 
Catalyst 1k has been employed by Bedford and co-workers67 for the Suzuki 
coupling of aryl boronic acids with aryl halides at elevated temperatures 
(130 oC). Nevertheless, under our mild reaction conditions, catalyst 1k 
showed no catalytic activity (Table 3, entry 3).51,67 Pd2(dba)3 showed high 
catalytic reactivity, however the regioselectivity of the coupling reaction was 
lower than with pincer catalyst 1a (Table 3, entry 4). 

Iodo functionalities are usually incompatible with Pd(0) catalysts due to 
the rapid oxidative addition of the carbon-iodine bond. Indeed, the reaction 
of 26a and 20e with Pd2(dba)3 as catalyst (entry 2, Table 4) proceeds with a 
considerably lower yield than the corresponding reaction catalyzed by pincer 
complex 1b (entry 1, Table 4). 
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Table 3. Comparison of different catalysts in the opening of vinyl epoxides.[a] 

 
[a] The reactions were carried out using 2.5 mol% catalyst in the presence of Cs2CO3 in 
THF/H2O 10:1. [b] 2.5 mol% catalyst was employed [c] Reaction temperature / reaction time 
[°C] / [h]. [d] Isomer ratio of 24/25. [e] Isolated yield [%]. 

Table 4. Comparison between pincer catalyst 1b and Pd2(dba)3.
[a] 

 
[a] The reactions were carried out using 5 mol% catalyst in the presence of CsF in THF/H2O 

10:1. [b] Trans/cis (about 2:1) mixture was used as substrate. [c] Reaction temperature / reac-

tion time [°C] / [h]. [d] Trans/cis ratio of the double bond geometry in the products. [e] Isolated 

yield [%]. 

2.2 Elucidation of the mechanistic details in the cross-
coupling reactions  
Since both Pd(0) (such as Pd2(dba)3) and Pd(II) pincer complexes (such as 
1b) are able to catalyze the cross-coupling reaction of arylboronic acids and 
vinyl epoxides, we compared the mechanistic features of these two types of 
catalysts. Accordingly, stoichiometric reactions (monitored by 19F and 1H 
NMR spectroscopy) were carried out with two different palladium com-
plexes (Pd2(dba)3 and 1b), arylboronic acid 20f and epoxide substrate 23a 
(Scheme 9). It was found that complex 1b reacted readily with 20f in the 
presence of CsF and water in THF even in the absence of the vinyl epoxide 
component (Scheme 9). According to 19F NMR spectroscopy, fluorobenzene 
29 was formed after 20 minutes. Under the same reaction conditions using 
Pd2(dba)3 in place of 1b the fluoroboronic acid 20f remained unchanged and 
formation of 29 was not observed even after several hours of reaction time. 
The same result was obtained in the absence of any palladium source. An-
other series of stoichiometric reactions were performed using Pd2(dba)3 or 
complexes 1a or 1b and vinyl epoxide 23a. When Pd2(dba)3 was mixed with 
vinyl epoxide 23a in THF-d8 in the presence of LiCl the color of the solution 
rapidly turned from purple to yellow, and the 1H NMR spectrum showed 
formation of (η3-allyl)palladium complex 30, which could be isolated. Pin-
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cer complexes with chloride and trifluoroacetate counter ions (1a and 1b) 
did not react with epoxide 23a at all. These reaction mixtures remained un-
changed after several days. 

O

23a

Pd

Cl

OH

LiCl/THF

1a or 1bPd2(dba)3

2

30

no reaction

CsF

F

29

Pd2(dba)3

THF/H2O (10:1)

no reaction

Oxidative addition

PdPhSe SePh

F

not isolated

protonation

28

CsF

1b

THF/H2O (10:1)

TransmetallationF

B(OH)2

20f

 
Scheme 9. Stoichiometric reactions with epoxide 23a and fluoroboronic acid 20f. 

These stoichiometric studies clearly show that the mechanism of the cata-
lytic cross-coupling reactions with Pd2(dba)3 and pincer complexes (1a or 
1b) are substantially different. The applied Pd2(dba)3 initiates the catalytic 
cycle by an oxidative addition to the vinyl epoxide 23a.63-65 The relatively 
rapid appearance of fluorobenzene 29 in the reaction between pincer catalyst 
1b and boronic acid 20f (Scheme 9) can be explained by the transmetalation 
of 20f with pincer complex 1b to give 28, which then undergoes hydrolysis 
providing 29 (Scheme 9). Unfortunately, in the presence of water, direct 
observation or isolation of complex 28 was prevented by this hydrolysis 
process. 

Considering the above, we assume that the initial step of the catalytic cy-
cle (Scheme 10) is transmetalation of 1a or 1b with the corresponding or-
ganoboronic acid derivative (20). Prior to this step the B(OH)2 group is con-
verted to a better leaving group by the action of Cs2CO3/CsF and water.57,60 
Transmetalation of 20 with 1a, 1b or 1n results in complex 28, from which 
the aryl or vinyl functionality (R) is subsequently transferred to the vinyl 
epoxide or aziridine substrate in an SN2’ (or SN2) type reaction. A fast SN2’ 
process requires a high electron-density on the organic functionality (R) 
ensured by the electron-donating SeCSe and NCN ligands, when 1a, 1b or 
1n is employed as catalyst. Consequently, the low catalytic activity of 1k 
can be explained by the presence of π-acceptor phosphorus ligands, which 
decrease the electron-density on the organic group. The reaction rate also 
depends on the electronic properties of the epoxide and aziridine substrates 
23 or 26. An electron-withdrawing group on the epoxide or aziridine sub-
strate, such as the chloro or nitro functionality in 23c or 26d, increases the 
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electrophilicity of this substrate leading to a fast transfer of the organic 
group. 

 
Scheme 10. Catalytic cycle for the pincer complex (1a-b) catalyzed reaction. 

2.3 Concluding remarks 
Palladium pincer complexes 1a and 1b are highly efficient catalysts for the 
carbon-carbon cross-coupling reaction of vinyl epoxides 23 and aziridines 26 
with organoboronic acids 20. These catalytic transformations proceed with 
high regioselectivity affording allylic alcohols and amines in good to excel-
lent yields. Because of the high redox stability of the Pd(II) pincer complex 
catalyst, aromatic chloro-, bromo- and iodo-substituents are tolerated. The 
catalysts 1a and 1b are readily available, and the catalytic reaction does not 
require the use of inert gas atmosphere or dry solvents. The pincer complex-
catalyzed reactions are more selective than the corresponding Pd2(dba)3 cata-
lyzed processes. Our mechanistic studies indicate that the pincer complex 
catalyst does not undergo redox reactions; and that the oxidation state of the 
palladium atom is +II under the catalytic process. It was concluded that the 
initial step of the reaction is transmetalation of the organoboronic acid to the 
pincer complex followed by an SN2’ type transfer process. The presented 
pincer complex-catalyzed process allows cross-coupling reactions of easily 
accessible organoboronic acids with vinyl epoxides and aziridines, broaden-
ing the synthetic scope of selective palladium catalysis. 
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3. Enhancing the catalytic activity of pincer 
complexes by altering the electronic properties 
of the pincer backbone through substitution 
(Paper II) 

As mentioned in the introduction (section 1.1) one of the most important 
features of the pincer complexes is the strong terdentate coordination be-
tween the palladium and the pincer ligand. Thus, during a catalytic reaction 
the ligand remains tightly bound to the metal center for the entire reaction. 
Accordingly, the activity and selectivity of pincer complex catalysts are ex-
pected to be efficiently fine-tuned by substitution of the pincer ligand. 

 
Scheme 11. Pincer complexes applied in this study 

3.1 Synthesis of methoxy substituted SeCSe complexes 
Our mechanistic studies (section 2.2) suggested that the catalytic activity of 
1a could be increased for several catalytic transformations by increasing the 
electron density on palladium. Therefore, we prepared several analogs of 1a 
(Scheme 11) to investigate the electronic effects of the electron-donating 
methoxy substituents on the catalytic activity of the complex. In complex 1e, 
the methoxy substituent is located para to the metal, while in 1g the side 
arms are substituted. Expecting a synergistic effect on the methoxy substitu-
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tion, we also prepared complex 1h, which is substituted both at the para 
position and in the side arms.  

Pincer complexes 1e, 1g, and 1h were synthesized by a slightly modified 
version of the procedure reported by Yao and co-workers.56 Dibromoxylene 
derivatives 31a-b were reacted with the appropriate diselenide (32a or 32b) 
to obtain pro-ligands 33b-d, which underwent a transcyclometalation reac-
tion13,28 with 34 to give complexes 1e, 1g, and 1h in good to excellent yields 
(Scheme 12). Characterization of the complexes by 77Se NMR spectroscopy 
revealed an interesting trend. The 77Se NMR shift values obtained for 1a68 
(427.1 and 424.9 ppm) and 1e (427.1 and 425.7 ppm) were almost identical, 
while methoxy substitution of the side arms led to an increase of the shield-
ing of the selenium nuclei (1g, 420.5 and 419.3 ppm; 1h, 420.7 and 419.1 
ppm). This indicates that only methoxy substitution of the side arms affects 
the electron-density at the selenium atoms. 

 
Scheme 12. Synthesis of pincer complexes 1e, 1g and 1h. 

3.2 Comparison of the catalytic activity of substituted 
pincer complexes in the arylation of vinyl epoxide and 
in the borylation of cinnamyl alcohol 
In the ring opening reaction of vinyl epoxides and aziridines with organobo-
ronic acids described in chapter 2, complex 1a was successfully applied as 
catalyst. Since our stoichiometric studies suggested that the initial step in the 
catalytic cycle was a rapid transmetalation (Scheme 9), we reasoned that the 
subsequent step where the organic moiety is transferred from the catalyst to 
the vinyl epoxide substrate was the rate determining step. Therefore, the 
second step was expected to be faster if the electron density on palladium 
could be increased, thereby increasing the nucleophilicity of the organic 
moiety. 

Consequently, we investigated the effects of the methoxy substituted pin-
cer ligands on the catalytic ring opening (eq 2) of vinyl epoxide 23b with 
phenyl boronic acid 20a. The progress of the reaction was monitored by 1H 
NMR spectroscopy (Figure 3). Under the reaction conditions applied, the 
complete conversion of 23b to 24b required about 10 hours using the parent 
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catalyst 1a. Application of monomethoxy complex 1e instead of complex 1a 
led to about a four-fold acceleration of the process (eq 2), thus the reaction 
was completed in only two hours. Surprisingly, methoxy substitution of the 
catalyst in the side-arms led to a weak deactivating effect. Complex 1g 
proved to be slightly less reactive than the parent complex 1a, and the 
trimethoxy substituted catalyst 1h was less efficient than the monomethoxy 
complex 1e. 
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Figure 3. Catalytic opening of 23b giving 24b. Cat. (2.5 mol%): 1a (•), 1e (+), 1g 
(x) and 1h (■). 

Subsequently, we studied the borylation53,55 of cinnamyl alcohol 17 with 
hypodiboric acid 16 (see section 1.2), in the presence of catalytic amounts of 
1a, 1e and 1h (Figure 4, eq 3). 

 

 
Figure 4. Catalytic borylation of 17 to obtain cinnamyl boronic acid 18 at 55°C. 
Cat. (5 mol%): 1a (•), 1e (+), and 1h (■). 
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The reaction55 was complete in about 8 hours using the parent catalyst 1a. 
Similarly to the cross-coupling reaction, the borylation reaction was also 
accelerated when the parent complex 1a was replaced with para-methoxy-
substituted complex 1e. On the other hand, the catalytic activity was unaf-
fected by the methoxy substituents on the side-arms, as the reaction was 
completed about as quickly with 1h as with 1e. 

The above results clearly indicate that the most efficient fine-tuning of the 
catalytic activity of pincer complexes can be achieved by para substitution 
of the aromatic ring, while substitution of the side arms has much weaker 
effects on the catalytic activity.28 

3.3 Summary for the fine-tuning of the reactivity of 
pincer complexes 
In summary, we have shown that in arylation and borylation reactions, the 
catalytic activity of pincer complex 1a can be effectively increased by para-
methoxy substitution of the catalyst (1e). On the other hand, methoxy substi-
tution in the side arms does not increase the catalytic activity of the com-
plexes, and even has a slight deactivating effect. These substituent effects 
probably apply to other pincer complex-catalyzed substitution reactions in 
which charge accumulation on the metal atom is required for an increase in 
the catalytic activity of the complex. 
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4. Synthesis of chiral BINOL and 
biphenanthrol-based pincer complexes, and 
their application to the allylation of 
sulfonylimines with allyl stannane and 
potassium trifluoro(allyl)borate (Paper III) 

Asymmetric allylation of imines leads to the formation of chiral homoallylic 
amines, which are important structural motifs in bioactive natural products 
and pharmaceuticals.69-71 Therefore, considerable effort has been devoted to 
devising new synthetically useful versions of these reactions.45,72-80 Our stud-
ies are focused on using BINOL-based chiral pincer complexes for allylation 
of sulfonylimines (eqs. 4-5). 

 

 

These reactions afford homoallylic sulfonylamides, which can easily be de-
protected to give homoallylic amines. Exploration of palladium-catalyzed 
asymmetric allylation of sulfonylimines is particularly important, as these 
species cannot be selectively allylated via chiral bis-allylpalladium com-
plexes.72 

 
Figure 5. BINOL-based chiral pincer complexes published by the Szabó group.73 

Preliminary studies have shown that the synthetically easily accessible BI-
NOL-based pincer complex 1s (Figure 5) gave poor enantioselectivity (20% 
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ee) in the asymmetric allylation of sulfonylimines, while the synthesis of the 
more selective catalyst 1t (up to 59% ee) could only be achieved in poor 
yield (18%).73 

Our recent studies employing an extensive array of chiral pincer com-
plexes clearly show that the enantioselectivity of the allylation can be con-
siderably enhanced by application of thioalkyl/aryl substituents (1u-x) in the 
γ-position of the BINOL ligands, or employment of biphenanthrol-based 
complexes (1y-z) (Figure 6). We have also prepared both enantiomers of the 
thiomethyl (1u-v) and biphenanthrol-based complexes (1y-z) to study the 
possibilities of having a full control over the enantioselectivity of the allyla-
tion processes. Furthermore, we employed allyl trifluoroborate 11a as an 
alternative allyl source to allyl stannanes 10 in the substitution reactions. 

 

Figure 6. Novel chiral pincer complexes developed for allylation of sulfonylimines. 

4.1 A modular approach for preparation of chiral pincer 
complexes 

Complexes 1u-z could be obtained by a flexible modular approach (eqs. 6-7) 
starting from optically pure BINOL (35a-d) or biphenanthrol derivatives 
(35e-f). In the first step, 35a-f are converted into the corresponding phos-
phochloridates 36a-f, which were coupled with iodoresorcinol 37 to obtain 
pro-ligands 38a-f. These pro-ligands are usually very sensitive to hydrolysis, 
and therefore their purification is difficult. However, it was found that the 
crude product of 38 could be metalated under mild conditions (20 °C, 4 h) 
with Pd2(dba)3 via facile oxidative addition of Pd(0) to the carbon-iodine 
bond. The yields obtained were usually high (60-76%), with the exception of 
the synthesis of ethyl-sulfide 1w (27%). The mild reaction conditions (20 °C 
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- 35 °C/ 4 h) ensure that the BINOL moieties do not undergo racemization.81 
In our experience, raising the reaction temperature above 60 °C in any of the 
reaction steps leads to some degree of racemization, decreasing the optical 
purity of pincer complexes 1u-z. 
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As it appears from eqs. 6-7, synthesis of the chiral pincer complexes using 
the above sequence is a flexible and highly modular synthetic route. Thus, 
starting from (R)-BINOL derivative82,83 36a (eq 6) chiral pincer complex 1u 
was obtained, while its enantiomer 1v can be prepared from (S)-BINOL de-
rivative82 35b (eq 6). Similarly, both enantiomers 1y and 1z can be prepared 
from optically pure biphenanthrol derivatives 35e (R)-form and 35f (S)-form 
respectively (eq 7) by slight modification of the reaction conditions applied 
for the preparation of 1u-x. Accordingly, using the above procedure, a great 
variety of chiral pincer complexes can be prepared by applying the appropri-
ate BINOL or biphenanthrol derivatives. 

 

Optically pure BINOL derivatives 35a-d were synthesized according to lit-
erature procedures.82,83 Although there are literature procedures available for 
resolution of bisphenanthrole,84 in our hands, these procedures did not pro-
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vide 35e and 35f in sufficiently high optical purities and quantities required 
for the syntheses of 1y and 1z. Therefore, a new method for the resolution of 
biphenanthrol was devised. A racemic mixture of 35e and 35f85 was reacted 
with 1.7 eqv of (1S)-(+)-10 camphorsulfonyl chloride (39) in the presence of 
1.1 eqv of NEt3 to give diastereomeric monosulfonates 40a and 40b (eq 8). 
These species could be easily separated by column chromatography in high 
yields, and then reduced to optically pure 35e and 35f using LAH. 

 

4.2 Catalytic allylation of sulfonylimines with chiral 
pincer complexes 
The allylation reactions using allyl stannane 10 and benzenesulfonyl imine 
13a could be carried out under mild conditions (6 °C to 20 °C) in dry DMF 
or DMSO without additives (eq 4, Table 5). Application of (R)-BINOL-
based thiomethyl catalyst (5 mol%) 1u in DMF provided encouraging levels 
of enantioselectivity, affording homoallylic amine 18b with 73% ee (Table 
5, entry 1). The yield of this reaction (49%) could be improved using DMSO 
as solvent (57%); however, the enantioselectivity in this reaction (Table 5, 
entry 2) is slightly decreased (71% ee). 

The reaction product (15b) was deprotected using sodium in liquid NH3 
providing homoallylic amine86,87 41 in 67% yield (without racemization) 
showing that the major enantiomer, 15b, has (R) configuration (eq 9). 

The allylation reaction was also carried out using the (S)-BINOL ana-
logue of 1u (1v). The major product (74% ee) of this reaction was the (S)-
enantiomer 15c (Table 5, entry 3). As the availability of (R)- and (S)-BINOL 
precursors for preparation of 1u and 1v are similar, the enantioselectivity of 
the presented reaction can be fully controlled by the choice of the appropri-
ate pincer complex catalyst. 
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The allyl stannane reagent (10) could be successfully replaced with potas-
sium trifluoro(allyl)borate (11a),88 which reacted readily50,52 with 13a pro-
viding homoallylic amine derivative 15b or 15c in good yield (eq 5), albeit 
with somewhat lower enantioselectivity than 10 (Table 5, entries 6 and 7). 
Similarly to allyl stannane (10), the reaction of 11a catalyzed by (R)-BINOL 
derivative 1u gave predominantly (R)-product 15a, while using (S)-BINOL 
derivative 1v the main product had (S)-configuration (15c). 

 

We have also studied the effects of the steric bulk of the R substituent in 1u-

x on the selectivity of the allylation process. It was found that as one goes 
from methyl substituent (1u) to ethyl substituent (1w), the enantioselectivity 
is slightly decreased (Table 5, entries 1 and 4), while thiophenyl derivative 
1x proved to be a relatively unselective (48% ee) catalyst (Table 5, entry 5). 
This trend suggests that simple replacement of the thiomethyl functionality 
with more bulky substituents was not enough to increase the enantioselectiv-
ity of the reaction. 

Attempts to allylate sterically bulky sulfonylimine 13b (Table 5, entry 8) 
resulted in a slower reaction and lower selectivity (48% ee) compared to the 
corresponding process with 13a. Cinnamyl derivative 13c displayed high 
reactivity in the allylation reaction, providing the corresponding allyl amine 
derivative with 59% ee (Table 5, entry 9). 

By nitro-substitution of the aromatic ring of the imine derivative 13d, the 
reactivity of the imine component could be increased. Accordingly, 13d 
could be allylated with high yield (85%) and only slightly lower selectivity 
(66% ee) than 13a.  

From the results presented above, it was concluded that the enantioselec-
tivity (71%-74% ee) obtained by 1u and 1v cannot be improved by simply 
increasing the steric bulk of the thioalkyl substituent on the γ-position. 

Based on our DFT modeling studies52 for pincer complex-catalyzed ally-
lation of sulfonylimines, we reasoned that substitution of the δ-position, or 
simultaneous substitution of both the γ and δ-positions of the BINOL system 
would further increase the selectivity of the allylation reaction. Therefore we 
envisaged replacement of the BINOL units with biphenanthrols (such as in 
1y-z), which involves substitution of both the γ and δ-positions of the BI-
NOL moieties with an annulated aryl group. 

Indeed, enantioselectivities of up to 85% for the allylation reaction could 
be achieved using biphenanthrol complexes 1y-z. Thus, nitro-substituted 
imine 13d reacted (Table 5, entry 11) with 10 in the presence of 5 mol% 1y 
in high yield (71%) and enantioselectivity (85% ee). 
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Table 5. Allylation of imines in the presence of chiral pincer complexes 1u-z.[a] 

Imine

Ph

Temp./time[b] Product Yield[c]

13a

20/94
15c

10

5720/9410 15b

13a

496/66

10 15b

1

13a 4420/9410 15b4

533

2

Entry

13a 7020/9410 15b5

13b

5520/11610

15d

8

Allyl

NSO2Ph

13a 1v

1u

1u

1w

Cat.

1x

1u

NHSO2Ph

Ph

NHSO2Ph

Solvent

DMSO

DMSO

DMF

DMSO

DMF

DMF/THF[d]

NTs

O

O

NHTs

O

O

Ph

ee[%]

74

71

73

67

48

48

536/6610

15e

9 1v

NHTs

DMF 59Ph Ph

8520/6810

15f

10 1v DMF

NTs

O2N

NHTs

O2N

66

13c

13d

13d 7120/9410

15g

11 1y DMF 85

NHTs

O2N

7820/6810

15h

12 1y DMF

NBs

O2N
NHBs

O2N

82

13e

13a 2820/9110 15c13 1z DMF 83

13a 5020/9110 15c14 1z[e] DMF 80

13a 6620/9611a
15b6

7 6811a 13a 20/96 15c

1u

1v

DMSO

DMSO

60

54

NTs

SnBu3

BF3K

 
[a] In a typical reaction 5 mol% of catalyst 1u-z was employed. [b] Reaction temperature [°C] 
and time [h]. [c] Isolated yield [%]. [d] A 1:1 mixture of DMF/THF was employed. [e] 10 mol% 
catalyst was employed. 

The yield could be increased by using benzenesulfonamide derivative 13e, 
affording 15h (78%) at the cost of a slight decrease in selectivity (82% ee). 
The parent sulfonylimine 13a also reacted with comparable selectivity to 
13d. Thus, the allylation reaction with 10 in the presence of 1z provided 15c 
with 83% ee (Table 5, entry 13). Similarly to the thiomethyl complexes, the 
(R)-biphenanthrol based complex 1y provides the homoallylic amine prod-
ucts (15g-h) with (R)-selectivity, while complex 1z comprising (S)-
biphenanthrol moieties induce (S)-configuration at the stereogenic carbon of 
the product 15c. It was found that the higher selectivity of biphenanthrol 
complexes 1y-z was accompanied by lower catalytic activity than BINOL 
derivatives 1u-v. This is reflected (Table 5, entries 3 and 13) by the rela-
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tively low yield (28%) obtained for allylation of 13a with 1z compared to 1v 
(53%). The yield with 1y-z could be improved either by increasing the cata-
lyst loading to 10 mol% (Table 5, entry 14), or by using activated sulfon-
ylimines, such as 13d and 13e (Table 5, entries 11 and 12). 

4.3 Suggested mechanism for the enantioselection in the 
pincer complex-catalyzed asymmetric allylation of 
sulfonylimines  

Even though the exact mechanism of the enantioselection is not yet fully 
understood, a qualitative model could be constructed based on previous DFT 
studies on the (achiral) pincer complex-catalyzed allylation of sulfonylimi-
nes.52 
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Figure 7. Model for the enantioselection in the allylation of sulfonylimine 13a using 
(R)-BINOL based catalyst 1u and biphenanthrol derivative 1y. a) Formation of 15b; 
and b) formation of 15c. 

According to this model (Figure 7); the electrophilic carbon of sulfonylimine 
13a interacts with the γ-position of the η1-allyl moiety. Formation of the (R)-
enantiomer of homoallylic amine 15b is supposed to proceed via TS a), in 
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which the sulfonylimine functionality points away from the (R)-BINOL-
based moiety. On the other hand, in the TS structure for formation of the (S)-
enantiomer 15c, the sulfonylimine group points in the opposite direction, 
experiencing repulsive steric interactions with the thiomethyl group of the 
binaphthyl ligands. This interaction is destabilizing, and therefore formation 
of the (S)-form 15c is disfavored. Replacement of the BINOL moieties with 
biphenanthrol units is expected to increase the selectivity of the catalyst by 
increasing the destabilizing interactions with the sulfonylimine functionality 
in the b) type TS structures. 
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Scheme 13. Proposed catalytic cycle for the allylation of sulfonylimines. 

The present study further confirms the mechanistic description previously 
given for the pincer complex-catalyzed allylation reactions (Scheme 13).48-

50,52,89 According to this mechanism, the applied pincer complex (1) under-
goes transmetalation with the allyl metal reagent (10 or 11) to give η1-allyl 
palladium complex 12b. Complex 12b is then able to efficiently allylate 
electrophiles (such as 13) under catalytic conditions. In the presented 
mechanistic picture, the palladium atom does not undergo redox reactions 
during the catalytic transformation, and the enantioselectivity of the process 
is determined by the reaction of the η1-allyl moiety of 12b with the electro-
philic substrate. It has recently been shown,19,90 that catalytically active Pd(0) 
species can be generated from pincer complexes; however, this process in-
volves decomposition of the pincer complex, which for the presented trans-
formations (eqs. 4-5) would involve a complete loss of the enantioselectivity 
of the catalyst. Considering the enantioselectivity (up to 85% ee) achieved in 
the above study, a possible Pd(0) catalyzed process can be ruled out. On the 
contrary, complexes 1u-z displayed excellent stability during the allylation 
reactions, and could be detected in the final reaction mixture of the process. 
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This high stability suggests that highly durable easily recyclable catalysts 
may be obtained by immobilization of 1u-z. 

4.4 Concluding remarks for the synthesis and 
application of BINOL and biphenanthrol-based pincer 
complexes in the allylation of sulfonylimines 
Easily accessible chiral BINOL and biphenanthrol-based pincer complexes 
1u-z readily catalyze the allylation of sulfonylimines 13 with up to 85% ee. 
So far, this is the highest enantioselectivity achieved in pincer complex-
catalyzed allylation reactions,91-93 and also in palladium catalyzed72 allylation 
of sulfonylimines 13. Both allyl stannanes 10 and allyl trifluoroborates 11a 
can be employed as allyl sources in these processes. The enantioselectivity 
of the transformation can be reversed by changing the configuration of the 
BINOL or biphenanthrol ligands, and thus a full control of the enantioselec-
tivity can be achieved. The enantioselection is assumed to be determined in 
the TS of the electrophilic attack of the η1-allyl moiety coordinated to the 
chiral complex. 
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5. Palladium pincer complex-catalyzed 
condensation of sulfonylimines with 
isocyanoacetate to 2-imidazoline derivatives 
(Paper IV and V) 

As mentioned in section 1.2, the aldol condensation is one of the main areas 
of application of palladium pincer complex catalysis affording oxazoline 
derivatives.25-31 The analogous process using imine substrates (13) instead of 
aldehydes (6) is expected to give 2-imidazolines (43) (eq 10), which can 
easily be converted to α,β-diamino acids94 (eq 11). 

 

 

Although this important condensation reaction can be performed in the pres-
ence of gold,95-97 ruthenium98 and copper99 catalysts, reports on palladium-
catalyzed reactions are very scarce.97,98 This can be explained by the fact that 
the palladium-catalyzed coupling of sulfonylimines 13 with isocyanoacetate 
7 has been reported to be a slow and non-selective process.97,98 

According to our studies palladium pincer complexes show a very high 
catalytic activity in the coupling of sulfonylimines 13 with isocyanoacetate 
7; and the stereoselectivity of the process is highly dependent on the elec-
tronic properties of the applied pincer complex catalysts (Scheme 14). 
Therefore, we investigated the synthetic scope and selectivity of this reaction 
employing various sulfonylimines (13c, 13f-k) and isocyanoacetate 7 in the 
presence of catalytic amounts of pincer complexes 1c, 1f, 1j-n affording 2-
imidazoline products 43a-g (eq 10). In addition to the synthetic studies, we 
have also investigated the mechanistic aspects of the condensation reaction. 
Furthermore, an asymmetric version of this condensation reaction could be 
developed using chiral BINOL and biphenanthrol-based palladium pincer 
complexes such as 1y-z. 



 27 

 
Scheme 14. Palladium catalysts investigated in this study. 

5.1 Scope and selectivity of the condensation reactions 
The condensation reaction of sulfonylimines (13c, and 13f-k) and iso-
cyanoacetate 7 was carried out at rt for 2 h in the presence of 1 mol% of 
pincer complex (1c, 1f, 1j-n) (Scheme 14) affording 2-imidazoline products 
43a-g with excellent yields. In contrast to the corresponding condensation 
reaction employing aldehydes (Scheme 3), the condensation with imines 
could be carried out without the addition of base (eq 10). The 2-imidazoline 
products 43a-g showed some tendency for decomposition during chromatog-
raphy on silica gel or neutral alumina. In fact, the corresponding diamino 
acid derivatives 44 could be easily obtained by stirring 2-imidazoline deriva-
tives 43 in the presence of water and neutral aluminum oxide (eq 11). We 
could not observe any reaction between sulfonylimines 13 and isocyanoace-
tate 7 in the absence of a palladium catalyst. 

The most interesting feature of the condensation reaction (eq 10) is that 
the stereochemistry of the formation of 2-imidazoline products (Table 6 and 
Table 7) depends on the applied pincer complex catalyst. When electron-
poor catalysts with the PCP pincer backbone (1j-l) were used, high syn se-
lectivity was obtained. For example, with complex 1k a high syn selectivity 
(syn/anti ratio 10:1) was observed in the product (Table 6, entry 1). Chang-
ing the counter ion to chloride (1j) gave a slight decrease in syn stereoselec-
tivity (Table 6, entry 2, syn/anti ratio 7:1). Catalyst 1l was then used to study 
the electron-withdrawing effects of the COOMe group on the stereoselectiv-
ity. However, using 1l did not change the syn stereoselectivity significantly 
(Table 6, entry 3, syn/anti ratio 8:1). Surprisingly, the SeCSe complex 1c100 
led to a reversal of stereoselectivity, giving the anti stereoisomer of 43a 
(syn/anti ratio 1:3) as the major product (Table 6, entry 4). A further increase 
in the electron density of the complex was achieved by introduction of a 
para-methoxy substituent101 in catalyst 1f. Complex 1f further increased 
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(syn/anti ratio 1:4) the amount of the anti product in the condensation reac-
tion (Table 6, entry 5). The anti selectivity could also be obtained when us-
ing SCS (1m) and NCN (1n) complexes, although with lower ratio (Table 6, 
entries 7-8, syn/anti ratio 2:3). Finally, we tested Pd(OAc)2 (42) as catalyst 
(Table 6, entry 8), which afforded the 2-imidazoline product 43a in a some-
what lower yield than the pincer complex-catalyzed reactions (Table 6, en-
tries 1-7). The Pd(OAc)2 catalyzed process also provides the anti form as the 
major diastereomer, however, the selectivity is relatively low (syn/anti ratio 
1:2). Similar reactivity and selectivity has been reported for Pd(II) and Pd(0) 
salts used as catalysts in analogous condensation reactions.97,98  

Table 6. Condensation of sulfonylimines 13f with isocyanoacetate 7 in the presence 
of various palladium pincer complex catalysts.[a] 

 
[a] All reactions were performed using 1 mol% catalyst at 20 °C in THF. [b] Isolated yield [%]. 
[c] Ratio of the syn and anti products determined by 1H NMR spectroscopy. 

Subsequently, we have studied the electronic effects of the aromatic sub-
stituents in the sulfonylimine component. The fluoro substituted 13g was 
reacted with 7 in the presence of 1k (Table 7, entry 1) with the same reactiv-
ity and about the same selectivity (syn/anti ratio 9:1), as the parent sulfon-
ylimine 13f (Table 6, entry 1). Similarly to the above condensation of 13f 
and 7, the stereoselectivity of the reaction was reversed (Table 7, entry 2) 
when SeCSe complex 1f was employed instead of PCP complex 1k (syn/anti 
ratio 1:3). Application of 13h with the electron donating para-methoxy 
group (Table 7, entry 3) gave somewhat higher selectivity (syn/anti ratio 
11:1) than 13f. The highly syn selective process is also insensitive to the 
increase in bulkiness of the sulfonyl group of imine 13j (Table 7, entry 5). 
The high syn selectivity (syn/anti ratio 7:1) of the condensation reaction was 
maintained even in the presence of the bulky naphthyl substituted imine 13i 
(Table 7, entry 4). Moreover, the selectivity and reactivity of the reaction is 
unchanged in the presence of sulfur-containing heterocycles, such as 13k 
(Table 7, entry 6), or even with non-aromatic sulfonylimines, such as 13c 
(Table 7, entry 7). 
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Table 7. Reaction of imines 13 and isocyanoacetate 7 in the presence of 1k or 1f.[a] 

Imine ProductEntry Cat. dr[c]

(syn/anti)
Yield[b]

43c

3 1k

NTs

MeO

11:1

TsN N

COOMe

MeO

13h

98

43d

4 1k

TsN N

COOMe

NTs

7:1

13i

99

43g

7

43f

6

5

43e

N

1k

1k

1k

Ph

Ph

TsN N

COOMe

13c

8:1
TsN N

COOMe

Ph

10:1

13k

S

S
NTs

S

O

O

13j

8:1
N N

Ph COOMe

S

O

O

99

99

98

43b

43b2

1 1k

1f

NTs

F

9:1

TsN N

COOMe

13g

13g 1:3

98

93

F

NTs

 
[a] All reactions were performed using 1 mol% catalyst at 20 °C in THF. [b] Isolated yield [%]. 
[c] Ratio of the syn and anti products determined by 1H NMR spectroscopy. 

5.2 Mechanistic insights into the condensation reaction 
of imines and isocyanoacetate  
In order to elucidate the mechanism of the condensation reaction (eq 10), we 
studied the stoichiometric reactions of PCP complex 1k with isocyanoacetate 
7 using NMR spectroscopy. When 1k and 7 were mixed, the proton signal of 
7 (4.23 ppm, singlet, lb = 3.0 Hz) was shifted downfield and considerably 
broadened (4.91 ppm broad singlet, lb = 202 Hz). At the same time, the dou-
blet (6.72 ppm) and triplet shifts (7.10 ppm) of the aromatic ring of complex 
1k moved downfield to 6.85 ppm and 7.22 ppm, respectively (Scheme 15). 
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Scheme 15. Change of NMR shifts (ppm) in the stoichiometric reaction of 1k and 7. 

The 31P NMR signal of the phosphorus atom in the side arms in 1k appears 
as a single peak at 146.2 ppm. This signal shifted downfield by eight ppm 
(154.1 ppm) upon addition of 7 without any splitting of the peak, indicating 
that the symmetrical tridentate pincer architecture remained intact in the 
resulting complex 45a. Considering the above systematic changes, we rea-
soned that 7 was coordinated to the palladium atom of the pincer complex 
affording complex 45a. The formation of similar metal pincer complexes 
were postulated in condensation reactions of 7 with aldehydes (6) (section 
1.2) in pincer complex-catalyzed processes.102,103 

After 1k was completely converted to 45a, the solvent and the excess of 
isocyanoacetate 7 were evaporated. Subsequently, 45a was redissolved in 
CDCl3 and sulfonylimine 13f was added. It was found that the reaction of 
13f and 45a leads to rapid formation of the condensation product 43a. Sub-
sequent addition of organic chloride salt PPh4Cl led to the appearance of two 
31P NMR shift. The first was assigned to chloro-pincer complex 1j, which 
could be isolated upon chromatography (eq 12), while the second was as-
signed to PPh4Cl. 

 

5.3 X-ray structure of the key intermediate in the 
studied condensation reaction 
We were also able to isolate and crystallize catalytic intermediate 45a. The 
X-ray diffraction structure of 45a clearly shows a pincer complex architec-
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ture (Figure 8). The Pd-P and Pd-C1 bond lengths (2.27 and 2.00 Å) in 45a 
are very close to the corresponding bond lengths in the parent 1k reported by 
Bedford and co-workers.67 

 
Figure 8. X-ray structure of 45a. Selected bond lengths (Å) and angles: Pd-P1, 
2.278; Pd-P2, 2.269; Pd-C1, 2.004; Pd-C2, 2.025; C2-N, 1.123, N-C3, 1.424; C3-
C4, 1.532; C4=O1, 1.198; P1-Pd-P2, 159.0; Pd-C2-N, 173.3; N-C3-C4, 108.8. For 
the sake of clarity, the triflouroacetate counter-ion and the included CHCl3 molecule 
are not shown in the Figure. 

As a typical feature of PCP pincer complexes, the PCP angle (159°) deviates 
from the linear alignment (180°), which would have been required for an 
ideal MO overlap in square planar complexes. Most interestingly, the palla-
dium-carbon bond to the coordinated isocyanoacetate molecule (Pd-C2) is 
relatively short, 2.025 Å. This indicates that the palladium-carbon bonding to 
the aryl ring and to the carbon atom of the coordinated isocyanoacetate are 
about equally strong. Thus, the interaction between the isocyanoacetate car-
bon and palladium can be classified as a strong covalent bond, instead of a 
donor-acceptor interaction between a Lewis-acid (the pincer complex) and a 
Lewis base (7). This is probably an important structural feature, as in the 
aldol reaction of isocyanoacetates with aldehydes, the pincer complexes are 
often referred to as Lewis acid catalysts.25 Another interesting structural 
features of the coordinated isocyanoacetate moiety are the bond lengths of 
the C3-C4 bond (1.532 Å) and the carbonyl carbon-oxygen (C4=O1, 1.198 
Å) bonds. The observed bond lengths clearly indicate the presence of a typi-
cal carbon-carbon single bond and a carbon-oxygen double bond, while in 
most mechanistic schemes formation of an enolate has been invoked, which 
would increase the nucleophilicity of the coordinated isocyanoacetate.15,102 
Although there are some indications for enolization of the carbonyl group in 
solution, such as broadening of the 1H NMR signals at 4.86 ppm (Scheme 
15), the X-ray structure clearly shows a non-enolized isocyanoacetate spe-
cies. Thus, the catalytic activity of the palladium pincer complex catalyst in 
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the aldol reaction is not necessarily exerted via enolization of isocyanoace-
tate reagent. 

5.4 Proposed catalytic cycle for the pincer complex-
catalyzed synthesis of 2-imidazolines 
Considering the above studies, a plausible catalytic cycle was constructed 
(Scheme 16).  

 
Scheme 16. Plausible catalytic cycle based on the mechanistic studies. 

The catalytic reaction starts with deprotonation of 45a providing 45b. It 
should be stressed that external addition of base is not necessary under the 
applied catalytic conditions. The next step is nucleophilic attack by the iso-
cyanoacetate moiety of 45b on the sulfonylimine substrate to give 45c. The 
condensation reaction is accomplished by a nucleophilic attack on the carbon 
atom of the isocyanide group, which is probably still coordinated to palla-
dium, affording complex 45d. Protonation of the C2 carbon of the 2-
imidazoline ring leads to decomplexation of the product (43a), and regenera-
tion of the catalyst. The stereoselectivity of the process is determined in the 
addition step of 13f, in the 45b → 45c process. Employing PCP complex 1k 
as catalyst, the syn selectivity is very high. Our studies indicate that using 
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electron-donating substituents, such as sulfur, nitrogen and selenium instead 
of phosphorus leads to an increase in the amount of the anti product (Table 
6). Previous studies indicate that PCP complexes and pincer complexes103-105 
with sulfur or nitrogen atoms in the side arms (such as 1m and 1n) probably 
react by different mechanisms in aldol reactions. It appears from the pre-
sented studies that the use of PCP complexes 1k and 1j leads to formation of 
the syn isomer of 43a-g according to the above mechanism (Scheme 16), 
while changing the heteroatoms in the side arms to selenium (1c, 1f), sulfur 
(1m) or nitrogen (1n) may change the reaction mechanism,105 shifting the 
stereoselectivity towards formation of the anti diastereomer. The different 
stereoselectivities obtained with palladium acetate (42) and PCP complex 1k 
also suggest a different mechanism for condensation of sulfonylimines with 
isocyanoacetate 7. 

5.5 Chiral palladium pincer complex-catalyzed 
asymmetric condensation of sulfonylimines and 
isocyanoacetate 
We have decided to investigate the asymmetric condensation of iso-
cyanoacetate 7 and sulfonylimines 13 using chiral biphenanthrol based pal-
ladium pincer complexes (1y-z, Scheme 17, Table 8). Asymmetric conden-
sation reactions of 13f and 7 affording 2-imidazoline derivatives 43a have 
previously been performed, for example, by using gold catalysis.95,96 Enanti-
oselective synthesis of the anti-product (43a-anti and 44a-anti) is particu-
larly interesting, as these species are not accessible by the gold-ferrocenyl 
complex-catalyzed asymmetric condensation of 13 and 7 reported by Lin 
and co-workers.95,96 Pincer complexes 1y-z proved to be efficient catalysts 
affording 2-imidazoline derivatives in near quantitative yield (Table 8). The 
best enantioselectivity (syn 86% ee (2S,3S), anti 28% ee (2R,3S)) was ob-
tained using (R)-biphenanthrol-based pincer complex catalyst 1y. Unfortu-
nately, the reaction proceeded without any diastereoselection (1:1 syn:anti, 
Table 8, entry 1). When (S)-biphenanthrol-based pincer complex catalyst 1z 
was employed under identical reaction conditions the major syn-enantiomer 
was 43a-syn (2R,3R) (Table 8, entry 4) with slightly lower ee (72%). 

The diastereo- and enantioselectivity showed an interesting solvent de-
pendence as well. It was found that application of 1z in diglyme as solvent 
instead of THF, leads to a preferential formation of the anti diastereomer 
(1:4 syn:anti). Interestingly, the ee of the anti diastereomer (43a-anti (2S,3R) 
75% ee) was also considerably increased (Table 8, entry 2 and 4). When the 
solvent is changed from THF to dioxane, the ee of the anti diastereomer was 
increased to 68% (c.f. entries 3 and 4, Table 8). Considering the above re-
sults, application of 1z as catalyst in diglyme (entry 2, Table 8) affording 
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selectively the anti product (43a-anti (2S,3R)) can be considered a comple-
ment to the gold-ferrocenyl complex-catalyzed reaction, which is syn selec-
tive.95 

CN COOMe+
[1y]cat or [1z]cat

THF/20 oC/18 h

13f 7 43a 44a

THF/20 oCPh

NTs

NTsN

COOMePh
* *

* *HCl

Ph

TsHN NH

COOMe

O

O O

PP
O

O

O

O

1z

O O

PP
O

O

O

O

1y

Pd

I

Pd

I

 

Scheme 17. Asymmetric condensation of sulfonylimine 13f and isocyanoacetate 7. 

Table 8. Pincer catalyzed (1y-z) formation of 2-imidazoline 43a (Scheme 17).[a] 
Entry Cat. Imine Yield 43a[b] Syn/anti[c] ee[%] syn[d] ee[%] anti[d]

1

2[e]

3[f]

Ph
1y 98 1:1

13f

44a-syn (2S,3S)
86% ee

13f 98 1:41z

13f 98 1:11z

4 13f 98 1:11z

NTs

Ph

TsHN NH

COOMe

O

Ph

TsHN NH

COOMe

O
44a-anti (2R,3S)

28% ee

44a-syn (2R,3R)
25% ee

Ph

TsHN NH

COOMe

O

Ph

TsHN NH

COOMe

O
44a-anti (2S,3R)

75% ee

44a-syn (2R,3R)
73% ee

44a-anti (2S,3R)
68% ee

44a-syn (2R,3R)
72% ee

44a-anti (2S,3R)
18% ee  

[a] 13f (0.2 mmol), 7 (0.2 mmol) and the corresponding catalyst 1y-z (1 mol%) were reacted in 
THF at 20 oC for 18 h. [b] Isolated yield [%]. [c] Diastereomeric ratio determined by 1H NMR. 
[d] Enatiomeric excess [%]. [e] Diglyme used as solvent. [f] Dioxane used as solvent. 

5.6 Conclusions concerning the condensation reaction 

We have shown that condensation of sulfonylimines 13 with isocyanoacetate 
7 can be accomplished using palladium pincer complexes in low (1 mol%) 
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catalyst loadings. The synthetic scope of the condensation reaction using 1k 
is broad and the diastereomeric outcome of the reaction could be controlled 
by the choice of pincer catalyst. Using the electron-deficient and relatively 
bulky PCP complex 1k, the major product is the syn form, however, the 
diastereoselectivity is reversed when SeCSe-based catalyst 1f is used. It was 
found that the reaction proceeds via complex 45a. An X-ray structure of the 
key intermediate 45a was presented, where isocyanoacetate 7 is coordinated 
to the pincer complex. The pincer complex catalyst is stable throughout the 
entire process, and can be recovered unchanged after the condensation reac-
tion. 

Chiral palladium pincer complexes based on biphenanthrol ligands (1y-z) 
are also efficient catalyst for the condensation of isocyanoacetate 7 and sul-
fonylimines 13, furnishing the products with up to 86% ee. The catalytic 
condensation in diglyme shows a tendency for selective formation of the anti 
diastereomer of the product, and thus it may complement the syn-selective 
gold-ferrocenyl catalyzed method published by Lin and co-workers.95,96 
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6. Palladium pincer complexes as highly 
efficient catalysts for C-H functionalization of 
organonitriles (Paper VI and VII) 

Palladium-catalyzed substitution reactions based on allylic C-H bond activa-
tion are valuable tools in organic transformations.2,106-116 Several catalytic 
methods using nucleophiles to perform allylic C-H bond functionalizations 
have been reported in the literature.110-116 However, literature procedures for 
the application of carbon electrophiles in these types of transformations are 
relatively scarce.25,117-125 Nevertheless, electrophilic allylation or benzylation 
of imines may offer new routes for the synthesis of functionalized amines 
and amino acid48-52,69-73,94,126 derivatives, which are important natural prod-
ucts and drug intermediates.94,127,128 

 

Scheme 18. Pincer complexes employed in the presented study. 

The previous studies by the Szabó group48-52,73,126 have shown that palladium 
pincer complexes11-18,56,67,89,93,100,129-133 (such as 1k, Scheme 18) efficiently 
and selectively catalyze the allylation of imines. However, in these applica-
tions organometallic substrates 48-52,73,126 such as stannanes and borates were 
employed as allylating reagents (Scheme 18 and eq 13). 

 

Our studies show that allyl cyanides or benzyl cyanides can be used directly 
for regioselective allylation or benzylation of sulfonylimines using pincer 
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complex catalysts (1k, m and d) under mild conditions (typically at rt), in 
the presence of NaHCO3 and molecular sieves (eqs. 14-15). 

 

 

In these processes, the cooperative interaction119-122 between the catalyst and 
the employed weak base was employed for C-H bond functionalization. The 
principle of the cooperative interaction is to enhance the acidity of the transi-
tion-metal-coordinated organonitrile substrate, which then readily undergoes 
deprotonation generating a metal-bound carbon nucleophile.119-122 The nu-
cleophile generated in this process is usually coupled with aldehyde or imine 
reagents under very mild reaction conditions. Indeed, many excellent appli-
cations have appeared in the literature using the cooperative catalytic con-
cept for the coupling of organonitriles with imines and aldehydes employing 
Ru,119,120,122,123 Pd,134 Rh,124 Cu121 and Ni125 catalysts. Of course, α−cyano 
carbanions can also be generated without assistance of transition metal cata-
lysts.135-137 However, the deprotonation of allyl- (pKa 21.1)138 alkyl (pKa = 
31.3)119 and benzyl cyanides (pKa = 21.9)119 requires very strong bases, such 
as LDA137 and proazaphosphatranes,135,136 which may trigger undesired side 
reactions, such as dehydration135,136 or epimerization of the product.137 

6.1 Carbon-Carbon coupling of allylic nitriles with tosyl 
imines via regioselective allylic C-H bond 
functionalization 
Pincer complexes with weakly coordinating counterions (Table 9, entries 1-
3) displayed high catalytic activity for direct coupling of allylic nitriles with 
sulfonimines. Since we have developed the synthesis of a large variety of 
chiral PCP-complex derivatives (chapter 4),73,93,126 we directed our investiga-
tion to explore the synthetic scope of PCP complex 1k.67 

Allyl cyanide (46a) reacted rapidly with various aromatic (13f-h and 
13m), vinyl (13c), and alkyl sulfonylimines (13l) (Table 9, entries 1-8). The 
electronic effects strongly influenced the reactivity of the sulfonylimine sub-
strates. For example, imine 13g bearing an electron withdrawing group re-
acted five times faster than the parent imine 13f (c.f., entries 1 and 5, Table 
9), while methoxy substituted imine 13h (Table 9, entry 6) was comparable 
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in rate to 13f (c.f., entries 1 and 6, Table 9). Vinyl (13c), and alkyl sulfon-
ylimines (13l) reacted considerably slower (Table 9, entries 7 and 8) than the 
aromatic ones. 

Table 9. Pincer complex-catalyzed coupling of allyl cyanides and sulfonylimines.[a] 

NTs

Ph

Entry Substrates T[oC]/ t[h] Products Yield[c]

901 20/5
Ph

NHTs

46a
13f

47a

CN

CN

3:2

Cat.

1k

4[d] 8820/1246a 13f

47b

2:1[e]1k

NTs

5 20/146a

13g

3:21k

F

NHTs

47c
CN

F

91

NTs

6 20/546a

13h

3:21k

MeO

NHTs

47d
CN

OMe

91

NTs

8 20/1246a

13l

1:11k

NHTs

47f
CN

90

9 40/14

46b

13f 1:11k
Ph

NHTs

47gCN

98CN

10 20/1846b

13m

1:1
1k

47h

57

NHTs

CN
NO2

NTs

O2N

11 20/4
46c

13f 1:11k Ph

NHTs

47i CN

97
CN

NC NC

12 20/346c 13c 2:11k
NHTs

47jCN

83

NC Ph

dr[b]

Ph7 20/1446a

13c

2:11k

47eCN

93

NHTs

Ph

Ph

NHTs

CN

13 20/20

46d

13g 3:21k

NHTs

47k
CN

94

F

CN

NTs

2 8120/446a 13f 47a 1:11d

3 8320/546a 13f 47a 3:21m

 
[a] Catalyst 1 (5 mol %), NaHCO3 (0.2 mmol), 46 (0.3 mmol) and 13 (0.2 mmol) in THF (0.3 
ml) were reacted at the given temperatures and reaction times. [b] Diastereomeric ratio. [c] 
Isolated yield [%]. [d] Cs2CO3 (0.2 mmol) was employed as base. [e] E/Z ratio. 
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The regioselectivity of the reaction is excellent, as the branched allylic prod-
uct is formed exclusively. The only exception is when Cs2CO3 (or other 
strong bases, Table 9, entry 4) was used as the base instead of NaHCO3. In 
these cases the primary homoallylic amine product 47a isomerizes to allylic 
amine 47b. The allylation reactions could be extended to substituted allyl 
cyanides (Table 9, entries 9-13) incorporating internal double bonds. The 
catalytic process with substituted allyl cyanides 46b and 46d proceeded 
slower than 46a (Table 9, entries 9-10 and 13). For symmetrical allyl cya-
nide 46c, the catalytic reaction could be stopped after substituting one of the 
allylic carbons, thereby the desymmetrization of 46c successfully provided 
products 47i-j in excellent yields (Table 9, entry 11-12). 

The mild reaction conditions applied in the described process allows the 
presence of a wide array of functional groups such as CN, NTs, F and OMe, 
and even NO2 is tolerated139 (Table 9, entry 10). Under the applied mild re-
action conditions the formation of the product could not be detected at all 
when pincer complex catalyst 1k was replaced by traditional palladium cata-
lysts, such as Pd(OCOCF3)2, Pd(OAc)2, Pd2(dba)3, or Pd(PPh3)4. The ab-
sence of reaction with Pd(OCOCF3)2 indicates that the activation effects of 
trifluoroacetate complex 1k cannot be explained simply by its Lewis acid 
activity.  

Although the presented reaction proceeds with an excellent regioselectiv-
ity (Table 9, entries 1-13) and trans stereoselectivity for the double bond 
(Table 9, entries 9-13), the diastereoselectivity of the transformation is poor. 
This finding is in line with the low diastereoselectivity obtained for the re-
lated allyl stannane-based process (eq 13).51  

The reactions proved to be rather sensitive to moisture, and therefore we 
employed molecular sieves, which efficiently dried the reaction medium. It 
is important to note that the catalytic transformations proceed even in the 
absence of molecular sieves or with substoichiometric amounts of NaHCO3; 
however these reactions were slow and poorly reproducible. 

6.1.1 Mechanistic proposal for the catalytic allylation of 
sulfonylimines 
The coupling reaction probably involves coordination of the allyl cyanide 
anion to the pincer complex catalyst affording complex 48. The relatively 
facile deprotonation of allyl nitrile is probably a cooperative action of the 
employed weak base (NaHCO3) and the palladium atom.138 We have consid-
ered 48a-d as possible structures for the allyl cyanide anion coordinated 
pincer complex intermediates (eq 16). DFT modeling studies (B3PW91/6-
31G(d) level) indicate that the η1-allylpalladium structures (48a-c) are much 
more stable (up to 6.7 kcal·mol-1) than the N-coordinated form 48d. Consid-
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ering that in the most stable forms (48a-b), the nitrile group is in the terminal 
position, the new C-C bond is created52 between the substituted γ-carbon of 
the allyl moiety and 13 (Scheme 19, structure 49), which explains the ob-
served regiochemistry of the process. Our previous DFT modeling studies52 
on the C-C bond formation between the allyl moiety of palladium pincer 
complexes (such as 48a-c) and sulfonylimines revealed that the stereoselec-
tivity of the reaction is dependent on the geometry of the double bond in the 
functionalized (e.g., CN) allyl moiety. Based on these results, the relatively 
small energy difference between 48a and 48b may account for the poor di-
astereoselectivity of the allylation process. In addition, formation of (η1-
allyl)palladium complexes 48a-b (required for reaction with electro-
philes49,52) is favored by the terdentate pincer ligand architecture, which ex-
plains the fact that traditional palladium (i.e., non-pincer, Pd(OCOCF3)2) 
catalysts are inefficient in the presented transformations. 

 

Based on the above synthetic and modeling results, we propose that the cata-
lytic cycle (Scheme 19) is initiated by coordination of the allyl cyanide anion 
to the pincer complex catalyst affording complex 48. Thereafter, in the 
stereodiscriminating step,49,50,52,89 intermediate 48 reacts with sulfonylimine 
13f (49) affording intermediate 50, which upon protonation and decomplexa-
tion affords product 47a and regenerates the catalyst. 

 

Scheme 19. Mechanistic proposal for the catalyzed allylation of sulfonylimines. 
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6.2 Stereoselective pincer complex-catalyzed C-H 
functionalization of phenyl acetonitrile derivatives 
The above described coupling reaction of allyl nitriles (46) with imines (13) 
could also be extended to phenyl acetonitrile derivatives (51). It was found 
that 1k and 1m are very powerful catalysts for coupling of phenyl acetoni-
trile derivatives (51) and various sulfonylimines (13f, 13n or 13l) under mild 
conditions in the presence or even absence of NaHCO3 (eq 15). 

The reactions are usually conducted at 20 °C, however in the presence of 
electron donating substituents (such as methyl (51f) group) on the aromatic 
ring of the phenyl acetonitrile substrate a higher temperature (up to 40 °C) 
had to be applied (Table 11, entry 6). Unfortunately, using the parent phenyl 
acetonitrile 51a and sulfonylimines 13f, 13l and 13n the reaction proceeds 
with poor stereoselectivity (Table 10, entries 1-3). 

Table 10. C-H functionalization of phenyl acetonitrile.[a] 

 
[a] Nitrile 51 (0.3 mmol), 13 (0.2 mmol), NaHCO3 (0.2 mmol) and catalyst 1 (5 mol %) in 
THF (0.3 ml) were stirred for the times and temperatures given.[b] Major diastereomer. [c] 

Diastereomeric ratio (syn/anti). [d] Isolated yield [%]. 

In the presence of aromatic ortho substitutents in the phenyl acetonitrile 
substrate the stereoselectivity of the reaction is considerably increased (51b-
j, Table 11 and Table 12). As it appears by entries 1-4 in Table 11, the di-
astereoselectivity increases as one goes from electronegative ortho halides to 
electropositive ones (51b → 51e) in the order of F < Cl < Br ≈ I. As the car-
bon-halogen bond lengths increases in the same order, this trend would sug-
gest that the selectivity is increased with the steric bulkiness of the ortho 
substituent. However, phenyl acetonitrile derivatives with methyl (51f) and 
trifluoromethyl (51g) groups (which are bulkier than the bromo (51d) and 
iodo (51e) groups) are substituted with lower selectivity (c.f. entries 3, 4 
with 6, 7, Table 11). Thus the level of stereoselectivity cannot be explained 
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solely by the steric effects of the ortho substituents of the phenyl acetonitrile 
substrate, but certainly electronic interactions are also important. The exact 
nature of the steric and electronic effects on the diastereoselectivity of the 
coupling reaction will be assessed by DFT modelling studies. 

Table 11. C-H functionalization of substituted phenyl acetonitrile derivatives.[a] 

 
[a] Nitrile 51 (0.3 mmol), 13 (0.2 mmol), NaHCO3 (0.2 mmol) and catalyst 1 (5 mol %) in 
THF (0.3 ml) were stirred for the times and temperatures given.[b] Major diastereomer. [c] 

Diastereomeric ratio (syn/anti). [d] Isolated yield [%]. 

Vinyl imine 13c and ortho-substituted phenyl acetonitrile derivatives (51h-j, 
d) were also reacted with good to excellent stereoselectivity (Table 12). In-
terestingly, deactivated nitrile 51i could be reacted (Table 12, entry 2) with-
out addition of NaHCO3; however, in this case the reaction time had to be 
extended (c.f. entries 1 and 2, Table 12). 

We have also tested commonly used Pd(II) sources, such as Pd(OAc)2 and 
Pd(OCOCF3)2, which proved to be inactive in most of the presented proc-
esses. Formation of traces of product (along with large amounts of byprod-
ucts) could be observed in the coupling reaction of 51e and 13f catalyzed by 
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Pd(OCOCF3)2. Pd(0) sources, such as Pd2(dba)3 proved to be completely 
inefficient as catalysts in the coupling reactions. 

Table 12. Coupling of imine 13c with ortho substituted phenyl acetonitriles.[a] 

 
[a] Nitrile 51 (0.3 mmol), 13 (0.2 mmol), NaHCO3 (0.2 mmol) and catalyst 1 (5 mol %) in 
THF (0.3 ml) were stirred for the times and temperatures given.[b] Major diastereomer. [c] 

Diastereomeric ratio (syn/anti). [d] Isolated yield [%]. [e] Performed without NaHCO3. 

The above results clearly indicate that a high diastereoselectivity can be 
achieved in the coupling reaction of sulfonylimines (13) with ortho-
substituted phenyl acetonitrile derivatives (51); however the selectivity is 
influenced by both the steric and electronic substituent effects. The presented 
process provides functionalized (for example I and Br) β-aminonitrile prod-
ucts (52) in high yield without elimination reactions. These products can in 
turn serve as useful substrates in Pd(0) catalyzed Suzuki-Miyaura or Heck 
coupling reactions. 

We have also developed an asymmetric version for the coupling of phenyl 
acetonitriles (51) with sulfonylimines (13) using chiral analogs of PCP com-
plex 1k.73,93,126,140 Our results (Figure 9) indicate that chiral pincer complex 
catalysts have a high potential to create chiral carbon-carbon bonds between 
benzyl cyanides (such as 51a) and sulfonylimines (such as 13n). Under base 
free conditions complex 1aa delivered β-aminonitrile product 52b with up to 
71% ee (syn-52b 71% ee and anti-52b 33% ee; syn:anti 1.3:1) in 99% yield. 
A particular advantage of using pincer complex catalysis is that the reaction 
can be conducted under base-free conditions. This is particularly important 
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in order to avoid the possible base-catalyzed epimerization of the reaction 
products. 

 

Figure 9. Preliminary studies for coupling phenyl acetonitrile 51a and sulfonylimine 
13n using chiral catalyst 1aa (3 mol%) (yield 99%). 

6.2.1 Plausible mechanism of the coupling between 
benzyl cyanides and sulfonylimines 
Based on the mechanistic proposal given for the allylation of imines 
(Scheme 19) and other transition metal-assisted deprotonation reactions that 
have appeared in the literature,119-122,125,134 a plausible catalytic cycle 
(Scheme 20) was constructed.  

 

Scheme 20. Mechanism for the coupling of phenyl acetonitriles and sulfonylimines. 

Accordingly, the first step of the transformation is coordination of phenyl 
acetonitrile 51a to the palladium atom of 1, affording complex 53a. The next 
step is α-deprotonation of 53a to give complex 53b. The deprotonation is 
facilitated by the coordinated palladium pincer complex. An alternative 
mode of coordination can also be considered for intermediate 53b. Instead of 
the zwitterionic structure (53b) a direct carbon metal bond may also be 
formed between the benzyl anion and the palladium atom125 (c.f. 48a-c). The 



 45 

next step is coupling of the palladium coordinated α-cyano carbanion with 
sulfonylimine 13f to give 53c, which subsequently undergoes protonation 
and decomplexation to provide the final product 52a and regenerate the cata-
lyst 1. 

6.3 Summary of the pincer complex-catalyzed C-H 
bond functionalization reactions 
In this chapter the palladium pincer complex-catalyzed coupling of allyl- or 
benzyl cyanides with sulfonylimines was described. The coupling reaction of 
allyl cyanides with imines represents a mechanistically new catalytic process 
which opens new synthetic routes to palladium pincer complex-catalyzed C-
H bond activation reactions. The regioselectivity of the presented C-H func-
tionalization process is excellent, as only the branched allylic isomer was 
formed. The coupling of ortho substituted benzyl cyanides with sulfonylimi-
nes proceeds with high diastereoselectivity (up to 17:1 syn:anti). Further-
more, our preliminary studies indicate that chiral pincer complex catalysts 
(such as 1aa) have a high potential for creating chiral carbon-carbon bonds 
between benzyl cyanides (such as 51a) and sulfonylimines (up to 71% ee). 
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7. Pincer complex-catalyzed coupling 
reactions via palladium(IV) intermediates 
(Paper VIII) 

Catalytic transformations involving Pd(IV) complexes as key intermediates 
represent important recent innovations in transition metal catalysis.141-158 In 
these transformations the traditional Pd(0)/Pd(II) redox cycle is replaced by 
a Pd(II)/Pd(IV) cycle. Employment of a Pd(II)/Pd(IV) catalytic cycle offers 
some beneficial features over the conventional Pd(0)/Pd(II) redox proc-
ess.141-158 Three features are particularly important: a) increased reactivity for 
reductive elimination via Pd(IV) intermediates; b) increased chemoselectiv-
ity for the oxidative addition to Pd(II) catalytic precursors; c) avoidance of 
Pd(0) intermediates, which often precipitate as Pd-black, deactivating the 
catalyst. 

These attributes enable the harnessing of unconventional reactivity for 
new bond-forming processes, and provide unusual avenues for the synthesis 
of new target molecules inaccessible by Pd(0)/Pd(II)-based catalytic sys-
tems. 

Recent studies19,90,159 have concluded that simple aryl halides are not able 
to oxidize Pd(II) in pincer complexes. However, van Koten21 and Canty20 
have shown that NCN pincer complexes (1p and 1o) undergo stoichiometric 
oxidative addition to iodonium(III) salts,160-163 affording Pd(IV) pincer com-
plexes (eqs. 17-18). 
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These results inspired us to design novel Pd(II)/Pd(IV) based catalytic sys-
tems by employment of palladium pincer complexes with iodionium(III) 
salts as reagents. 

 

Scheme 21. Palladium catalysts used in the presented study. 

Indeed, it was found that palladium pincer complexes 1i, 1k and 1o (Scheme 
21) can be employed as highly active catalysts in Heck-type coupling164-169 
reactions of aryl-iodonium salts (54a-c) with functionalized alkenes (55a-j) 
under mild conditions (Scheme 22 and Table 13). 

 

Scheme 22. Pincer complex-catalyzed Heck reaction. 

In these transformations we wished to demonstrate the increased chemose-
lectivity of the oxidative addition in the Pd(II)/Pd(IV) manifold, by concen-
trating on the preparation of functionalized allylic acetates (56a-e and 56h-j) 
and aryl bromides (56b, 56d, 56i-j, 56l-m). Unless application of special 
reaction conditions169 these functional groups (allylic acetate and/or aryl 
bromide) would easily undergo oxidative addition in a Pd(0) catalyzed trans-
formation, but remains unchanged in the presented Pd(II)/Pd(IV) redox cycle 
based process. 

7.1 Pincer complex-catalyzed Heck reaction 
In a typical reaction, we used 5 mol% of complex 1i, 1k or 1o in the pres-
ence of 1 eqv NaHCO3 in THF or CH3CN. The mild reaction conditions 
(typically 50 °C) and the high chemoselectivity of the catalysts allowed 
many allylic functionalities, including OAc (Table 13, entries 1-8), CN 
(Table 13, entry 9-10), SO2Ph (Table 13, entry 11), COOEt (Table 13, en-
tries 12-13), SiMe3 (Table 13, entry 15), and some of their combinations 
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(Table 13, entries 12, 13 and 15), as well as aryl bromides (Table 13, entries 
4, 7 and 16-18). Iodonium salts 54a-c proved to be equally efficient aryl 
sources. 

Table 13. Pd-catalyzed coupling of alkenes with iodonium salts.[a] 

 
[a] Unless otherwise stated alkene 55 (0.3 mmol), iodonium salt 54 (0.2 mmol), NaHCO3 (0.2 
mmol) and the corresponding catalyst 1 (5 mol%) were dissolved in THF or CH3CN (0.3 ml), 
and stirred for the indicated period of time at 50 oC. [b] Isolated yield [%]. [c] The reaction was 
conducted at 65 oC. [d] 0.4 mmol of 55h was used. 
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Under the applied mild reaction conditions the architecture of pincer com-
plexes 1i, 1k and 1o was fully preserved (shown, for example, by the 31P 
NMR spectrum of the crude reaction mixture) and precipitation of Pd-black 
was not observed. 

Furthermore, the reactions proceeded with a high regio- and stereoselec-
tivity, as only a single regio- and stereoisomer is formed. PCP catalyst 1k 
and SeCSe catalyst 1i showed an equally high catalytic activity (c.f. entries 
1-2, and 16-17, Table 13). Pincer complex 1o (used in the stoichiometric 
generation of a Pd(IV) pincer complex using an organo-iodonium salt (eqs. 
17-18)) also proved to be an efficient catalyst (Table 13, entries 10 and 18) 
under our standard catalytic conditions. It was found that, commonly used 
palladium catalyst Pd(OAc)2 42 also catalyzed the presented coupling reac-
tions (Table 13, entries 3 and 6). However, unlike the reactions catalyzed by 
pincer complexes 1i, 1k or 1o, when 42 was employed as catalyst formation 
of Pd-black was observed. 

7.2 Mechanistic proposal 
Our results and the published literature data is in line with the assumption 
that the above reaction proceeds via Pd(IV) pincer complex intermediate. 
The main arguments can be summarized as follows: a) The presented cou-
pling reaction is obviously a redox process. Pincer complexes are 
known11,19,90,130,159 to decompose, when the metal atom is reduced to Pd(0). 
The fact that we have not observed decomposition of the pincer complex 
catalysts indicates that Pd(0) species are unlikely to occur as catalytic inter-
mediates. (ii) The presented transformation fully tolerates allylic acetates 
(55a, 55c and 55g), even activated ones (55b and 55f), which are known to 
undergo facile oxidative addition with Pd(0) species.2 (iii) The NCN com-
plex 1o, which is known to form a Pd(IV) complex with organo-iodonium 
salts20,21 (eqs. 17-18), is an active catalyst in the presented process (Table 13, 
entries 10, 18). 

In fact, according to our literature survey the reported complexes obtained 
by stoichiometric reactions of palladacycles and iodonium(III) salts are all 
Pd(IV) species,141,143 while the direct formation of Pd(II) species using hy-
pervalent iodonium salts has not been reported. 

Accordingly, the catalytic cycle (Scheme 23) is initiated by an oxidative 
addition of 54 to catalyst 1 affording Pd(IV) complex 57a (see also eqs. 17-
18). In the next step (57a → 57b) a carbo-palladation takes place followed 
by β-hydride elimination affording complex 57c, which subsequently under-
goes deprotonation by NaHCO3, and regeneration of the catalyst (1). 
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Scheme 23. Proposed Pd(II)/Pd(IV) catalytic cycle. 

7.3 Conclusions for chapter 7 
We have presented the first palladium pincer complex-catalyzed redox cou-
pling reaction, in which the integrity of the pincer complex is fully retained. 
The presented process is highly regio- and stereoselective, as only a single 
regio- and stereoisomer is obtained. Due to the mild reaction conditions, 
sensitive functionalities such as allylic acetates and aryl halides are fully 
tolerated. The presented method allows the application of pincer complexes 
as efficient catalysts in redox transformations. 
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8. General conclusions and outlook 

This thesis demonstrates that new catalytic processes can be efficiently de-
veloped by fine-tuning the steric and electronic effects of the side arms in 
palladium pincer complexes. This principle was exploited for design of sev-
eral new carbon-carbon bond forming reactions, such as cross-coupling of 
organoboronic acids with vinyl epoxides and aziridines; coupling of or-
ganonitriles with sulfonylimines and chemoselective Heck-type coupling of 
functionalized alkenes with hypervalent iodonium salts. Chiral BINOL and 
biphenanthrol-based pincer complexes proved to be efficient catalysts for 
asymmetric transformation of sulfonylimines, such as allylation, benzylation 
and condensation with isocyanoacetates. 

The enantioselectivity of the pincer complex-catalyzed processes can be 
further improved by application of new type of BINOL, biphenanthrol or 
related moieties in the side arms of PCP complexes. Another interesting area 
is the development of new redox reactions via Pd(IV) pincer complex inter-
mediates, which could substantially broaden the synthetic scope of the pincer 
complex-catalyzed reactions. 
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