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Preface
Phosphine ligands are among the most widely used types of ligands in homogeneous catalysis.
Typical transition metal-catalyzed reactions in which phosphine ligands have found
applications, include hydroformylation, hydrogenation and C-C bond formation reactions.1
During the last decades, the development of new phosphine ligands has been an active field of
research. In particular, a great deal of effort has been devoted to the design and synthesis of
phosphines that possess a desired combination of steric, electronic and solubility properties for
specific catalytic processes.2
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Figure 1. Dendriphos ligands.

Recently, our group developed the hexacationic Dendriphos ligands (1-4, Figure 1).3 This
family of ligands was designed in analogy to octacationic dendrimers containing Fréchet-type
dendrons4a which have been applied as noncovalent supports for homogeneous catalysts.4b
Dendriphos ligands combine the triphenylphosphine motif, located at their core, with six
permanent cationic substituents (ammonium groups), which furthermore allow for variations
in ligand size and solubility by means of alteration of the ammonium substituent, ranging from
a methyl (1) or benzyl (2) group, to first (3) and second (4) generation Fréchet dendrons.
The aim of the work described in this thesis has been to investigate the application of
Dendriphos ligands in homogeneous catalysis. In particular, the effects of the charged groups
as well as of the sterically demanding dendrons in the structure of these ligands, on their
coordination chemistry and catalytic behavior, have been the focus of this study.
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In Chapter 1, an overview is given of the current knowledge of steric and electronic
properties of phosphine ligands containing ionic substituents. Furthermore, the ways in which
secondary interactions of these ionic functionalities may influence the coordinating and
catalytic behavior of these phosphine ligands, are reviewed.
Chapters 2-4 describe the application of Dendriphos ligands 2-4 in the Suzuki-Miyaura
cross-coupling reaction. Preliminary investigations using 2 under non-optimized reaction
conditions are presented in Chapter 2. This research has been extended towards the use of the
higher ligand generations, the establishment of the scope and limitations of this catalytic
system, as well as the investigation of the nature of the in situ formed active species, in
Chapter 3. In order to establish structure-activity relations, Dendriphos ligands, as well as a
new series of oligocationic and neutral derivatives, are characterized in terms of their steric,
electronic and catalytic properties, in Chapter 4.
In order to gain a more fundamental insight into the coordinating properties of hexacationic
Dendriphos ligands and their oligocationic derivaties, their coordination chemistry with
respect to Pt(II) ions is described in Chapter 5.
Chapter 6 focuses on the application of Dendriphos ligands in Rh-catalyzed
hydroformylation reactions. Furthermore, the potential of these systems towards
supramolecular interactions with anionic chiral auxiliaries, is explored. This concept is
extended towards the incorporation of anion-tagged transition metal complexes within the
Dendriphos structure, for the synthesis of multimetallic dendritic assemblies, in Chapter 7.
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Chapter 1

Steric, Electronic and Secondary Effects on the Coordination Chemistry of
Ionic Phosphine Ligands and the Catalytic Behavior of their Metal
Complexes

The effects of introducing ionic functionalities in phosphine ligands on the coordination chemistry of
these ligands and the catalytic behavior of the corresponding metal complexes are reviewed. The steric
and electronic consequences of such functionalization are discussed. Apart from these steric and
electronic effects, the presence of charged groups often leads to additional interactions that occur in
the second coordination sphere of the metal complex, such as intramolecular, inter-ligand hydrogen
bonding and Coulombic repulsion. These interactions can significantly alter the behavior of the
phosphine

ligand

in

question.

Such

effects

have

been

observed

in

phosphine-metal

association/dissociation equilibria, ligand substitution rates and stereoisomerism in phosphine-metal
complexes. By drawing general conclusions, this review offers an insight into the coordination and
catalytic behavior of phosphine ligands containing ionic functionalities and their corresponding metal
complexes.
Dennis J. M. Snelders, Gerard van Koten and Robertus J. M. Klein Gebbink.
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1.1 Introduction
Homogeneous catalysis as a synthetic methodology has grown in importance over the past
several decades, both from an academic and an industrial point of view. This is mainly due to
the relatively high activities and selectivities as well as the mild reaction conditions associated
with homogeneous catalytic processes. The main problem associated with these processes,
though, is the separation and recovery of the catalyst from the product phase. As a result, there
is a strong preference for the use of heterogeneous catalysts in industrial processes.1-3 A
powerful strategy to address this separation issue is the use of multiphase reaction mixtures, in
which the catalytic species resides in a liquid phase that is immiscible with a second liquid
phase containing the substrate and product. By vigorous stirring, the substrate is brought into
contact with the catalyst, while a simple phase separation allows isolation of the products and
recovery of the catalyst after the reaction. Aqueous-organic biphasic systems, in which a
water-soluble catalyst is used, are the most well-known examples of this strategy.4,5
A straightforward method to render catalysts water-soluble is to employ a combination of a
metal salt and a water-soluble ligand. In 1984, the industrial Ruhrchemie / Rhône-Poulenc
process went into operation, which employs the water-soluble, trisulfonated phosphine TPPTS
(4, Figure 1) in a biphasic system for Rh-catalyzed hydroformylation of propene, allowing
separation and recycling of the ionic Rh/TPPTS catalyst.6 Since that time, the design and
synthesis of new water-soluble ligands, phosphine ligands in particular, has been an active
field of research.7-12 A comprehensive review of the vast number of water-soluble ligands and
their applications in homogeneous catalysis, has recently been published by Shaugnessy.13 The
most widely used strategy to synthesize water-soluble phosphine ligands has been to
functionalize the ligand in question with highly polar, ionic substituents, such as sulfonate,
carboxylate, phosphonate or ammonium groups. In general, the water solubility depends on
the number of polar functionalities in the ligand structure. The use of amphiphilic ligands,
which may contain a highly polar ionic functionality in combination with a hydrophobic
moiety, such as TPPMS (2), has proven to be highly advantageous in a number of aqueousorganic biphasic systems. This is due to the surface activity of such ligands, which can
improve the solubility of organic substrate molecules in the aqueous layer containing the
catalyst, through formation of micelles.14 In addition to their use in aqueous systems, ligands
containing ionic functionalities have also found applications in the immobilization of
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homogeneous catalytic systems in ionic liquids.15 Furthermore, the use of ionic interactions
has emerged as one of the most effective ways to immobilize organometallic catalysts onto
dendrimers,16 ion-exchange resins17 or other soluble and insoluble supports.18 The advantage
that ionic-tagged ligands offer with respect to the characterization of their respective metal
complexes by electrospray ionization mass spectrometry (ESI-MS), has also been
recognized.19
The functionalization of phosphine ligands with ionic groups may have profound effects on
fundamental aspects of the coordination chemistry of these ligands with respect to a transition
metal. However, in comparison to the solubility properties of the ligands in question, these
effects have been investigated to a much lesser extent. The electronic properties of the
phosphine donor functionality, such as -donating and -accepting ability, may be altered due
to the presence of the ionic substituents. Furthermore, the steric demand of the phosphine
ligand can be increased significantly. Apart from these effects, phosphine ligands containing
ionic substituents may exhibit additional effects that occur in the second coordination sphere
of the metal-ligand complex. These effects can not be directly correlated to their electronic or
steric properties, but may originate from, for example, either attractive or repulsive
interactions between two coordinated ligand molecules in a metal-ligand complex, between a
metal-ligand complex and free ligand molecules, or between ligand and solvent molecules.
These effects have only been scarcely described in literature and have not been reviewed
before. Here, we describe the different types of effects on the coordination chemistry of
phosphine ligands with respect to a transition metal that may occur upon functionalization of
the phosphine backbone with anionic and cationic substituents. In particular, secondary
interactions that have been observed with these ligands, and the influence that they exert on
the observed catalytic activity or selectivity, will be reviewed.
1.2 Steric and electronic properties of ionic phosphine ligands
In general, the coordination behavior of a phosphine ligand with respect to a transition metal
is primarily defined by its steric and electronic properties. The number of different phosphines
that are known to coordinate to transition metals is immense, displaying a wide range in these
properties. By employing a ligand that exhibits an appropriate combination of both sterics and
electronics, the behavior of transition metal complexes may be controlled and fine-tuned with
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respect to both activity and selectivity of catalytic reactions. A range of experimental as well
as computational parameters expressing the steric and electronic characteristics of phosphine
ligands exists. Such parameters have played a very important role in quantifying and
rationalizing ligand effects on the coordination chemistry and catalytic behavior of these
ligands and their metal complexes.20-26 In this section, first a general overview of these
parameters and their significance is given (section 1.2.1). Then, known examples of phosphine
ligands containing ionic functionalities, which have been characterized in terms of these
parameters, are discussed. These examples are divided into triarylphosphine ligands (1.2.2)
and other phosphine ligands (1.2.3).
1.2.1 Parameters expressing steric and electronic properties. The most frequently used
parameter expressing the steric demand of a phosphine ligand is the Tolman cone angle ().20
This parameter was originally obtained from molecular models and is defined as the apex
angle of a cylindrical cone centered at a distance of 2.28 Å from the phosphorus atom,
touching the van der Waals radii of the outermost atoms on each of the three substituents at
the phosphorus atom. Refinements to this model such as the solid cone angle27 and the ligand
profile28 have been reported.23,26 Mingos et al. have developed a method that estimates Tolman
cone angles based on data from X-ray crystal structure determinations.29 Furthermore, an
empirical relationship between the 31P-NMR chemical shift of complexes of the type transPdCl2L2 and the Tolman cone angle has been found, which is often used as a steric parameter
when X-ray structural data are unavailable.30,31
The electronic properties of a phosphine ligand were correlated by Tolman to the carbonyl
stretching frequency, (CO), in the IR spectra of the corresponding complexes Ni(CO)3L (L =
monodentate phosphine ligand).20,32 This frequency is dependent on the combination of donating and -accepting characteristics of L with respect to the metal center. Electron density
donated by L enhances back-donation from the metal center into the LUMO orbital of the CO
ligand, which leads to a decrease of (CO). A higher donating strength of the phosphine thus
corresponds to a lower carbonyl stretching frequency. The electronic properties of a particular
phosphine L may be expressed as the Tolman electronic parameter , which is the difference
between the wavelength observed for L and that observed for the strongest donating
phosphine known to Tolman, i.e. P(t-Bu)3. In order to avoid the use of highly toxic Ni(CO)4, a
range of other metal complexes, for example trans-RhCl(CO)L2 or cis-Mo(CO)4L2, have since
that time been used for the same purpose and in general, analogous trends are observed.24
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Another convenient experimental method to evaluate the electronic properties of a
phosphine ligand is to measure the coupling constant 1JP,Se in the 31P-NMR spectrum of the
corresponding phosphine selenide.33,34 This coupling constant is related to the degree of scharacter in the lone pair of the phosphorus atom. The energy level of the HOMO (which is
associated to the lone pair) is generally higher for phosphines in which the lone pair has lower
s-character, meaning that the electrons are more available for bonding interactions with a
transition metal atom, and thus that the phosphine ligand is a stronger -donor. Stronger donors thus give smaller 1JP,Se coupling constants.35,36
1.2.2 Steric and electronic properties of triarylphosphine ligands substituted with ionic
groups. Sulfonate substituents are the most commonly used ionic functionalities in phosphine
ligands. A wide range of monodentate, bidentate, chiral and nonchiral ligands containing
sulfonate groups has been developed (see Figure 1 for selected examples). Sulfonate
substituents are usually introduced via direct electophilic sulfonation, which occurs selectively
at the meta position of the aryl ring adjacent to the phosphorus atom.13 Of these many
examples, TPPTS (4) remains the most studied ligand and has been characterized extensively
in terms of its steric and electronic properties. The cone angle of TPPTS has been estimated
by several different experimental and computational methods. The values, which are heavily
dependent on the method of measurement, have been summarized by Shaughnessy13,37 and
range from 145° to 183°. The cone angle of triphenylphosphine (TPP, 1) was estimated at
145° by Tolman.20 The introduction of meta-sulfonate groups thus increases the cone angle
significantly (Table 1, entries 1, 2). Whereas the steric demand of meta-substituted TPPTS is
significantly larger than that of TPP (1), para-sulfonated triphenylphosphine p-TPPTS (5)
(Table 1, entry 3) can be considered as a water-soluble steric analogue of TPP.38 The electron
donating ability of TPPTS has been found to be significantly weaker than that of TPP as
determined from the CO stretching frequency of trans-RhCl(CO)L237 and cis-Mo(CO)4L239
complexes, as well as from the 1JP,Se coupling constant of the corresponding phosphine
selenides (Table 2, entries 2, 6).40 In triarylphosphine ligands, the electronic effect of a metaor para-sulfonate substituent can be rationalized in a straightforward manner by its positive
Hammett substituent constant (m = 0.30; p = 0.35), largely originating from its field effect,41
identifying it as an electron withdrawing substituent. By placing the sulfonate substituent at an
aryl ring that has a more remote position with respect to the phosphorus atom, the electron
withdrawing effect can be reduced. For example, trisulfonated tris(biphenyl)phosphine (6)
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was shown to be a water-soluble steric and electronic analogue of TPP, on basis of the
calculated cone angle of 6 (Table 1, entry 4) and the 1JP,Se coupling constant of 6(Se) (Table 2,
entry 3).42
Introduction of meta-carboxylate substituents has been reported to increase the steric
demand of the phosphine to a similar extent as observed for meta-sulfonate substituents. The
cone angle of triscarboxylated TPPTC (7) was estimated at 166° by 31P-NMR measurement of
the corresponding trans-PdCl2L2 complex, while a nearly identical value was observed for the
corresponding TPPTS-complex.40 The electronic properties of TPPTC have been estimated by
analysis of the corresponding carboxylated phosphine selenide and of the corresponding cisMo(CO)4L2 complexes. These investigations yielded values that are similar to those of TPP
(Table 2, entries 4, 7). This indicates that in contrast to a meta-sulfonate group, introduction of
a meta-carboxylate group in the triphenylphosphine backbone does not significantly alter the
electronic properties of the phosphine.40 This is consistent with the relatively small Hammett
substituent constant of m = -0.1041 for a meta-carboxylate group.
1 TPP: n = 0
2 TPPMS: n = 1
3 TPPDS: n = 2
4 TPPTS: n = 3

P
Na

3-n

SO3

n

P

P

3 Na

3 Na

O3S

SO3

O3S

SO3

SO3
SO3

5 p-TPPTS

6
O2C
P

3 Li

P

2 Na

NH2 Cl
HN

O2C

7 TPPTC

CO2

NMe2
2

P

PO3

8 TPPMP

2

9 TPPDG

Figure 1. Examples of triarylphosphine ligands substituted with ionic groups that have been
characterized in terms of their steric and / or electronic properties.
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Stelzer et al.39 reported CO stretching frequencies of cis-Mo(CO)4L2 complexes of monopara-phosphonated phosphine TPPMP (8) as well as that of bis-meta-guanidinium substituted
TPPDG (9) (Table 2, entries 8, 9). The observed values in both cases were slightly smaller
than that of TPP, indicating that both these phosphines are slightly more strongly electron
donating than TPP. Using the relationship between the

31

P-NMR chemical shift of the

corresponding trans-PdCl2L2 complex, a cone angle of 148° was estimated for TPPDG,
suggesting a small steric impact of introducing guanidinium substituents at the meta position.
Table 1. Steric parameters for ionic phosphine ligands and their neutral analogues.
Entry

Ligand

Cone Angle

Method

Ref.

1

1 TPP

145

Molecular Models

20

129-168

X-ray data

29

145-183

Various

13

152-178

X-ray data

43,44

2

4 TPPTS

3

5 p-TPPTS

139

X-ray data

38

4

6

163

Computational methods

42

5

7 TPPTC

166

31

6

9 TPPDG

148

31

7

P(t-Bu)3

190

Computational methods

45

8

12

194

Computational methods

45

9

13

186

Computational methods

45

10

14

191

Computational methods

45

P-NMR of PdCl2L2 complex

40

P-NMR of PdCl2L2 complex

39
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Table 2. Electronic parameters of ionic phosphine ligands and their neutral analogues.
Entry

Ligand

1

1

JP,Se in L(Se)

Ref.

1 TPP

735

46

2

4 TPPTS

757

40

3

6

739

42

4

7 TPPTC

733

40

(CO) in Mo(CO)4L2
5

1 TPP

2023

39

6

4 TPPTS

2025

39,40

7

7 TPPTC

2020

40

8

8 TPPMP

2018

39

9

9 TPPDG

2020

39

(CO) in Mo(CO)5L
10

1 TPP

2070

47

11

Ph2PCH2CH2NMe2

2070

47

12

10 Amphos

2074

47

(CO) in Ni(CO)3L

10

13

1 TPP

2068.9

20

14

11

2065.3

48

15

12

2063.6

45

16

13

2061.1

48

17

14

2060.3

45

18

15

2071.9

48

19

16

2054.0

48

20

PCy3

2056.4

20

21

P(t-Bu)3

2056.1

20
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Table 2 (continued).
Entry

Ligand

(CO) in Fe(CO)4LXa

Ref.

22

17a

2054

49

23

17b

2048

49

24

17c

2047

49

25

17d

2046

49

(CO) in ReBr(CO)3L2
26

18a PTA

2029

50

27

18b PTA(H)

2041

50

[a] X = BPh4, PF6.

1.2.3 Steric and electronic properties of other ionic phosphine ligands. Alkylphosphines
with positively charged groups such as ammonium or phosphonium substituents (Figure 2) are
generally less strongly donating than their neutral alkylphosphine analogues. Amphos (10),
one of the earliest examples of ionic phosphines, is a more weakly donating ligand compared
to either Ph2PCH2CH2NMe2 or TPP. This effect was demonstrated through the CO stretching
frequencies of the corresponding M(CO)5L (M = Fe, W, Mo) complexes (Table 2, entries 1012)47 and originates from the electron withdrawing field effect of the ammonium group. A
comparison of neutral Ph2PCH2CH2NMe2 and Amphos shows the significance of this effect,
even when a spacer of two methylene groups is present in between the phosphine and the
ammonium group. Ammonium-functionalized trialkylphosphines 11, 13 and 15 and sulfonatefunctionalized 16 were reported by Grubbs et al.48 and 12 and 14 were reported by
Shaughnessy et al.45 Through the CO stretching frequencies of the corresponding Ni(CO)3L
complexes, it was established that these ammonium-functionalized phosphines are
significantly less strongly donating than their neutral analogues PCy3 and P(t-Bu)3 (Table 2,
entries 14-18, 20, 21). The specific electronic effect of the cationic group becomes clear by
the comparison of 13 to PCy3 (Table 2, entries 16, 20). Remarkably, the alkylsulfonatefunctionalized 16 (Table 2, entry 19) was found to be more strongly donating than either PCy3
or P(t-Bu)3. This was ascribed to an electron donating field effect of the alkylsulfonate
substituent and contrasts with the electron withdrawing effect of sulfonate substituents in
triarylphosphine ligands such as TPPTS. By measurement of the 31P-NMR chemical shifts of
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the corresponding trans-PdCl2L2 complexes, the steric demands of 11, 13 and 16 were found
to be very similar to that of PCy3, while 15 is significantly less bulky.48 The cone angles of 12
and 14 were calculated by computational methods and are slightly larger than that of P(t-Bu)3
(Table 1, entries 8-10).45 Similar to alkylammonium groups, Baird et al.49 showed that
alkylphosphonium substituents act as electron withdrawing functionalities in Phophos ligands
(17). This effect decreases with an increasing number of methylene groups in between the
phosphorus atom and the PMe3+ functionality, indicating the insulating effect of methylene
spacers, as indicated by the CO stretching frequencies of the corresponding Fe(CO)4L
complexes (Table 2, entries 22-25).
The well-known ligand PTA (18) has a small cone angle (103°)51 and is known to be a
strong -donor, on basis of IR measurements of e.g. Rh(acac)(CO)L complexes.52 Protonation
of one of the N atoms yields the monocationic derivative PTA(H). IR measurements of
ReBr(CO)3L2 (L = PTA, PTA(H)) complexes indicated that the donating strength of PTA is
significantly reduced upon protonation, as a consequence of the electron withdrawing field
effect of the cationic charge in PTA(H) (Table 2, entries 26, 27).50
NMe3 X

R2P

R2P

13 R = Cy
14 R = t-Bu

10 R = Ph, X = I, Cl, NO3, PF6 (Amphos)
11 R = Cy, X = I, Cl
12 R = t-Bu, X = Cl

NMe3 X

P

Cl

N

SO3

P

Na

P

(CH2)n

PMe3 X

X = Cl, NO3, PF6
NMe3

X

Phophos

15

16

P

P

N

N
N

H

18a PTA
18b PTA(H)+

N

17a: n = 2
17b: n = 3
17c: n = 6
17d: n = 10

N
N

I
Me

19 PTA(Me)

Figure 2. Ionic alkylphosphine ligands that have been characterized in terms of their steric and / or
electronic properties.
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Scrivanti

et

al.

reported

on

a

study

of

the

coordination

ability

of

2-

(diphenylphosphino)pyridine (20).53 The pyridyl moieties in the complexes PdCl(2methylallyl)(20) and [Pd(2-methylallyl)(20)2][BF4] were protonated by treatment with acid,
yielding the corresponding protonated complexes in which 2-(diphenylphosphino)pyridinium
acts as a monodentate, monocationic ligand. The effects brought about by the protonation of
the pyridyl moiety on the NMR resonances of the allyl moiety indicated that the phosphine
ligand becomes a weaker -donor and stronger -acceptor upon protonation. Furthermore, the
allyl moiety shows dynamic behavior in the protonated complexes, which is due to
dissociation of the protonated phosphine ligand from the metal center. This behavior was not
observed for the complexes of the neutral phosphine.
Phosphine-substituted cobaltocenium salts 21 and 22 have been used as ligands in biphasic
hydroformylation reactions in ionic liquids.54 The ionic nature of these ligands, derived from
the presence of a cationic metal center, not only renders them soluble in ionic liquids, but also
significantly affects the electron donating ability of the phosphine functionalities. The cationic
Co(III) center exerts a considerable electron withdrawing influence on the  system in the
molecule. Compared to neutral, structurally analogous bis-diphenylphosphinoferrocene, 21
was reported to lead to an enhanced regioselectivity. This effect was attributed to the reduced
-donating/enhanced -accepting ability of the phosphine. For 22, a much lower activity and
selectivity were observed and this was attributed to the presence of an alkyl bridge, which
weakens the electronic influence of the cobaltocenium moiety. Unfortunately, no quantitative
measurements of the electron donating ability of these phosphines were reported.
The phosphorus atom in heterocyclic dicationic phosphine 23 is incorporated into an
unusual eight-membered C3N4P heterocycle, which bears a twofold cationic charge.55 The
charge is delocalized into the guanidyl moieties, but the phosphorus atom bears significant
cationic charge (calculated NBO charge: +1.286). Despite the cationic phosphorus
functionality, a Pt(II) coordination compound could be obtained. However, the precise
donating and accepting characteristics of this phosphine ligand were not reported.
Herrmann et al.56 have reported an interesting class of ligands derived from
tris(hydroxymethyl)phosphine and amino acids (24), which can be either neutral, tricationic or
trianionic, depending on the pH of the reaction medium. In the biphasic hydroformylation of
propylene, the linear to branched ratio in the products was found to increase with decreasing
pH. This effect was explained through a change in the electronic properties of the ligands. At
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lower pH, the amino groups are protonated and therefore positively charged, which is
expected to lead to a reduced -donating strength of the phosphine and an increased
selectivity towards the linear aldehyde.
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Figure 3. Various phosphine ligands functionalized with (potentially) ionic groups.

1.3 Secondary interactions of ionic phosphine ligands
In this section, the secondary interactions which play a role in the coordination behavior of
ionic phosphine ligands and the catalytic behavior of the corresponding metal complexes are
discussed. The different interactions which may be observed with both anionic and cationic
phosphines are discussed according to the topics in which they have been found to play a role.
Firstly, metal-ionic ligand association/dissociation equilibria are discussed in section 1.3.1,
followed by ionic ligand substitution rates (section 1.3.2) and stereoisomerism in phosphinemetal complexes (section 1.3.3).
1.3.1 Metal-ligand association/dissociation equilibria. Homoleptic transition metal
complexes of TPPTS generally have lower coordination numbers than their TPP analogues.
Herrmann et al. have reported on the synthesis of TPPTS complexes with a wide range of
metals.57,58 For homoleptic complexes with Pd(0), Ni(0), Ag(I) and Au(I), only the triscoordinated complexes M(TPPTS)3 (M = Pd, Ni, Ag, Au) could be isolated, while the
complexes Ni(0)(TPP)4,59 Pd(0)(TPP)460, [Ag(I)(TPP)4]+61 and [Au(I)(TPP)4]+62 are known.
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Only for Pt(0) could the analogous tetrakis-coordinated complex of TPPTS be isolated. The
authors have attributed the observed coordination behavior of TPPTS to a high charge
accumulation in the coordination sphere of homoleptic TPPTS metal complexes, leading to
significant Coulombic inter-ligand repulsion (this comprises repulsion between coordinated
ligands as well as repulsion between free ligands and the complex), which prevents formation
of higher coordination states with these metals. A similar explanation was given for the lack
of reactivity of RuCl2(TPPTS)2 towards association of a third TPPTS ligand. This contrasts to
the behavior of other phosphine ligands, which are known to give complexes of the type
RuCl2(PR3)n (n = 3, 4). However, other authors63,64 have attributed failed attempts to synthesize
RuCl2(TPPTS)3 to the larger cone angle of TPPTS compared to TPP, rather than to
electrostatic effects.
Through high-pressure NMR studies, Horvath et al. have measured the activation energy for
dissociation of TPPTS from RhH(CO)(TPPTS)3 in water compared to that of TPP from
RhH(CO)(TPP)3 in toluene. It was found that the activation energy of the former was
significantly larger than that of the latter.65 These species represent the catalyst resting state in
hydroformylation reactions and lead to the two key catalytic species RhH(CO)(PR3)2 and
RhH(CO)2PR3, which are formed via two subsequent phosphine dissociation steps. It is widely
acknowledged that the linear/branched regioselectivity ratio of the product aldehydes is
largely controlled by the competitive reactions of the olefin substrate with these catalytic
species. The bis-phosphine intermediate RhH(CO)(PR3)2 leads to formation of the sterically
least hindered substrate, i.e. the linear isomer, while the mono-phosphine intermediate
RhH(CO)2PR3 is unselective. The higher barrier towards dissociation of TPPTS was correlated
with the higher regioselectivity, as well as the lower reaction rate, obtained with the watersoluble system based on TPPTS compared to the organic-soluble system based on TPP. The
decreased tendency of TPPTS towards dissociation from the Rh center was ascribed to
association of sulfonate substituents of neighboring coordinated TPPTS ligands via hydrogen
bonding in the aqueous medium, which stabilizes the tris-coordinated species.
Similar observations have been reported by Atwood et al., who found that
[Ir(CO)2(TPPTS)3]+ is more stable than [Ir(CO)3(TPPTS)2]+ in H2O solution.66 This is the
opposite of the stability of the TPP analogues where [Ir(CO)2(TPP)3]+ is difficult to prepare.
This effect was attributed to hydrogen bonding between sulfonate groups of different
coordinated ligands in case of the TPPTS analogues.
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Fackler et al. have reported on luminescence studies of the tris-coordinated complex
[Au(TPPTS)3]8-.67,68 In solution, the tris-coordinated complex is in equilibrium with
[Au(TPPTS)2]5-, which is not luminescent, and free TPPTS. These luminescence studies are
thus a convenient method to evaluate the position of this equilibrium in solution. The emission
intensity decreases with the dielectric constant of the solvent used. This observation was
explained through the stabilization of [Au(TPPTS)3]8- in aqueous solution by an extensive
hydrogen-bonding network involving water molecules and the sulfonate groups. Adding less
polar solvents reduces this stabilization and leads to a shift of the equilibrium to the side of the
bis-phosphine Au(I) species and uncoordinated TPPTS. This hypothesis was supported by the
X-ray crystal structure of Cs8[Au(TPPTS)3]68 which indeed showed the presence of such
hydrogen-bonding networks. Previously, similar observations had been made by Casalnuovo
et al. in the crystal structure of Pd(0)(TPPMS)3.69 Furthermore, the emission intensity was
found to increase upon the addition of salts such as NaCl, KCl or NaPF6. This was explained
through Coulombic electrostatic repulsions between the anionic sulfonate groups in
[Au(TPPTS)3]8-. A high ionic strength was concluded to stabilize the hydration sphere by
shielding of the charges and minimization of the electrostatic repulsion, shifting the
equilibrium to the side of [Au(TPPTS)3]8-. Fackler et al. have also studied the behavior of the
tris-coordinated PTA analogue Au(PTA)3. In that case, the luminescence was found to be
dependent on the pH of the solution. At low pH, the luminescence was totally quenched. This
effect was explained through protonation of the PTA ligand, rendering it cationic. This was
found to lead to disproportionation into the nonluminescent bis- and tetrakis-PTA(H)
complexes, the latter of which is stabilized through a highly ordered hydrogen bonding
network with the water molecules.70
Ding and Hanson reported on the effects of adding salts such as Na2SO4 and Na2HPO4 to
Rh/TPPTS-catalyzed aqueous biphasic hydroformylation reactions of 1-octene and 1hexene.71-73 With increasing ionic strength, the reaction rate was found to decrease, while the
regioselectivity was found to increase. On basis of these investigations, the authors have
proposed a refinement to the hydrogen bonding model suggested by Horvath et al.,65 which is
in accordance with the electrostatic repulsion model of Herrmann et al.58 The catalyst resting
state RhH(CO)(TPPTS)3 is considered as a small particle with a net charge of —9 in water.
The solvation sphere around the Rh-TPPTS complex is proposed to be a highly ordered
network of sodium cations and hydrogen bonded solvent molecules with the sulfonate anions
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(Figure 4). Loss of the TPPTS ligand would require a considerable reorganization of the
solvation sphere and is thus unfavorable, in accordance with the work of Horvath et al.65 As a
simultaneously acting force with an opposite effect, dissociation of TPPTS should be
promoted by the electronic repulsion among the sulfonate groups. A high concentration of
sodium cations counterbalances the charge on the Rh-TPPTS complex and attenuates the force
of this intramolecular, inter-ligand electronic repulsion. At higher ionic strengths,
RhH(CO)(TPPTS)3 is thus further stabilized with respect to TPPTS dissociation, leading to
lower rates and higher regioselectivities.
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Figure 4. Stabilization of TPPTS-metal complexes through intramolecular, inter-ligand hydrogen
bonding (A) and ion pairing (B).

The amphiphilic phosphine 25 (Figure 5), in which the anionic charges are separated from
the phosphorus functionality by a spacer of ten methylene groups and a phenyl ring, gave a
higher activity than TPPTS in biphasic hydroformylation of 1-octene in aqueous methanol due
to its surface activity. Furthermore, a higher linear to branched selectivity was observed with
this ligand. This was ascribed to a decrease in ionic repulsions between coordinated ligands
due to the further separation of the charged groups. This leads to a higher stability of the
bisphosphine intermediate, giving a higher selectivity for the linear aldehyde.74
In aqueous-organic biphasic hydroxycarbonylation of olefins catalyzed by Pd/TPPTS,
Sheldon et al. observed higher catalyst stability and activity for this system compared to its
organic-soluble Pd/PPh3 analogue.75 Monflier et al. reported that catalyst stability could be
further improved by addition of alkali metal halide salts.76 This was rationalized through
electrostatic stabilization of tris-coordinated species such as [PdH(TPPTS)3]+ and
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Pd(0)(TPPTS)3. Similarly, Pruchnik et al. have observed a strong rate increase in the
hydrogenation of allyl alcohol using RhI(CO)(PTA(Me))3 as catalyst, upon addition of 2
equivalents of Co(OAc)2.77 This effect was related to a stabilization of the catalyst by
formation of an organized network of phosphine-cation-anion interactions.
An interesting phosphine-solvent interaction was observed by Agbossou-Niedercorn et al.,
who reported that the use of TPPTS afforded a significantly lower linear/branched
regioselectivity compared to the use of TPP, in the hydroformylation of 1-decene in
imidazolium triflate ionic liquids.78 This effect was attributed to an associative ionic
interaction of free TPPTS with imidazolium cations of the ionic liquid, referred to as the
formation of ‘inclusion complexes’. This leads to a reduced mobility of TPPTS in the ionic
liquid medium, which limits formation of the bis-phosphine Rh species, leading to a decreased
regioselectivity. Mecking et al. have reported a related solvent effect in the behavior of (2N,O)-salicylaldiminato nickel-methyl complexes 26-L (L = monodentate phosphine ligand or
pyridine, Figure 5) for the polymerization of ethylene featuring TPPTS or TPPDS as labile
ligands. The active species in these complexes is generated by dissociation of the hydrophilic
phosphine from the hydrophobic Ni complex. The activity of complex 26-TPPTS was
observed to be significantly higher in water as solvent compared to the activity of 26-pyridine
in toluene. Furthermore, amphiphilic 26-TPPDS, which is soluble in both water and toluene,
showed a higher activity in water compared to toluene. These observations were attributed to
solvent-dependent dissociation of the phosphine from the Ni center. Water was proposed to
serve as phosphine scavenger by solvation of the hydrophilic phosphine, thus enhancing
formation of the active species, leading to higher activities in water compared to toluene.79
Shaughnessy et al. reported calculations of gas-phase Pd-L bond dissociation energies
(BDE) in complexes of the type Pd(0)L and Pd(0)L2, for monocationic phosphine ligands 1214 as compared to TPP and P(t-Bu)3. The obtained BDE for Pd(0)L to form free phosphine
and Pd(0) were very similar and independent of the ligand. In contrast, the BDE for Pd(0)L2 to
form Pd(0)L + L were an order of magnitude lower for the cationic ligands compared to their
neutral analogues.45 This was attributed to electrostatic repulsion between the two positively
charged ligands in the gas phase. These results thus show a dramatic effect of electrostatic
intramolecular, inter-ligand repulsion forces when counterion and solvent effects are
eliminated.
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1.3.2 Ligand substitution rates. Darensbourg and Bischoff have investigated the influence
of interactions between neighboring phosphines, by measuring the rates of substitution of the
phosphine by CO in complexes of the type Mo(CO)5L and cis-Mo(CO)4L2 (L = phosphine
ligand).43,80 These measurements were performed in the same solvent (H2O/THF or 2methoxyethanol) for each ligand. Whereas the substitution rates for Mo(CO)5TPP and
Mo(CO)5TPPTS were nearly identical, a lower rate was observed for cis-Mo(CO)4(TPPTS)2
compared to cis-Mo(CO)4(TPP)2. This stabilization was attributed to intramolecular, interligand associative interactions in the form of O-Na-O ion pairing in the case of cisMo(CO)4(TPPTS)2. Importantly, when kryptofix-221, a sodium cation sequestering agent, was
added, a 7-fold rate increase compared to cis-Mo(CO)4(TPP)2 was observed, confirming the
importance of sodium cations in stabilizing cis-Mo(CO)4(TPPTS)2. Hydrogen bonding via
solvent molecules was mentioned by the authors as an additional phenomenon that could
contribute to the observed stabilization. Furthermore, the intermediate afforded upon TPPTS
dissociation from cis-Mo(CO)4(TPPTS)2 in which one TPPTS ligand is still bonded to the
metal center, was shown to react selectively with CO as opposed to TPPTS. This behavior was
not observed for TPP and was attributed to electrostatic repulsion between the intermediate
complex and an incoming TPPTS ligand, as well as enhanced solvation of the free TPPTS
ligand versus the metal-bound ligand.
Sykes et al. reported rates of substitution reactions, L replacing H2O, at the tetrahedral Ni of
the heterometallic sulfido cuboidal cluster [Mo3NiS4(H2O)10]4+, for L = TPPTS, PTA. Whereas
no pH dependence was observed with TPPTS and other nucleophiles, a rate decrease was
observed with PTA upon decreasing the pH. This inhibition was proposed to be electrostatic
in origin, with the cationic charge in the incoming PTA(H)+ ligand being repelled by the
cationic charge of the cluster.81 In a related study by Macartney et al., the rate of substitution
of H2O by L in complexes of the type Rh2(O2CCH3)4(H2O)2 was investigated. The rate was
found to be dependent on the charge of the incoming ligand, with a higher absolute charge on
the ligand giving a smaller substitution rate.82 This effect was not well understood, but it was
hypothesized that the incoming ligands are involved in specifically oriented interactions with
the charges distributed within the Rh complex.
1.3.3 Stereoisomerism in phosphine-metal complexes. Differences in the thermodynamic
stabilities of cis- and trans-isomers of species of the type PtX2L2 (L = tertiary phosphine, X =
halide) are due to a complex combination of factors.83,84 Differences in bond energies between
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the cis- and trans-isomers originate mainly from differences in the respective trans-influences
of the tertiary phosphine ligand and the halide ligand, and favor the cis-isomers.85 Due to the
large difference in the dipole moments of the isomers, solvation effects favor the cis-isomers
in polar solvents. When bulky phosphine ligands are used, steric repulsion favors the transisomers.20,86 For neutral phosphines, electrostatic interactions between the partial negative
charges on X and the partial positive charges on Pt and L favor the trans-isomers. Each of
these factors has its own effect on the thermodynamic stability of the respective isomers and
they are often finely balanced. For ionic phosphine ligands, contributions originating from
either attractive or repulsive interactions between the ionic functionalities have to be included
in this list of factors.
Phosphine ligands containing phosphonate substituents (Figure 5) give rise to a variety of
inter-ligand interactions. Depending on whether the substituents in the starting phosphine are
either protonated phosphonic acid or dianionic phosphonate groups, distinct behaviors are
observed. Schull et al.87 reported that the reaction of K2PtCl4 with TPPTP(Na)6 (27a) yields
trans-PtCl2(TPPTP(Na)6)2 as the only product. This behavior contrasts sharply to that of
TPPTP(H)6 (27b), which exclusively gave the corresponding cis-isomers. The preference for a
trans-configuration in the former case was tentatively ascribed to the high anionic charge on
the phosphine ligand and the associated intramolecular, inter-ligand Coulombic repulsion. In
the X-ray structure of the analogous bis-phosphine Pt(II) complex of p-TPPTP(H)6,88 a threedimensional network of both intra- and intermolecular hydrogen bonding between phosphonic
acid groups and solvent molecules was found, which may stabilize the cis-configuration in
this complex. Similarly, the reaction of TPPTP(H)6 with Co2(CO)8 yielded a supramolecular
network of cobalt aquo complexes stabilized by various interactions with the phosphonated
phosphine ligand.89 In a related report, the cis-configuration found in the complex PdCl2(28)2
has been attributed to a similar effect of intramolecular, inter-ligand hydrogen bonding.90 In
the complex cis-PtCl2(PTA(H))2, an extensive pattern of hydrogen bonding and electrostatic
interactions involving water, PTA, and HCl exists, although it is not likely that these
interactions are responsible for the observed cis-configuration, given the very small cone
angle of PTA (103°).91
A strong effect of hydrogen bonding was observed in the product distribution obtained by
the

reaction

of

trans-Ir(CO)(OH)(TPPMS)2

with

H2 .

Only

the

fac-isomer

of

Ir(CO)H3(TPPMS)2 was produced, instead of the expected mixture of facial and meridional
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isomers. This was attributed to intramolecular hydrogen bonding between the two coordinated
TPPMS ligands in fac-Ir(CO)H3(TPPMS)2, holding them in a respective cis-orientation.92
Trianionic tris-meta-sulfonated triphenylphosphine (TPPTS) forms predominantly the cisisomer of the complex PtCl2(TPPTS)2 (cis : trans = 3:1 in water). In contrast to the examples
described above, no evidence for important inter-ligand interactions have been described for
this complex.93
Dimethylamino-functionalized ligand 29 (Figure 5) has been reported to exclusively form
the trans-isomer of the complex PdBr2(29)2 in CDCl3.94 Remarkably, upon quaternization of
the amine functionalities with MeI, a trans- to cis-isomerization was observed, with
concomitant replacement of the bromide ligands for iodide. The obtained complex was
measured in dmso-d6. The corresponding iodide complex PdI2(29)2 was prepared for
comparison and was found to adopt a trans-orientation in acetone-d6, suggesting that the
reversal of stereochemistry is a consequence of quaternization of the amine functionalities,
rather than the replacement of the bromide ligands for iodide. An explanation for this effect
was not given by the authors. A change in the dipole moment of the bisphosphine Pd complex
upon quaternization of the amine groups might play a role, as this favors the cis-isomer in
polar solvents. However, the fact that the neutral and ionic complexes were analyzed in
different solvents (acetone versus dmso) might also be important.
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secondary interactions.
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Stelzer et al. reported that dimethylamino-functionalized phosphine 30 (Figure 6)
exclusively yields the cis-isomer of the complex PdCl2(30)2 upon reaction with
PdCl2(PhCN)2.95 In contrast, the protonated, tricationic analogue of 30 yields the trans-isomer
of the corresponding complex upon reaction with PdBr2. Furthermore, when the
dimethylamino groups in cis-PdCl2(30)2 were protonated by treatment with HCl, quantitative
cis- to trans- isomerization was observed. These effects were rationalized through
intramolecular Coulombic electrostatic repulsion forces between the two coordinated
tricationic ligands.
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Figure 6. Dependence of the coordination behavior of amino-functionalized phosphine 30 on its
charge.

Van Leeuwen et al. showed that the use of two different monodentate phosphine ligands
containing ionic substituents of opposite charge leads to an intramolecular, inter-ligand
associative interaction, even in strongly polar, protic solvents.96 The thus formed phosphine
ion pair increased the tendency towards formation of hetero-bisphosphine complexes, in
which the phosphine assembly can be regarded as a heterobidentate ligand. The described
associative interaction allows both cis- (31) and trans- (32) coordination in square-planar
transition metal complexes (Figure 7).
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Figure 7. An ionic associative interaction between phosphine ligands carrying functional groups of
opposite charge.

1.4 Conclusions
The introduction of ionic groups in the structure of a phosphine ligand not only alters its
solubility properties, but may also have profound effects on its coordination chemistry. Ionic
functionalities in general slightly increase the steric demand of the phosphine ligand.
Furthermore, cationic groups generally lead to a decreased electron donating ability, as a
result of the electron withdrawing field effect of these substituents. When methylene spacers
are present, the electronic effect decreases as the spacer length increases. Anionic substituents
can have either an electron withdrawing effect, such as a meta- or para-sulfonate group in
triarylphosphine ligands, or an electron donating effect, such as phosphonate groups in
triarylphosphine ligands and sulfonate groups in alkylphosphine ligands.
Apart from these steric and electronic effects, the presence of charged groups often leads to
additional effects that occur in the second coordination sphere of the metal complex, which
can significantly alter the behavior of the phosphine ligand in question. Such effects have been
observed in phosphine-metal association/dissociation equilibria, ligand substitution rates and
cis/trans-stereoisomerism in square planar bisphosphine-metal complexes. The nature of these
secondary interactions differs between anionic and cationic phosphines.
In the case of anionic phosphines, sulfonated phosphines in particular, two important
interactions play a role. Firstly, electrostatic repulsion between the anionic groups of
coordinated ligands leads to significant intra-molecular, inter-ligand repulsion, which
promotes ligand dissociation and adoption of a trans-configuration in bisphosphine-metal
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complexes. Coulombic repulsion between a metal complex and a free ligand also plays a role
and may influence, for example, the rate at which an incoming ligand reacts with a metal
complex. These repulsive interactions may be attenuated by charge shielding through solution
ionic strength. Secondly, formation of a hydrogen bonding network between the sulfonate
groups of adjacent ligands and solvent molecules, usually water, stabilizes this type of
complexes. The high hydrogen bond-accepting ability of sulfonate groups in some cases even
leads to enhancement of the stability of TPPTS metal complexes in water, compared to their
TPP analogues in organic solvents. In those cases, the electrostatic repulsion between
sulfonate groups is more than compensated for by the stabilization through hydrogen bonding.
In the case of phosphines substituted with cationic groups, in particular ammonium groups,
inter-ligand Coulombic repulsion leads to the same kind of behavior as found in anionic
phosphine ligands with respect to ligand association/dissociation equilibria, ligand substitution
rates and stereoisomerism in phosphine-metal complexes. However, cationic ligands in
general can not engage in a stabilizing hydrogen-bonding network, except for aminosubstituted phosphines, which may undergo protonation, such as PTA (18). In the case of
quaternary ammonium-substituted phosphines, hydrogen bonding interactions are negligible
and the behavior of these ligands is therefore dominated by Coulombic inter-ligand repulsive
interactions.
This review has led to new insights regarding the secondary inter-ligand interactions that
can play a role in the coordination chemistry of ionic phosphine ligands. These insights may
be useful as guidelines for explaining unexpected catalytic behavior of ionic phosphine
ligands which often differs dramatically from their neutral, unfunctionalized counterparts.
Furthermore, knowledge of the phenomena described herein may be used in a constructive
manner during the design of new ionic phosphine ligands, catalytic processes or functional
supramolecular assemblies.
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Fast

Suzuki-Miyaura

Cross-Coupling

Reaction

with

Hexacationic

Triarylphosphine Bn-Dendriphos as Ligand

The application of hexa[(dimethylamino)methyl]-functionalized triphenylphosphine (1) and its benzyl
ammonium salt, Bn-Dendriphos (2), in the Suzuki-Miyaura cross-coupling of aryl bromides with aryl
boronic acids is described. The 3,5-bis[(benzyldimethylammonio)methyl] substitution pattern in 2
leads to a rate enhancement compared to both the non-ionic parent compound 1 and
triphenylphosphine (PPh3) itself. At the same time, the resulting catalytic species are stable towards
palladium black formation, even at a phosphine/palladium ratio of 1. These observations are
attributed to the presence of a total of six ammonium groups in the backbone of the phosphine ligand,
which presumably leads to an unsaturated phosphine-palladium complex.
Dennis J. M. Snelders, Robert Kreiter, Judith J. Firet, Gerard van Koten and Robertus J. M. Klein Gebbink, Adv.
Synth. Catal. 2008, 350, 262-266.
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2.1 Introduction
Recently, we developed a novel class of hexaionic phosphines derived from the
hexa[(dimethylamino)methyl]-functionalized triarylphosphine core molecule 1 (P(NCN)3,
Figure 1), for which we coined the name Dendriphos ([P(NCN)3R6]X6, R = Me, Bn or Fréchet
wedge and X = Br or I).1 These novel ligands combine a triarylphosphine core with a shell of
six ammonium groups. Both NMR and molecular modeling experiments suggested the use of
these hexacationic phosphines as bulky ligands.1 At the same time, based on the solubility
range of these ligands, applications in both H2O and MeOH, as well as in organic solvents,
can be envisioned.
Me2N

NMe2

P

1, P(NCN)3
Me2N

NMe2

Me2N

NMe2

6 RBr

R

N
Me2

Me2N
R Me N
2
R

R
N
Me2

P

Br6
2, R = Bn
[P(NCN)3Bn6]Br6

NMe2
NMe2 R
R

Figure 1. Hexa-amino and hexa-ammonium functionalized triarylphosphines 1 and 2.

As our first investigation into the use of this class of ligands in homogeneous catalysis, we
applied Bn-Dendriphos (2, R = Bn, soluble in MeOH) in the Suzuki-Miyaura reaction, which
is a widely used, Pd-mediated C–C coupling method, tolerating numerous functional groups.2
The latter feature makes this reaction feasible for the preparation of, e.g., natural products or
pharmaceuticals.3 Most of these reactions apply aryl halides and boronic acids; boronic acids
being much less toxic and easier to handle than (main group) organometallic compounds used
in other cross coupling reactions.4 Among the successful examples of catalysts for this
reaction are ligand free Pd species5 and Pd complexes using various types of ligands, such as
N-heterocyclic carbenes6 and sterically constrained and electron rich monodentate phosphine
ligands, such as bulky trialkylphosphines,7 biarylphosphines8 and ferrocenylphosphines.9 In
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this report, we present our first results concerning the application of hexacationic
triarylphosphine Bn-Dendriphos (2) in this reaction and the remarkable rate-enhancing effect
of the 3,5-bis[(benzyldimethylammonio)methyl] substitution pattern in its ligand structure.
2.2 Results and Discussion
As model reaction we selected the coupling of 4-tolylboronic acid and methyl 4bromobenzoate giving methyl 4-tolylbenzoic ester 3 (reaction 1)
O
Br
MeO

+ (HO)2B

Pd(dba)2 / [P]-ligand
Na2CO3

O

MeOH / H2O, 65ºC

MeO

(1)
3

Table 1: Selected catalytic data for reaction 1.
Entry

Mol % Pd

Phosphine

L : Pd

50 % Yield
Time (min)a

Max. Yield (%)b
(Time (min))

1

3

2

4

2–4

100 (10)

2

3

PPh3

4

180

88 (420)

3

3

–

0

5c

99 (90)c

4

1

2

4

3–5

100 (10)

5

1

1

4

15 – 20

100 (130)

6

1

PPh3

4

120

96 (420)

7

0.1

2

4

4

100 (10)

8

0.01

2

4

20

96 (60)

9

0.01

2

2

10

99 (60)

10

0.01

2

1

4

98 (60)

11

0.01

–

0

5c

90 (20)c

12

–

2

–

–

0 (120)

13

3

2

4

–

0 (120)d

[a] Time at which the GC yield reached 50%; [b] Yield of the cross-coupled product, determined by GC; [c] Pd
black was formed; [d] No base was used.
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Pd(dba)2 was used as palladium source and Na2CO3 (2 equivalents with respect to the aryl
bromide) as base in a mixture of methanol and water (9/1, v/v) at 65 ºC. The hexacationic
phosphine [P(NCN)3Bn6]Br6 (2, Bn-Dendriphos) was tested as donor ligand at 3, 1, 0.1, and
0.01 mol% of Pd loading. The number of equivalents of phosphine per palladium center was
varied from 4 down to 1. Furthermore, hexacationic 2 was compared to the parent phosphine
P(NCN)3 (1) as well as to PPh3. Control reactions were run in the absence of phosphine, base
or palladium source. The catalyst performance is expressed as the time at which the coupling
yield reached 50%, as well as the maximum obtained yield and the required reaction time
(Table 1).
These experiments show that 2 exhibits a behavior that is dramatically different from that of
the benchmark ligand PPh3. For example, when four equivalents of 2 were applied at 1 mol%
Pd-loading, quantitative yield was reached within ten minutes, whereas in the case of PPh3 this
took up to seven hours. Neutral ligand 1 also gave a lower rate than that found for
hexacationic 2 (Figure 2), but performed better than PPh3.10

Figure 2: The effect of the ligand on reaction 1, at 1 mol% Pd-loading. In each case a
phosphine/palladium ratio of 4 was used.

Importantly, due to the activated nature of the aryl bromide employed, the present
benchmark reaction is extremely fast. In fact, in the absence of any ligand, quantitative yield
is obtained after 90 min at 3 mol % Pd, even though rapid Pd black formation is observed. At
0.01 mol% Pd, the ligand-free process resulted in a similar activity, reaching a maximum yield
of 90% after 20 min. These results are in line with those found by Bumagin et al., who
reported a ligand- and stabilizer-free, Pd catalyzed Suzuki reaction in water.5a,b Similar results
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at very low catalyst loadings were reported by de Vries et al.5c,d The use of a phosphine ligand
stabilizes the catalyst and can prevent the formation of Pd black. Due to the inhibitory role
played by the phosphine ligand in the case of PPh3,4 the reaction is slowed down dramatically.
Remarkably, the use of an equal amount of hexacationic 2 does not show any decrease in
reaction rate, while still preventing Pd black formation. As a result of high activity combined
with high stability, quantitative yield is obtained within 10 minutes, even at 0.1 mol % Pd
loading.
To test the lower limit of catalyst concentration, the Pd concentration was lowered from 3,
via 1 and 0.1 to 0.01 mol% using each time four equivalents of 2 (Table 1, entries 1, 4, 7 and
8). These experiments show that only at a concentration of 0.01 mol% Pd the reaction rate
starts to drop. When the ratio of ligand 2 to Pd was decreased from 4:1 to 2:1 and 1:1 at a Pdloading of 0.01 mol%, a slight increase in reaction rate was seen, while at the same time still
no Pd black formation was observed (Figure 3).

Figure 3: The effect of the ligand/Pd ratio on reaction 1, at 0.01 mol% Pd-loading using BnDendriphos.

To investigate the influence of the ammonium groups in Bn-Dendriphos on the reaction, 2
was tested in the absence of Pd (Table 1, entry 12). Ammonium salt promoted C–C coupling
reactions with11b and without11a Pd were reported before. The reported activities in the
‘absence’ of Pd were recently rationalized by the presence of trace amounts of metal in the
applied base.11c In our case, however, no conversion was observed in the absence of added Pd.
Therefore we believe that the activity observed originates from a homogeneous Bn-
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Dendriphos-Pd complex. In previous studies it was noted that aryl halides can be reduced by
primary and secondary alcohols in the presence of a Pd(0) source and a base.8c,12 In our
experiments, however, no detrimental effect of the use of MeOH was observed.
The performance of our catalytic system was further probed by performing the reaction with
several non-activated and deactivated aryl bromides, as well as with some challenging aryl
boronic acids (reaction 2 and Table 2).
0.1 mol % Pd(dba)2
0.4 mol % 2
Br

+

(HO)2B

R1

(2)
R2

MeOH / H2O, 65° C
3h

R1

R2

Table 2: Catalytic data for reaction 2.
Entry

Aryl
Aryl
Yield (%)a
Bromide Boronic acid
CO2Me

Entry

B(OH)2

1

Aryl
Aryl
Yield (%)a
Bromide Boronic acid
CO2Me

100

B(OH)2

6

100
NO2

Br

Br
B(OH)2

2

CO2Me

76

N

B(OH)2

7

99

Br
Br
B(OH)2

3

CO2Me

68
Br

4

CO2Me

58

82
Br

B(OH)2

CO2Me

57
Br

O
B(OH)2

10

57
Br

OH

[a] Yield of the cross-coupled product, determined by GC after 3 h of reaction time.
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9

Br
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B(OH)2
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The results in Table 2 show that several aryl boronic acids can be coupled with the same
efficiency as observed for 4-tolylboronic acid. Changing the aryl bromide, however, leads to a
decrease in the observed reaction rate. After 3 h of reaction time, moderate yields were
obtained for most aryl bromides. Even though Pd black was never observed, the yield
increased only marginally by letting the reactions run for an additional 3 h. This suggests that
our reaction conditions need further optimization for coupling of more challenging substrates.
Our results clearly indicate that hexacationic phosphine 2 can stabilize a Pd(0/II) centre,
without leading to inhibition of the reaction rate, as seen with the benchmark ligand PPh3. It
can thus be concluded that 2 has a very low inhibition factor.13 This indicates that 2 leads to a
preferential formation of coordinatively unsaturated phosphine Pd(0) species. The relatively
small observed difference in activity between high and low L : Pd ratios (Figure 3) supports
this view. Similar behavior has been described for bulky7b or bowl-shaped14 phosphine
ligands, but never for phosphine ligands based on a triarylphosphine having a shell of ionic
groups. Recently, an m-carboxylic acid functionalized triphenylphosphine ligand (m-TPPTC)
was reported, which showed increased reactivity in Sonogashira cross-couplings compared to
its sulfonated analogue (TPPTS).15 In this case however, the authors rationalize the results by
the increased basicity of the ligand. The results for 1 and 2 are in line with the molecular
modeling and coordination experiments on these ligands, reported elsewhere.1,16 Based on
these studies we predicted enlarged cone angles and a bulky behavior for 2. We believe that in
our case the Coulombic repulsion between neighboring phosphine ligands acts as a ‘pseudobulk’ and facilitates dissociation of 2 from the Pd centre, allowing in situ formation of
coordinatively highly unsaturated and catalytically active phosphine Pd(0) species.
2.3 Conclusions
The monodentate, hexacationic triarylphosphine ligand 2 leads, in combination with
Pd(dba)2, to an efficient catalytic system for the Suzuki-Miyaura cross-coupling reaction.
From the comparison with the non-ionic parent compound as well as the benchmark ligand
PPh3, the beneficial effect of the six ammonium groups on the reaction rate is apparent.
Lowering the 2/Pd(dba)2 molar ratio from 4 to 1 resulted in a slight increase of activity,
without noticeable effect on the stability of the palladium site in the complex. This indicates a
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preferential formation of coordinatively unsaturated Pd complexes, which is a property that
could be beneficial in a wide range of catalytic applications.
2.4 Experimental Section
General Remarks. All catalytic runs were carried out in a parallel reactor setup, using degassed
solvents. Pd(dba)2,17 P(NCN)3 (1),16 and Bn-Dendriphos (2)1 were prepared according to previously
reported procedures. Aryl bromides were obtained from Acros Chimica and used without further
purification. GC measurements were performed on a Perkin Elmer AutoSystem XL gas chromatograph
using pentadecane as an internal standard.

Synthesis of 4-tolylboronic acid. To a solution of 4-bromotoluene (5.0 mL, 40.62 mmol) in dry,
degassed THF n-BuLi (30.0 mL, 1.6 M, 48.00 mmol) was added dropwise at 100 oC. The mixture
was stirred for 15 min., B(O-i-Pr)3 (9.0 ml, 39.00 mmol) was added dropwise and the mixture was
allowed to warm up to room temperature. The product was extracted with NaOH (1M, 3  30 mL).
The aqueous layer was acidified with concentrated HCl and extracted with ethyl acetate (3  30 mL).
The organic layer was dried on MgSO4, filtered and evaporated to dryness. The resulting crude product
was purified by recrystallization from H2O. Yield: 3.81 g (72%). 1H NMR (300 MHz, acetone-d6):  =
7.76 (d, 2H, JHH = 7.8 Hz, ArH), 7.16 (d, 2H, JHH = 7.2 Hz, ArH), 7.03 (s, 2H, OH), 2.32 (s, 3H, CH3);
13

C NMR (300 MHz, acetone-d6):  = 141.5, 135.7, 129.7 (ArC), 22.20 (CH3).

General procedure for the Suzuki-Miyaura reaction. Aryl boronic acid (2.57 mmol), aryl bromide
(2.33 mmol), Na2CO3 (0.49 g, 4.6 mmol), Pd(dba)2 (3, 1, 0.1, or 0.01 mol % with respect to the aryl
bromide) and phosphine ligand 1, 2 or PPh3 (4, 2 or 1 equivalents with respect to the Pd(dba)2), were
placed in a vial under nitrogen. H2O (1.0 mL) and MeOH (9.0 mL) were added and the vials were
placed in a pre-heated oil bath. At appropriate intervals, samples (0.1 mL) were taken and worked-up
by adding 1M NaOH (1.0 mL) and CH2Cl2 (1.5 mL). The organic layer was used for GC-analysis,
using pentadecane as an internal standard. In the GC, the aryl bromide, the cross-coupled product and
the internal standard were detected. No other (side) products were observed.
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Hexacationic Dendriphos Ligands in the Pd-Catalyzed Suzuki-Miyaura
Cross-Coupling Reaction: Scope and Mechanistic Studies

The combination of Pd2dba3.CHCl3 and hexacationic triarylphosphine-based Dendriphos ligands (1-3)
leads to a highly active catalytic system in the Suzuki-Miyaura cross-coupling reaction. Under
relatively mild reaction conditions, non-activated aryl bromides and activated aryl chlorides can be
coupled at a low Pd loading (0.1 mol %). The observed activity of this catalytic system, in particular in
coupling reactions of aryl chlorides, is dramatically higher than that of conventional Pd catalysts
employing triarylphosphine ligands. Through control and poisoning experiments, it is concluded that a
homogeneous Pd(0)-Dendriphos complex is the active species in this catalytic system. Despite their
triarylphosphine-based structure, Dendriphos ligands behave as very bulky phosphine ligands and
lead to a preferential formation of coordinatively unsaturated and catalytically active Pd(0) species,
which explains the observed high catalytic activity for these systems. The presence of six permanent
cationic charges in the backbone of this class of ligands is proposed to result in a significant interligand Coulombic repulsion and plays a crucial role in their bulky behavior. In the coupling reactions
of activated aryl chlorides, a positive dendritic kinetic effect was observed among the different
Dendriphos generations, indicating an increased ability of the higher ligand generations to stabilize
the active species due to steric effects. For aryl bromides, no dendritic effect was observed due to a
shift in the rate determining step in the catalytic cycle, from oxidative addition for aryl chlorides, to
transmetalation for aryl bromides.
Dennis J. M. Snelders, Gerard van Koten and Robertus J. M. Klein Gebbink, J. Am. Chem. Soc. 2009, 131,
11407-11416.
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3.1 Introduction
The use of core-functionalized dendrimers as macromolecular catalysts is of great interest,
as they offer the possibility to control the local environment of the catalytic site. As an effect
of dendritic encapsulation, an improved stability of the catalyst may be observed.
Furthermore, advantages such as substrate preconcentration or selectivity may arise from
control of the polarity or steric crowding of the local environment of the catalytic site.
However, the use of this type of catalyst often has negative kinetic consequences due to a
decreased accessibility of the catalytic site.1 Core-functionalized dendritic catalysts leading to
faster reaction rates are therefore quite rare.2
Recently, we have developed the hexacationic Dendriphos ligands (1-3, Figure 1).3 This
family of ligands was designed in analogy to octacationic dendrimers containing Fréchet-type
dendrons4 which have been applied as noncovalent supports for homogeneous catalysts.5
Dendriphos ligands combine the triphenylphosphine motif, located at their core, with six
permanent cationic substituents (ammonium groups), which furthermore allow for variations
in ligand size and solubility by means of alteration of the ammonium substituent, ranging e.g.
from a benzyl group (1) to first (2) and second (3) generation Fréchet dendrons. Through
coordination of the phosphine functionality to an appropriate metal source, these ligands allow
in situ formation of core-functionalized dendritic homogeneous catalysts.
Several examples of dendritic structures in which a phosphine functionality is located at the
core of the dendrimer2b,e,6 and their applications in catalysis have been reported. In contrast to
dendritic catalysts containing multiple phosphine functionalities located at the periphery of the
dendrimer,7 such dendritic phosphines offer the possibility to control the coordination sphere
of a single metal centre by site isolation effects. For example, the great steric demand of
dendritic wedges attached to a phosphine functionality can lead to coordinatively unsaturated
and highly reactive metal centres.2b
The consequences of introducing charged groups in coordinating ligands are studied far less
frequently.8 Although several examples of phosphine ligands bearing ionic substituents exist,9
in most of these published works, focus lies on enhancing the solubility of catalysts in polar or
non-conventional media, enabling their recycling, e.g. through a biphasic setup. Recently,
Shaughnessy et al.8c have reported that the presence of ionic substituents on triarylphosphines
can significantly influence their structural features. We therefore anticipated that Dendriphos

40

Chapter 3

ligands, combining as many as six permanent cationic charges in their structure with a large,
sterically demanding dendritic shell, could exhibit interesting properties when applied as
ligands in transition metal-catalyzed reactions.
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Figure 1: Hexacationic Dendriphos ligands.

In

Chapter

2,

we

showed

the

rate-enhancing

effect

of

the

3,5-

bis[(benzyldimethylammonio)methyl] substitution pattern in G0-Dendriphos (1) when this
ligand was employed in combination with Pd(dba)2 in the Suzuki-Miyaura coupling reaction
of methyl 4-bromobenzoate with 4-tolylboronic acid.10 We tentatively attributed this effect to
a Coulombic inter-ligand repulsion, facilitating the in situ formation of coordinatively
unsaturated and catalytically active Pd(0) species. We now extend our studies to the
application of 1 and the higher generation Dendriphos ligands 2 and 3 for the catalytic
conversion of more challenging substrates, in particular aryl chlorides. Here, we present the
scope and limitations of this catalytic system in the Suzuki-Miyaura reaction, as well as
investigations into the nature of the in situ formed active species, through control and
poisoning experiments and kinetic investigations. Furthermore, the effects of both the charged
groups and the sterically demanding dendrons in the ligand structure of 1-3 on the properties
of these ligands and their corresponding catalysts are discussed.
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3.2 Results
3.2.1 Optimization of reaction conditions. We initially set out to optimize the reaction
conditions and to extend the scope of Suzuki-Miyaura couplings catalyzed by the combination
of Pd2dba3.CHCl3 and 1. The cross-coupling of the non-activated substrates 4-bromotoluene
and phenylboronic acid yielding 4-phenyltoluene (reaction 1) was selected as a benchmark
reaction. The catalytic screening experiments were performed using a Chemspeed ASW 2000
workstation, allowing automated sampling and workup of the samples. The reactions were
initiated by addition of a solution of the Pd precursor to a hot mixture of the other materials.
The reactions were monitored by GC analysis after appropriate intervals up to 3 h.
Pd2(dba)3.CHCl3, 1
(1)

Br + (HO)2B

Base, Solvent, 10 % H2O

Table 1: Effect of the solvent in reaction 1.a
Entry

Solvent

Yield (%)b

1

MeOH

88

2

EtOH

88

3

DMF

89

4

DME

19c

5

Toluene

18c

[a] Reaction conditions: 4-bromotoluene (1.0 mmol), phenylboronic acid (2.0 mmol), NaOH (2.2 mmol), solvent
(6.3 mL), H2O (0.7 mL), Pd2(dba)3.CHCl3 (0.5 mol %), 1 (2.5 mol %, L : Pd = 2.5), 65 °C, 3 h. [b] Yield of 4phenyltoluene, determined by GC, using pentadecane as internal standard. [c] Formation of Pd-black was
observed.

Initially, the effect of the solvent was investigated (Table 1). Toluene and DME were not
suitable due to the low solubility of the ligand in these solvents, which led to precipitation of
elemental Pd (Pd-black). The use of either aqueous MeOH, EtOH or DMF in combination
with NaOH as the base, each gave high coupling yields at a Pd loading of 1 mol %. Provided
that the reactions were carried out under an inert atmosphere, Pd-black formation was not
observed in these solvents and the reaction mixtures remained clear yellow solutions
throughout the course of the reaction. Analysis of the reaction mixtures by GC showed only
the cross-coupled product and unreacted starting material.11
Subsequently, the effect of the base was tested (at 0.1 mol % Pd loading, Table 2). In
aqueous MeOH, each of the bases Na3PO4, NaOH and K2CO3 gave good results, while lower
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activities were observed for CsF, KF, Na2CO3, Cs2CO3 and triethylamine. NaOH was the base
of choice for further experiments, as it forms homogeneous solutions in aqueous MeOH,
which entails practical advantages for using the Chemspeed automated setup for these
reactions.
Table 2: Effect of the base in reaction 1.a
Entry

Base

Yield (%)b

1

Na3PO4

84

2

NaOH

79

3

K2CO3

76

4

Na2CO3

59

5

Cs2CO3

56

6

CsF

51

7

KF

44

8

Et3N

36

[a] Reaction conditions: 4-bromotoluene (1.0 mmol), phenylboronic acid (2.0 mmol), base (2.2 mmol), MeOH
(6.3 mL), H2O (0.7 mL), Pd2(dba)3.CHCl3 (0.05 mol %), 1 (0.25 mol %, L : Pd = 2.5), reflux, 3 h. [b] Yield of 4phenyltoluene, determined by GC using pentadecane as internal standard.

Using the optimal base/solvent combination, the concentration of 1 with respect to Pd (L :
Pd ratio) was varied (Table 3). At a ratio of 1.0, Pd black formation was observed and a low
yield was obtained. Increasing the ratio to 2.5 led to a stable catalytic system, giving high
yields without formation of Pd black. Further increasing the L : Pd ratio did not lead to a
significant change in the reaction yield (Table 3, entries 1-4). The effect of varying the Pd
loading, while keeping the ligand : Pd ratio constant (i.e. 2.5) was also investigated. It was
found that the obtained yield after 3 h of reaction time was nearly independent of the Pd
loading in the range of 0.01-1.0 mol % (entries 3, 5 and 6). Further lowering the amount of Pd
led to a distinct decrease in the yield (entry 7).
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Table 3: Effects of varying the L : Pd ratio and the Pd loading in reaction 1.a
Entry

Mol% Pd

L : Pd

Time (h)

Yield (%)b

1

0.1

1.0

3

24c

2

0.1

2.0

3

85c

3

0.1

2.5

3 (22)

79 (99)

4

0.1

4.0

3

73

5

1.0

2.5

3

88

6

0.01

2.5

3 (22)

85 (85)

7

0.001

2.5

3

36

[a] Reaction conditions: 4-bromotoluene (1.0 mmol), phenylboronic acid (2.0 mmol), NaOH (2.2 mmol), MeOH
(6.3 mL), H2O (0.7 mL), reflux. [b] Yield of 4-phenyltoluene, determined by GC using pentadecane as internal
standard, average of two independent runs. [c] Pd black formation was observed.

In contrast to the Suzuki-Miyaura cross-coupling reaction of aryl iodides and bromides, the
coupling of less expensive, but relatively unreactive aryl chlorides can be problematic and in
general requires a dedicated catalyst.12 In order to explore the activity of Dendriphos ligands
in the coupling of these substrates, we tested the coupling of 4-nitrochlorobenzene, an
activated aryl chloride, with phenylboronic acid, yielding 4-nitrobiphenyl (reaction 2). The
optimized conditions employed for reaction 1 were found to be ineffective for reaction 2. By
changing the solvent and the base, large increases in the catalyst performance could be
achieved (Table 4). It was found that the best base/solvent combination was CsF in dioxane,
without addition of H2O. With these conditions, quantitative yield of the cross-coupled
product was obtained within 16 h at 90 °C at a Pd loading of 0.1 mol %. Lowering the loading
from 0.1 mol % to 0.01 mol % led to a decreased rate and yield, while an increase to 1 mol%
gave similar activity (results not shown). No other products than the cross-coupled product
were observed by GC.
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Pd2(dba)3.CHCl3
1 (L : Pd = 2.5)
O2N

Cl + (HO)2B

O2N

(2)

Base, Solvent

Table 4: Optimization of reaction conditions for reaction 2.a
Entry

Base

Solvent

Temp (°C)

Time (h)b

Yield (%)c

1

NaOH

MeOH / 10% H2O

68

3

0

2

NaOH

DMF / 10% H2O

100

16

26

3

KF

THF

66

16

68

4

KF

Dioxane

90

16

94

5

K2CO3

Dioxane

90

16

55

6

Cs2CO3

Dioxane

90

16

98

7

CsF

Dioxane

90

16

>99

8

CsF

Dioxane / 10% H2O

90

16

83

[a] Reaction conditions: 4-nitrochlorobenzene (1.0 mmol), phenylboronic acid (2.0 mmol), base (2.2 mmol),
solvent (7.0 mL), Pd2(dba)3.CHCl3 (0.05 mol %), 1 (0.25 mol%, L : Pd = 2.5). [b] Reaction times were not
optimized. [c] Yield of 4-nitrobiphenyl, determined by GC using pentadecane as internal standard.

3.2.2 Substrate scope. Using the two sets of optimized reaction conditions, cross-coupling
reactions of several aryl bromide and aryl chloride substrates with phenylboronic acid were
then carried out at a Pd loading of 0.1 mol % (reaction 3, Table 5). Aryl bromides could be
coupled efficiently using either NaOH in aqueous MeOH (condition I), or using CsF in
dioxane (condition II). Aryl chlorides could only be coupled using the latter combination and
higher yields were obtained by using a slightly higher amount of ligand (L : Pd = 4).13 With
these conditions, the system reached full conversion to the cross-coupled products within 22 h
with several electronically deactivated aryl bromides (entries 1-3) and aryl bromides
containing coordinating or other functional groups (entries 4-6). In the case of 4bromostyrene, the product was isolated and its identity confirmed by 1H NMR.14 Aryl
chlorides containing an electron-withdrawing substituent at the aryl ring, as well as 2chloropyridine, could be coupled with moderate to excellent yields within 22 h (entries 7-11).
For the nonactivated 4-chlorotoluene, only a trace of product was obtained (entry 12). For
entries 10-12, prolonging the reaction time to 46 h or increasing the Pd loading to 1 mol % did
not significantly improve the reaction yields.
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Pd2(dba)3.CHCl3
1 (L : Pd = 2.5-4.0)

X + (HO)2B
R

(3)
R

Condition I or II

Table 5: Results for cross-coupling of aryl halides with phenylboronic acid using Pd2(dba)3.CHCl3 / 1.
Entry
1

2

3

4

Conditionsa

Time (h)

Yield (%)b

I

22

99

II

22

99c

I

22

>99

II

3

>99c

I

22

75

II

22

91

Br

I

22

98

Br

I

3

>99

Br

I

22

98d

Aryl Halide
Br

MeO

Br

H2N

Br

MeS

5

N

6
7

O2N

Cl

II

6

99

8

N C

Cl

II

22

90

Cl

II

6

84

Cl

II

22

70

Cl

II

22

62

Cl

II

22

7

9

N
O

10
11

MeO

F3C

12

[a] Reaction Conditions: I: aryl bromide (1.0 mmol), phenylboronic acid (2.0 mmol), NaOH (2.2 mmol), MeOH
(6.3 mL), H2O (0.7 mL), Pd2(dba)3.CHCl3 (0.05 mol %), 1 (0.25 mol %, L : Pd = 2.5), reflux temperature. II: aryl
halide (1.0 mmol), phenylboronic acid (2.0 mmol), CsF (2.2 mmol), dioxane (7.0 mL), Pd2(dba)3.CHCl3 (0.05
mol %), 1 (0.40 mol %, L : Pd = 4.0), 95 °C. [b] Yields of the cross-coupled products, determined by GC using
pentadecane as internal standard; averages of 2 independent runs. [c] Reaction temperature: 70 °C; 0.05 mol % of
Pd2(dba)3.CHCl3 and 0.25 mol % of 1 were used. [d] The cross-coupled product was isolated and its identity
confirmed by 1H-NMR.
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Coupling reactions yielding sterically hindered biaryl derivatives were attempted as well
(Table 6). 2-Bromotoluene as well as 2-bromo-m-xylene could be efficiently coupled with
phenylboronic acid (entries 1 and 2). The coupling reactions of these aryl bromides with
sterically hindered mesitylboronic acid proved much more difficult; the biaryl derivative
containing three ortho-methyl groups could be synthesized in 35 % yield, but no coupling
product was formed with four ortho-methyl groups (entries 3 and 4).
Table 6: Synthesis of sterically hindered biaryl derivatives using Pd2(dba)3.CHCl3 / 1.
Entry

Aryl Halide

Aryl Boronic Acid

Conditionsa

Time (h)

Yield (%)b

Br

(HO)2B

I

22

>99

2

Br

(HO)2B

I

22

90

3

Br

(HO)2B

II

22

35

4

Br

(HO)2B

II

22

0

1

[a] Reaction Conditions: I: aryl bromide (1.0 mmol), phenylboronic acid (2.0 mmol), NaOH (2.2 mmol), MeOH
(6.3 mL), H2O (0.7 mL), Pd2(dba)3.CHCl3 (0.05 mol %), 1 (0.25 mol %, L : Pd = 2.5), reflux temperature. II: aryl
bromide (1.0 mmol), phenylboronic acid (2.0 mmol), CsF (2.2 mmol), dioxane (7.0 mL), Pd2(dba)3.CHCl3 (0.05
mol %), 1 (0.40 mol %, L : Pd = 4.0), 95 °C. [b] Yields of the cross-coupled products, determined by GC using
pentadecane as internal standard; averages of 2 independent runs.

3.2.3 Comparison of the Pd / Dendriphos system to known catalytic systems. In order to
place the activity of the present catalytic system in perspective, we performed the coupling
reaction of methyl 4-chlorobenzoate with phenylboronic acid (reaction 4) using several
different commercially available catalysts, using our experimental setup and reaction
conditions. All reactions were carried out using a Pd loading of 0.1 mol %. Where applicable,
optimal L : Pd ratios as described in literature were used. Samples were taken at appropriate
time intervals in order to establish the minimum required time to reach maximum conversion
for each catalytic system. The results are shown in Table 7.
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0.1 mol % Catalyst

O

CsF, Dioxane, 95 °C

MeO

O
Cl + (HO)2B
MeO

(4)

Table 7: Comparison of Pd / 1 to commercially available catalysts in reaction 4.a
Entry

Catalyst

Time (h)

Yield (%)b

1

Pd(OAc)2 + Sphos (L : Pd = 2)

0.5

>99

2

Pd(OAc)2 + CataCXium A (L : Pd = 2)

0.5

>99

3

Pd2(dba)3.CHCl3 + P(t-Bu)3HBF4 (L : Pd = 1.2)

0.5 (22)

53 (99)

4

Pd(OAc)2 + 1 (L : Pd = 6)

22

73

5

Pd2(dba)3.CHCl3 + 1 (L : Pd = 4)

22

70

6

Pd2(dba)3.CHCl3 + P(o-tolyl)3 (L : Pd = 4)

22

65

7

PEPPSI

0.5 (22)

37 (42)15

8

Pd(OAc)2 + PPh3 (L : Pd = 4)

22

6

9

PdCl2dppf

22

2

10

Pd(PPh3)4

22

1

[a] Reaction conditions: methyl 4-chlorobenzoate (1.0 mmol), phenylboronic acid (2.0 mmol), CsF (2.2 mmol),
dioxane (7.0 mL), catalyst (0.1 mol %), 95 °C. [b] Yield of methyl 4-phenylbenzoate, determined by GC using
pentadecane as internal standard; average of 2 independent runs.

N
PCy2
MeO

N

P
Cl Pd Cl
N

OMe

Cl
SPhos

CataCXium A

PEPPSI

Figure 2: Commercially available ligands used for benchmarking of 1.

The results clearly show the superiority of the bulky, strongly -donating ligands
CataCXium A34a and S-phos35d (Figure 2) both used in combination with Pd(OAc)2, which gave
quantitative yields within 0.5 h (entries 1 and 2). On the other hand, conventional catalysts
based on triphenylphosphine, as well as PdCl2dppf, are totally ineffective for this reaction
(entries 8-10). Systems employing 1 gave moderate yields (entries 4 and 5), ranking these
systems in the middle of this catalytic spectrum. Notably, the use of Pd(OAc)2 instead of
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Pd2dba3.CHCl3 resulted in a slightly higher yield, but a higher concentration of 1 (L : Pd = 6)
was required for optimal activity. The use of the well-known, bulky ligand P(o-tolyl)3 gave an
activity comparable to the systems using 1. In the case of P(t-Bu)3,33a the observed initial
activity was very high (53 % yield after 0.5 h). However, some Pd-black was formed and the
activity dropped quickly. Quantitative conversion could nevertheless be obtained within 22 h
(entry 3). Similar behavior was observed for the PEPPSI catalyst37b (entry 7). However, in this
case, the catalyst became nearly inactive after 0.5 h under these conditions.15
3.2.4 Investigations into the nature of the active species. In order to gain insight into the
nature of the active species that is formed in situ upon combination of 1 and Pd2dba3.CHCl3,
we performed several control runs (Figure 3). These experiments were performed using the
representative substrates 4-bromotoluene and 4-nitrochlorobenzene, using their respective
optimal reaction conditions (reactions 5 and 6, respectively).
0.05 mol % Pd2(dba)3.CHCl3
Ligand (L : Pd = 2.5)
Br + (HO)2B

(5)
NaOH, aq. MeOH,
Reflux, 3 h.

0.05 mol % Pd2(dba)3.CHCl3
Ligand (L : Pd = 2.5)
O2N

Cl + (HO)2B

O2N

(6)

CsF, Dioxane,
95 °C, 16 h.

Figure 3: Control runs for investigating the nature of the active species.
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Runs in the absence of ligand, or in the presence of the benchmark ligand PPh3, each gave
very low conversions under identical conditions for both of these reactions. These
observations indicate the beneficial effect of the use of ligand 1. Furthermore, the use of the
phosphine oxide of 1 (1-oxide) led to rapid Pd black formation and very low yields, indicating
that coordination of the phosphine functionality to Pd is required for activity in this system.
Finally,

the

addition

of

the

quaternary

ammonium

salt

3,5-

bis[(benzyldimethylammonio)methyl)]benzene dibromide (4), which is structurally analogous
to 1, did not lead to any increase in activity, either as the only additive, or in combination with
PPh3. This shows that the activity observed by the use of ligand 1 does not depend on the
simple presence of quaternary ammonium bromide groups.
The effect of adding poisons for ligandless Pd species to reaction mixtures containing
Pd2dba3.CHCl3 and 1 in our benchmark coupling reaction of 4-bromotoluene (reaction 5), was
investigated as well. The poisons were added to the catalytic mixtures, a few seconds after the
Pd precursor had been added to a hot mixture of the other components, and compared to a run
in which no poison was added (Figure 4).

Figure 4. Poisoning tests for the catalytic system Pd2dba3.CHCl3 / 1 in reaction 5.

Addition of a drop of mercury led to a gradual decrease in activity. The initially yellow
reaction mixture slowly turned colorless, indicating that all of the Pd in solution was slowly
being absorbed by the drop of mercury. However, addition of poly(4-vinylpyridine) (PVPy)16
(300 or 600 molar equivalents of pyridine repeat units with respect to Pd) did not have any
effect on the activity. Indeed, these mixtures stayed yellow throughout the reaction. These
observations suggest that naked Pd(0) species might be present in solution in low
concentrations and that they can be absorbed by Hg but not by PVPy. For comparison, the
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effect of adding mercury to a catalytic mixture using the benchmark catalyst Pd(PPh3)4 was
tested under identical conditions. In this case, the activity was immediately and completely
inhibited (results not shown).
3.2.5 Activities of Dendriphos ligands of higher generations. The higher Dendriphos
ligand generations, 2 and 3, were both tested alongside 1 in the coupling of a selected number
of electronically different aryl halides (reaction 7). For each of the ligand generations, a L: Pd
ratio of 2.5 was used at 0.1 mol % Pd loading. Kinetic profiles for the coupling reactions of
each of the aryl halides with phenylboronic acid are shown in Figure 5.

R

X + (HO)2B

Pd2(dba)3.CHCl3
1, 2 or 3 (L : Pd = 2.5)

R

(7)

CsF, Dioxane

Figure 5. Kinetic profiles for the coupling reactions of 4-nitrochlorobenzene (a, c), methyl 4chlorobenzoate (b), 4-bromotoluene (d), 4-bromonitrobenzene (e) and 4-bromoanisole (f) with
phenylboronic acid. Reaction conditions: aryl halide (1.0 mmol), phenylboronic acid (2.0 mmol), CsF
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(2.2 mmol), dioxane (7.0 mL), Pd2(dba)3.CHCl3 (0.05 mol %), 1, 2 or 3 (0.25 mol %, L : Pd = 2.5).
Yields were determined by GC using pentadecane as internal standard and are averages of two
independent runs.

In the coupling reactions of aryl chlorides, clear rate accelerations were observed by the use
of a ligand of higher generation.17 In the case of 4-nitrochlorobenzene, this effect was readily
observed at 70 °C (Figure 5a), and increasing the temperature led to higher rates for all the
generations (Figure 5c). For methyl 4-chlorobenzoate (Figure 5b), a reaction temperature of
95 °C was required to obtain appreciable activity. Even though a positive dendritic effect was
observed in the initial stages of the reaction, the highest coupling yield after 22 h for this
reaction was reached using 1 (70 %). Ligands 2 and 3 gave lower yields for the coupling
reaction of methyl 4-chlorobenzoate after 22 h (51% and 41% respectively), indicating that for
these ligands the catalyst is less stable under the reaction conditions used. A possible
explanation for this catalyst deactivation could be slow thermal ligand degradation in case of 2
and 3.18 For each of the aryl bromides, the different ligand generations gave essentially
identical reaction rates (Figures 5d-f). Furthermore, very small differences in coupling rates
were observed, even among the electronically very different aryl bromides 4bromonitrobenzene (Figure 5e) and 4-bromoanisole (Figure 5f).
3.2.6 Kinetic investigations. In order to obtain insight into the origin of the dendritic
kinetic effects depicted in Figure 5, additional kinetic investigations were carried out under
identical conditions, using 1 as ligand. Thus, the effects of increasing the concentrations of
either the aryl halide or that of the activated phenylboronic acid19 on the initial reaction rate,
were investigated for two different substrates, i.e. 4-chloronitrobenzene and 4-bromotoluene.
No clear orders in the substrates could be derived from the obtained data, but qualitative
trends were observed. The effect of increasing the concentration of 1 with respect to Pd on the
kinetic profile was also investigated.
In the case of 4-nitrochlorobenzene (Figure 6), increasing the concentration of the aryl
halide led to a strong, non-linear increase of the initial reaction rate, but no further increase
was observed beyond a concentration of 0.43 mol L-1. In contrast, the concentration of the
activated boronic acid did not significantly influence the observed reaction rate. Increasing the
concentration of 1 did not influence the initial reaction rate, but as the reaction progressed, the
differences in the rates of the individual reactions grew dramatically; a clear decrease in rate
was observed upon increasing the L : Pd ratio from 2.5 to 6.0.
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Figure 6: The effects of increasing the concentration of aryl halide (a), activated boronic acid (b) and 1
(c), respectively, in reaction 7, with R = NO2, X = Cl, T = 95 °C.

Figure 7: The effects of increasing the concentration of aryl halide (a), activated boronic acid (b) and 1
(c), respectively, in reaction 7, with R = Me, X = Br, T = 70 °C.
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In the case of 4-bromotoluene (Figure 7), small positive influences on the initial rate were
found for both the concentrations of the aryl halide as well as that of the activated boronic
acid. Increasing the concentration of 1 from L : Pd = 2.5 to 6.0 led to a distinct decrease in the
observed rate, but no further change was observed by increasing the concentration to L : Pd =
8.0.
3.3 Discussion
3.3.1 The nature of the active species. The combination of Pd2dba3.CHCl3 and Dendriphos
ligands can achieve Suzuki-Miyaura couplings of non-activated aryl bromides as well as
activated aryl chlorides at a Pd loading of only 0.1 mol %. This activity is dramatically higher
than that of conventional systems employing PPh3 as ligand (Figure 3, Table 7). The structure
of Dendriphos ligands incorporates not only a phosphine function, but quaternary ammonium
groups, bromide ions and dendritic wedges as well. Before considering the reasons for the
increased activity of Dendriphos ligands with respect to PPh3 in terms of ligand structures, a
careful investigation as to whether the active species in this catalytic system is a homogeneous
Pd-Dendriphos coordination complex or Pd nanoparticles that are stabilized by Dendriphos is
thus appropriate. In general, if catalytically active metal nanoparticles are being generated in
situ from homogeneous catalyst precursors during a catalytic reaction, observation of
induction periods and sigmoidal kinetics are considered a ‘telltale sign’.20 The kinetic traces of
the present catalytic system show neither sigmoidal kinetics nor induction periods (except in
one case, see Figure 5a and reference 17). It is widely acknowledged that the addition of
quaternary ammonium halide salts, such as tetrabutylammonium bromide (TBAB) in high
concentrations (50-100 mol %), can improve the catalytic efficiency in Suzuki-Miyaura
couplings and this effect is generally attributed to stabilization of catalytically active Pd
nanoclusters.21,22,23 We investigated the possible influence of the ammonium bromide groups
in the architecture of 1 on the observed activity, even though they are only present in very low
concentrations (6 equiv. per ligand molecule, giving 1.5 mol % of tetraalkyl ammonium
groups under our standard conditions). The use of the same concentration of a structurally
analogous salt (4) did not lead to any improvement of the activity, either in the presence or
absence of PPh3 as ligand (Figure 3). Furthermore, using the phosphine oxide of ligand 1 gave
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very low conversions and led to Pd black formation, indicating that the palladium in solution
is stabilized by the phosphine function and not by the ammonium groups.
Stabilization of palladium nanoparticles, leading to catalytically active systems in C-C cross
coupling reactions, can also be achieved by other means, such as immobilization on a solid
support24 or by in situ generation in polyethylene glycol (PEG-400).25 Encapsulation or
stabilization of Pd nanoparticles by non-ionic dendrimers have also been reported.26 Recently,
phosphine oxide-functionalized, Fréchet-type dendrons were reported to stabilize palladium
nanoparticles, which were used as catalysts in the Suzuki-Miyaura reaction.27,28 In order to
investigate the possibility that such stabilization effects play a role in the present system, we
employed two well known poisoning tests. Poly(4-vinylpyridine) (PVPy)16 is known to act as
a selective trap for homogeneous, ligandless Pd(0) species. Addition of PVPy to the catalytic
system Pd2dba3.CHCl3 / 1 did not have any effect on the catalytic activity (Figure 4). This is a
strong indication that in the present system, the observed activity can not be attributed to
ligandless Pd(0) species, but to a homogeneous Pd-Dendriphos complex of the type Pd(0)Ln.
Addition of mercury led to a gradual decrease of activity. If mercury inhibits the activity, it is
concluded that either ligandless Pd(0) species are the true active species, or that catalysis
occurs via a cycle with a Pd(0) intermediate.23 The latter is most likely the case for the present
system. For comparison, we tested the effect of adding mercury to a catalytic reaction
employing the benchmark catalyst Pd(PPh3)4 under identical conditions. In this case, an
immediate and complete inhibition was observed. It is generally accepted that Pd(PPh3)4 in the
absence of any stabilizer does not form Pd nanoparticles in solution. It thus seems that
inhibition by Hg might not be a reliable indication for catalysis by Pd nanoparticles for Pdphosphine systems.29
Finally, the presence of halide ions in solution can have profound effects on the structure of
several species that are involved in the catalytic cycle, thereby influencing the observed
catalytic rate.30 However, as halide ions, originating from the aryl halide substrate, are
naturally released into solution in high concentration as the reaction progresses, as a
consequence of the transmetalation step in the Suzuki-Miyaura reaction,38 it is unlikely that
the low added concentration of bromide ions originating from ligands 1-3 should have a
significant effect. Indeed, no effect was observed when ammonium bromide salt 4 was added
to a mixture employing PPh3 as ligand (Figure 3).
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3.3.2 Ligand structure of Dendriphos in relation to activity in coupling reactions of aryl
chlorides. Conventional catalysts such as Pd(PPh3)4 and Pd(OAc)2 + 2-4 equiv. PPh3 are very
effective in the coupling of aryl bromides and iodides, but their activities in the coupling
reaction of aryl chlorides are low and they require Pd loadings as high as 3-5 mol %, in order
to give moderate yields at best.31 The most efficient ligands for the Suzuki-Miyaura reaction,
in particular for reactions using aryl chlorides12 are strongly -donating phosphines with large
cone angles,32 such as the trialkylphosphines employed by Fu et al.33 and Beller et al.34 and the
o-(dialkylphosphino)biphenyl-based ligands developed by Buchwald et al.35 A second class of
highly effective ligands are the N-heterocyclic carbenes developed by Nolan et al.36 and Organ
et al.37 These systems can achieve couplings of challenging aryl chlorides using low Pd
loadings at room temperature.
The first step in the catalytic cycle of the Suzuki-Miyaura reaction is oxidative addition of
ArX (X = I, Br or Cl) to Pd(0)Ln (L = phosphine ligand; n = 1 or 2), forming ArPd(II)XLn
(Figure 9).38 Theoretical studies have shown that, in the case of aryl bromides and aryl
chlorides, oxidative addition to Pd(0)L is the energetically preferred pathway, while aryl
iodides react with Pd(0)L2.39 This finding is consistent with experimental observations.40 In the
case of aryl chlorides, the oxidative addition can be problematic due to the strength of the ArCl bond and is considered to be the overall rate determining step in the catalytic cycle. The
ability of a system to stabilize Pd(0)L species, which is largely dependent on the steric
properties of the ligand,41 thus plays a great role in determining its efficiency in the SuzukiMiyaura reaction, especially with aryl chlorides.39d, 42 Dendriphos ligands are one of the few
examples of triarylphosphines that exhibit considerable activity in the coupling of aryl
chlorides. Other cases reported until now include ferrocene-containing triarylphosphine
ligands43 such as 5,43a bis(3-chlorophenyl)phenylphosphine (6)44 and bowl-shaped phosphine
ligands such as 745 (Figure 8). For these systems, the activity observed is ascribed to facilitated
dissociation of these ligands from Pd, generating the coordinatively unsaturated and
catalytically active species. In the case of 6, this effect was tentatively ascribed to the
increased steric bulk and decreased donating ability of the ligand. In the case of 7, the effect
was ascribed to the specific bowl-shaped geometry of the ligand. The activity that we
observed for the well-known bulky ligand P(o-tolyl)3 (Table 7) can be ascribed to a similar
effect, i.e. to the presence of the ortho-substituents in the ligand.
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Figure 8: Examples of triarylphosphine ligands that have shown appreciable activity in SuzukiMiyaura couplings of aryl chloride substrates.

Recently, triarylphosphines substituted with dendritic tetraethylene glycol moieties (8)6h
were reported. Their high activity in the Suzuki-Miyaura coupling of aryl chloride substrates
was ascribed to their large size, which excludes other large phosphines from the coordination
sphere

of

the

catalytic

centre.

triisopropylbiphenyl)diphenylphosphine

In

two

further
(9)35d

examples,
and

i.e.

2-(2’,4’,6’,(2,3,4,5-

tetraphenylphenyl)diphenylphosphine (10),46 transient coordination of the biphenyl moiety to
Pd (with either a 1 or 2 hapticity), contributes to the stability of the active species Pd(0)L.47
These examples show that the use of a strongly -donating ligand is not an absolute
prerequisite for coupling of aryl chlorides, provided that the ligand employed has a means of
stabilizing the coordinatively unsaturated and catalytically active mono-phosphine palladium
(Pd(0)L) species. In the case of Dendriphos ligands 1-3, we believe that a great repulsion
exists between neighboring molecules of the dendritic hexacationic ligands, especially when
simultaneously acting as monodentate ligand to the same metal centre. The repulsion is
proposed to have a steric component due to the large size of the dendritic ligands, as well as a
Coulombic component, due to the presence of six cationic charges in the ligand structure.48
Accordingly, this inter-ligand repulsion is expected to facilitate dissociation of these ligands
from the Pd centre, allowing in situ formation of coordinatively highly unsaturated and
catalytically active Pd(0)L species.
3.3.3 A positive dendritic kinetic effect by the use of Dendriphos ligands 1-3. In the
coupling reactions of aryl halides with phenylboronic acid catalyzed by the combination of
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Pd2(dba)3.CHCl3 with 1-3, a positive dendritic kinetic effect was observed for aryl chlorides,
while no significant dendritic effect was observed for aryl bromides (Figure 5). The
combination of 1-3 with a Pd(0) source presumably leads to Pd(0)L2, which is in equilibrium
with Pd(0)L and non-coordinated L (Figure 9). With increasing generations, this equilibrium
is shifted to the side of Pd(0)L + L due to an increase in the steric inter-ligand repulsion,
leading to a higher concentration of Pd(0)L, the active species in the oxidative addition step.
Our kinetic investigations using ligand 1 showed a strong positive influence of the
concentration of the aryl halide, but no influence of the activated boronic acid when the aryl
halide is 4-nitrochlorobenzene. These observations indicate that the oxidative addition is the
rate determining step, which is corroborated by the much lower observed activity for methyl
4-chlorobenzoate than for the electronically more strongly activated 4-nitrochlorobenzene
(Figures 5b,c). The kinetic profile observed for the coupling of 4-nitrochlorobenzene (Figure
5a) indicates that a short induction period exists. In this induction period, most likely the
active catalyst is formed from Pd2(dba)3.CHCl3 and 1.17 It is known that dba ligands have a
high affinity for Pd(0)-phosphine complexes and in some cases do not readily dissociate from
species of the type Pd(0)(dba)Ln.40a The data presented in Figure 5a suggest that this process
takes 5-10 min for this particular case. After this induction period, the equilibrium between
Pd(0)L + L and Pd(0)L2 becomes operative. The decrease in observed reaction rate upon
increasing the L : Pd ratio (Figure 6c) can then be explained by a shift of the equilibrium
towards the inactive species Pd(0)L2.
Pd(0)L2
-L

+L

Pd(0)L

Ar1-Ar2

Ar1X
Oxidative Addition

Reductive Elimination

Ar2

X
Pd(II)L

Pd(II)L
Ar1

Ar1

L = 1, 2, 3
X = Br, Cl
Y = F, OH

B(OH)2Y
+X

Ar2B(OH)2Y

Transmetalation

Figure 9: Mechanism for the Suzuki-Miyaura cross-coupling reaction.38
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When the substrate is 4-bromotoluene, kinetic investigations showed positive influences for
both the aryl halide as well as the activated boronic acid, indicating that not the oxidative
addition, but most likely the transmetalation, is rate determining. This is corroborated by the
observation of comparable reaction rates for the couplings of the activated 4nitrobromobenzene and the deactivated 4-bromoanisole (Figures 5e,f), which should give very
different rates in the oxidative addition step. For all aryl bromides tested, all three ligand
generations gave similar rates; no dendritic effect was observed (Figures 5d-f). A change in
the rate limiting step does not change the position of the dissociation equilibrium between
Pd(0)L2 and Pd(0)L + L, which will still lie more to the side of Pd(0)L + L with increasing
ligand generations. However, the shift in rate determining step away from the oxidative
addition explains why differences in the position of this equilibrium are not reflected in the
observed overall coupling rate of aryl bromides. The decrease in rate observed at higher L : Pd
ratios (Figure 7c) can be rationalized by a transformation of the catalyst resting state into a
higher ligated form. In the Suzuki-Miyaura reaction, the transmetalation usually occurs via a
three-coordinate Pd(II) complex ArPd(II)XL (Figure 9).49 This complex is considered to be
predominantly present in its dimeric, bromide-bridged form. It is likely that at higher ligand
concentrations, this species, being the resting state of the catalyst, would transform into
ArPd(II)XL2 (L = 1), which has to undergo dissociation of 1 before transmetalation can occur,
which leads to a lower observed rate. In this case, the absence of an induction period suggests
that catalyst formation does not significantly affect the rate in the initial stages of the reaction.
3.4 Conclusions
The combination of Pd2(dba)3.CHCl3 and Dendriphos ligands leads to a highly active
catalytic system in the Suzuki-Miyaura cross-coupling reaction. Particularly for coupling
reactions of aryl chlorides, the observed activity is uncommon for systems employing
triarylphosphine-based ligands. Importantly, the catalytic activity observed by the use of 1 can
be ascribed to a homogeneous Pd-phosphine complex, rather than Pd nanoclusters. In the
coupling reactions of activated aryl chlorides, an acceleration was observed by the use of
ligands of higher generation, which could be explained by a facilitated formation of
coordinatively unsaturated and catalytically active Pd(0)L (L = 1, 2, 3) species with an
increase in ligand generation.
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Our results indicate that in principle, a strongly -donating ligand is not required for the
activation of aryl chlorides, provided that the ligand has a means of generating and, to a
certain extent, of stabilizing a Pd(0)L species. Previously reported ligand systems have
accomplished this mainly by steric effects. The observed activity of even a relatively small
ligand as G0-Dendriphos (1) indicates that it has an effect on the catalytic activity similar to
that of a very bulky ligand. We propose that the Coulombic inter-ligand repulsion, originating
from the six positive charges in the ligand structure, plays a role in the bulky behavior
observed for this ligand system, therefore being in part responsible for its high catalytic
activity.
3.5 Experimental Section
General Remarks. Pd2(dba)3.CHCl3
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and Dendriphos ligands (1-3)3 were prepared according to

previously reported procedures. Chemicals were obtained from Acros Chimica (Aryl halides,
phenylboronic acid, CsF and 1,4-dioxane) or Sigma Aldrich (PVPy) and used without further
purification. GC measurements were performed on a Perkin Elmer Clarus 500 gas chromatograph
using pentadecane as an internal standard.

Procedure for the Suzuki-Miyaura coupling reactions. All of the catalytic experiments were
performed in a ChemSpeed ASW 2000 automated workstation under an inert N2 atmosphere, using
deoxygenated solvents. A reactor block containing 16 vessels of 13 mL was used. A maximum of eight
vessels were used per run. Phenylboronic acid and the base were weighed as solids into the reactor
vessels. After inertization of the vessels, a solution of the aryl halide (1.0 mmol in 7 mL solvent) was
added via syringe to each of the vessels, followed by addition of 0.25 mL of a solution of the ligand in
an appropriate solvent (10 mM in MeOH for 1(G0) and 10 mM in CH2Cl2 for 2 (G1) and 3 (G2)). The
reactor block was then warmed to either 70 or 95 °C while shaking (1000 rpm). When the appropriate
temperature had been reached, the reaction was started by adding via syringe 0.5 mL of a solution of
Pd2dba3.CHCl3 (1.0 mM in toluene; i.e. 2.0 mM Pd). After appropriate time intervals, shaking was
stopped and samples of 0.2 mL were taken from each of the reaction mixtures. While shaking of the
vessels was resumed, the samples were mixed with 1.0 mL 1M NaOH and 2.5 mL CH2Cl2 containing
2.41 mM pentadecane as internal standard. The bottom organic layer was then transferred to a vial for
analysis by GC.
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Structure-Activity

Relationships

of

Oligocationic,

Ammonium-

Functionalized Triarylphosphines as Ligands in the Pd-Catalyzed SuzukiMiyaura Reaction

A series of oligocationic triarylphosphine ligands, containing a varying number (from 2 to 6) of metaammoniomethyl substituents, have been synthesized, characterized and tested as ligands in the Pdcatalyzed Suzuki-Miyaura cross-coupling reaction. By systematic catalytic investigations and
spectroscopic (NMR and UV-Vis) studies of the palladium(0) complexes of these ligands as well as of
their neutral amine analogues and of triphenylphosphine, structure-activity relations have been
established. The substitution of a triarylphosphine core with cationic meta-ammoniomethyl
substituents increases the steric demand (cone angle) of the phosphine ligand and decreases its donation strength. Furthermore, Coulombic inter-ligand repulsion forces are introduced. The
observed catalytic activity in the Suzuki-Miyaura reaction within this class of ligands is goverened by
the number of cationic charges in the ligand structure, rather than by their steric or electronic
properties. With an increasing number of charges, the preference for the formation of coordinatively
unsaturated phosphine-palladium species increases, which leads to a higher observed catalytic activity
through faster catalyst activation.
Dennis J. M. Snelders, Cornelis van der Burg, Martin Lutz, Anthony L. Spek, Gerard van Koten and Robertus J.
M. Klein Gebbink.
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4.1 Introduction
When monodentate phosphine ligands are used in Pd-catalyzed cross-coupling reactions
such as the Suzuki-Miyaura reaction, catalyst formation is often achieved in situ by separate
addition of a Pd precursor and a phosphine ligand.1,2 This circumvents isolation of the often
highly sensitive catalyst. An obvious disadvantage of this method is that the identity of the
actual active species is unknown. An important reaction parameter is the employed number of
molar equivalents of phosphine ligand with respect to Pd (L : Pd ratio). In many cases, the
minimum required ratio is 2, as the use of lower ratios can cause precipitation of elemental Pd
(Pd-black). On the other hand, increasing the L : Pd ratio above 2 generally leads to in situ
formation of coordinatively saturated species of the type PdLn (n  3).3 The formation of such
species enhances catalyst stability, but can also lead to a decrease in the observed rate.
Previously, the inhibitory effect of excess ligand, which can be highly influenced by steric and
electronic properties, has been termed the ‘inhibition factor’ for the Stille reaction.4 The
employed Pd precursor is another important reaction parameter. For example, when a Pd(0)
catalyst is generated in situ from Pd(dba)2 and nL, in many cases one of the dba ligands does
not readily dissociate from the palladium center and this can significantly reduce the
concentration of active species.3 For each individual phosphine ligand, with its own specific
steric and electronic properties, an optimal combination of L : Pd ratio and Pd precursor thus
has to be established in order to optimize catalytic activity.
Recently, our group developed the hexacationic Dendriphos ligands 1a-d (Figure 1).5 The
combination of Pd2(dba)3.CHCl3 and 1b-d leads to a highly active catalytic system in the
Suzuki-Miyaura cross-coupling reaction, capable of activating a broad range of aryl halides at
a low Pd loading. Through control experiments, we have established that a homogeneous PdDendriphos complex is responsible for the observed catalytic activity of these systems. 6
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Figure 1: Oligocationic ammoniomethyl- and neutral aminomethyl-substituted triarylphosphine
ligands. G1, G2 = first and second generation Fréchet wedge.8

Recently, Shaughnessy et al.7 have reported that the presence of ionic substituents on
triarylphosphines can significantly influence their structural features and coordination
behavior. We have speculated that the presence of the six positive charges in the backbone of
1b leads to inter-ligand Coulombic repulsion forces, which could play an important role in the
overall activity of catalysts derived from this ligand.6 Importantly, the substitution of
triphenylphosphine by multiple meta-ammoniomethyl groups not only introduces permanent
cationic charges in the backbone of the ligand, but also entails certain electronic and steric
consequences. In order to establish structure-activity relationships for this class of ligands,
here we compare of 1b to a set of new cationic ligands, varying in size and number of cationic
substituents, as well as to several neutral ligand analogues (Figure 1). These ligands are
characterized in terms of their steric and electronic properties, their coordination chemistry
with respect to Pd2(dba)3.CHCl3 and their activity in the Suzuki-Miyaura reaction. The
respective influences on the overall catalytic activity of parameters such as the steric and
electronic properties of these ligands, the employed L : Pd ratio and the identity of the Pd
precursor, are discussed.
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4.2 Results
4.2.1 Synthesis of oligocationic ammoniomethyl- and neutral aminomethyl-substituted
triarylphosphines. In addition to the previously reported hexacationic triarylphosphines
Dendriphos (1a-d), a series of new phosphines have been developed in which either one or
two of the aryl rings bonded to the central phosphorus atom, are replaced by unsubstituted
phenyl groups, resulting in sets of either tetracationic or dicationic ligands.
S
a, b, d

Me2N

P

NMe2

(88 %)
Me2N
NMe2

NMe2
2

Br
NMe2
S
a, c, d

P

(85 %)

NMe2

NMe2
3

Scheme 1: Synthesis of precursors for the preparation of di- and tetracationic phosphines. Reagents
and conditions: a) 2 eq. t-BuLi, -100 °C, 45 min. b) 0.45 eq. PhPCl2, RT, 16 h. c) 0.90 eq. Ph2PCl, RT,
16 h. d) 1.1 eq. S8, RT, 3 h.

Lithiation of 3,5-bis[(dimethylamino)methyl]-1-bromobenzene with t-BuLi followed by
reaction with an appropriate amount of either PhPCl2 or Ph2PCl and subsequent protection of
the phosphorus atom by elemental sulfur yielded phosphine sulfides 2 and 3 (Scheme 1).
These building blocks were used for the synthesis of the new phosphine ligands.
Quaternization with an excess of either MeI, BnBr or a first generation Fréchet wedge8
afforded the cationic phosphine sulfides 4a-c and 5a-c (Scheme 2). In the case of 4b-c and 5bc, a small excess of BnBr or G1Br was used in combination with a small amount of Na2CO3,
affording quantitative quaternization of the amine groups. As the last step in this general
synthetic route, the phosphine sulfides were deprotected by treatment with P(n-Bu)3 in
refluxing methanol, yielding the free phosphines 6a-c and 7a-c (Scheme 2).
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Scheme 2: Synthetic route yielding di- and tetracationic phosphine ligands. Reagents and conditions:
a) Excess MeI, reflux, 16 h. b) 8 eq. BnBr or G1-Br, 2 eq. Na2CO3, CH2Cl2, reflux, 16 h. c) P(nBu)3/MeOH (1/2 (v/v)), reflux, 16 h.

Tricationic ligand 10, containing (trimethylammonio)methyl-substituents at the para
positions, was synthesized according to an analogous procedure (Scheme 3).
a, b, c

Br
NMe2

S P
NMe2

(61 %)

3

8
d
(quant.)
3I

3I

e
S P

P
NMe3
10

3

NMe3

(56 %)

3

9

Scheme 3: Synthetic route yielding a tricationic phosphine ligand. Reagents and conditions: a) 2 eq. tBuLi, -100 °C, 45 min. b) 0.30 eq. PBr3, RT, 16 h. c) 1.1 eq. S8, RT, 3 h. d) Excess MeI, RT, 6 h. e)
P(n-Bu)3/MeOH (1/2 (v/v)), reflux, 16 h.

By leaving out one of the methyl substituents at the ammonium groups in the structure of 1b,
a neutral molecule results which is equivalent to 1b in terms of size, but does not bear any
permanent cationic charge. Thus, 3,5-bis(bromomethyl)-1-bromobenzene was treated with an
excess of benzylmethylamine, to yield 3,5-bis[(benzylmethylamino)methyl]-1-bromobenzene
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(11) (Scheme 4). Lithiation of 11 and subsequent reaction with PBr3 then yielded the neutral
tris(3,5-bis[(benzylmethylamino)methyl]phenyl)phosphine (12). Previously reported tris(3,5bis[(dimethylamino)methyl]phenyl)phosphine (13)9 is a smaller analogue of this neutral
ligand. These synthetic efforts have provided us with a series of triarylphosphine ligands that
differ in size and charge.

Br

NMe

a

P

Br

Br
Br

(96 %)

NMe

b, c
(66 %)

NMe

NMe
3

11

12

Scheme 4. Synthesis of neutral analogue 12. Reagents and conditions: a) Excess benzylmethylamine,
Et2O, RT, 1.5 h. b) 2 eq. t-BuLi, -100 °C, 45 min. c) 0.30 eq. PBr3, RT, 16 h.

4.2.2 Characterization of oligocationic phosphine ligands. The -donation strength of a
phosphine ligand can be correlated with the coupling constant 1JP,Se in the 31P-NMR spectrum
of the corresponding phosphine selenide.10 Smaller 1JP,Se coupling constants indicate a stronger
-donation of the phosphine. The selenides of all cationic ligands were synthesized by
reaction of the free phosphines with an excess of elemental selenium. The values found for the
1

JP,Se coupling constant in the 31P-NMR spectra of the resulting phosphine selenides, measured

in several different solvents, are listed in Table 1. For comparison, the selenides of PPh3 and
TPPTS (TPPTS = 3,3’,3’’-phosphinidynetris(benzenesulfonic acid), trisodium salt) were
prepared as well. A few typical examples of 1JP,Se coupling constants taken from literature are
also included in Table 1.
In general, the magnitude of the coupling constant 1JP,Se was found to be dependent on the
solvent used for NMR analysis. As the cationic phosphines differ greatly in their solubility
properties, most measurements were performed in two different solvents to allow for a fair
comparison. The data in Table 1 show that an increase in the number of meta-ammoniomethyl
groups leads to a stepwise increase in the coupling constant 1JP,Se of the phosphine selenide,
indicating that the phosphine becomes a less strong -donor ligand.
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Table 1. Magnitude of the 1JP,Se coupling constant (Hz) observed in the

31

P-NMR spectrum of

oligocationic, neutral and reference phosphine selenides.
Phosphine selenide

D 2O

CD3OD

1a(Se)

738

768

CDCl3

1b(Se)

765

762

1c(Se)

765

756

1d(Se)
6a(Se)

718

757
756

746

6c(Se)

757

746

695

745

7b(Se)

742

725

7c(Se)

742

726

10(Se)

701

757

12(Se)

724

13(Se)

724

PPh3(Se)

730

TPPTS(Se)

Ref.

758

6b(Se)

7a(Se)

Toluene-d8

707

760

755

P(t-Bu)3(Se)

691

17c

P(4-CF3C6H4)3(Se)

765

17b

P(2-furyl)3(Se)

802

10b

Comparison of the data for cationic phosphines 1a-d, 6a-c and 7a-c shows that the size of
the substituent on the ammonium groups has no effect on 1JP,Se. Tricationic ligand 10, which
features three para-ammoniomethyl substituents, gives a coupling that is comparable to those
of tetracationic phosphines 6a-c, as well as to that of TPPTS. Phosphines 12 and 13, which
possess neutral meta-(bisalkylamino)methyl groups, give couplings similar to that of PPh3.
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Crystals suitable for X-ray structure determination were grown from a concentrated solution
of 1a(S)5 in H2O at 4 °C. The molecular structure of 1a(S) is depicted in Figure 2 and relevant
bond lengths and angles are given in Table 2.

Figure 2: Molecular structure of 1a(S). ORTEP plot (two views). Displacement ellipsoids are drawn at
the 50% probability level. Hydrogen atoms have been omitted for clarity.
Table 2. Selected bond lengths and angles for 1a(S).
Bond length (Å)

Angle (°)

Angle (°)

S1-P1

1.9495(11)

S1-P1-C11

113.68(10)

C11-P1-C21

106.25(14)

P1-C11

1.818(3)

S1-P1-C21

112.72(11)

C11-P1-C31

103.67(13)

P1-C21

1.815(3)

S1-P1-C31

112.46(10)

C21-P1-C31

107.41(14)

P1-C31

1.819(3)

In the crystal structure of 1a(S), the three aryl rings are positioned in such a way that the six
ammonium groups act together to form two distinct pockets, one consisting of four cationic
sites and one consisting of three sites, which both accommodate one of the iodide ions (I1 and
I4, respectively, Figure 2). The other iodide ions are located in between ammonium sites
belonging to adjacent molecules in the crystal lattice. The inclination angles found between
the planes of the three aryl rings with respect to the P-S axis of direction are 73.58(10)°,
2.14(11)° and 3.44(10)° and show a significant deviation from a C3-symmetrical propellershape. Furthermore, based on this crystal structure, a Tolman cone angle24 of 186° can be
estimated for 1a.
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It has been shown that the 31P-NMR chemical shift of complexes of the type trans-PdCl2L2
can be correlated with the bulkiness of the phosphine ligand L.11 In this type of complexes, a
higher

31

P chemical shift corresponds to a larger Tolman cone angle. Therefore, two

equivalents of 1a, 1b and 12 respectively,12 were reacted with PdCl2(cod). The

31

P-NMR

chemical shifts of the resulting complexes trans-PdCl2L2 (L = 1a, 1b, 12) as well as of several
reference compounds are listed in Table 3 and indicate that these phosphines are comparable
in terms of bulkiness, while each of them is significantly larger than PPh3. Based upon the
empirical relationship found by Bartik et al.,11 a Tolman cone angle of approximately 150°
may be estimated from these data for each of these phosphines. This value deviates
significantly from that obtained from the crystal structure of 1a(S) (see Discussion).
Table 3. Observed chemical shifts for complexes of the type trans-PdCl2L2.12
Entry

Ligand

 (trans-PdCl2L2)
CD3OD

CDCl3

Cone
Angle (°)

Ref.

150a

this work

1

1a

27.3

2

1b

27.7

27.3

150a

this work

3

12

24.2

23.7

150a

this work

4

PMe3

-11.5

118b

11a

5

PPh3

13.3

145b

11a

6

PCy3

58.4

170b

11a

[a] Tolman cone angle, estimated from the 31P-NMR chemical shift of the complexes trans-PdCl2L2. [b] Tolman
cone angle, estimated from CPK molecular models, see ref. 24.

4.2.3 Oligocationic triarylphosphines as ligands in the Suzuki-Miyaura cross-coupling
reaction. Oligocationic triarylphosphines 1b-c, 6b-c and 7b-c were tested in the Pd-catalyzed
cross-coupling reaction of p-bromotoluene and phenylboronic acid, using previously
established optimal reaction conditions (reaction 1).6b Pd2(dba)3.CHCl3 was used as the Pd
precursor at a loading of 1 mol % or 0.1 mol %. In each case, 2.5 equivalents of the ligand
with respect to Pd were used. The catalytic screening experiments were performed on a
Chemspeed ASW 2000 workstation, under inert conditions, allowing automated sampling and
workup of the samples. The reaction mixtures were analyzed by GC after several intervals up
to a reaction time of 3 h. All reaction mixtures remained clear yellow solutions throughout the
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reaction and formation of Pd-black was not observed. Figure 3 shows an overview of the
yields that were obtained after 3 h. Kinetic profiles for the reactions run at 1 mol % Pd are
depicted in Figure 4.
Pd2(dba)3.CHCl3
Ligand (L : Pd = 2.5)
Br +

(1)

(HO)2B
NaOH, aq. MeOH,
Reflux, 3 h.

Figure 3: Yields of Suzuki-Miyaura reaction 1 employing oligocationic phosphine ligands. Reaction
conditions: 4-bromotoluene (1.0 mmol), phenylboronic acid (2.0 mmol), NaOH (2.2 mmol),
Pd2(dba)3.CHCl3 (0.05 or 0.5 mol %), phosphine ligand (0.25 or 2.5 mol %; L : Pd = 2.5), MeOH (6.3
mL), H2O (0.7 mL), reflux, 3 h. Yields were determined by GC using pentadecane as internal standard
and are averages of 2 independent runs.

Figure 4: Kinetic profiles of Suzuki-Miyaura reaction 1 employing oligocationic phosphine ligands
1b-c, 6b-c and 7b-c (standard conditions, 1 mol % Pd, L: Pd = 2.5, yields are averages of 2
independent runs).
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In general, a higher number of meta-ammoniomethyl substituents (dicationic ligands 7b-c
vs. tetracationic ligands 6b-c vs. hexacationic ligands 1b-c) leads to a stepwise increase in
activity, ranging from less than 10 % to quantitative yield at 1 mol % Pd. For the reactions run
at 0.1 mol % Pd, this trend is less pronounced and for 7b and 7c, as well as for PPh3, a clear
increase in yield was observed compared to 1 mol % Pd. The observed activity is nearly
independent of the size of the substituent at the ammonium groups; benzyl-substituted 1b, 6b
and 7b (Figure 4a) give very similar activities compared to their respective G1-substituted
analogues 1c, 6c and 7c (Figure 4b).
The effect of varying the L : Pd ratio was tested for 1b, 6b and 7b (Figure 5a). At L : Pd = 1,
moderate activities were obtained and considerable Pd black formation was observed during
the reaction time of 3 h. Increasing the ratio to 2.5 leads to stable catalysts for all three
ligands, without Pd black formation. Dicationic 7b completely loses its activity at ratios
higher than 1. Tetracationic 6b exhibits a small decrease in activity at higher ligand
concentrations. In contrast, the high activity observed by use of ligand 1b is not inhibited by
increasing the L : Pd ratio in this reaction. Kinetic traces of the first hour of the reactions using
1b, for L : Pd ratios up to 8.0, are shown in Figure 5b.

Figure 5: a) The effect of varying the L : Pd ratio on the yield of Suzuki-Miyaura reaction 1
employing oligocationic phosphine ligands 1b, 6b and 7b (standard reaction conditions, 1 mol % Pd,
yields are averages of 2 independent runs). b) Kinetic traces for the reactions using 1b (0.1 mol % Pd).

Increasing the number of meta-ammoniomethyl substituents within this class of cationic
ligands leads to simultaneous changes in several ligand properties: the number of cationic
charges and the steric demand of the ligand increase, while the -donating strength decreases.
Each of these properties could hypothetically be responsible for the observed trend displayed
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in Figure 3. Attempting to separate the effects of these properties, we tested several neutral
ligands that serve as analogues for the steric and electronic properties of 1b, as ligands in
reaction 1 (Table 4). Tris(3,5-bis[(benzylmethylamino)methyl]phenyl)phosphine (12) is
sterically equivalent to 1b in terms of its cone angle (Table 3) and comparable to PPh3 in
terms of its -donating strength (Table 1). Commercially available P(4-CF3C6H4)3 has a donating strength that is comparable to that of 1b (Table 1), while it is sterically comparable
to PPh3. Ligand 1b itself was also included in this investigation to allow for a straightforward
comparison of the observed rates.
Table 4: Comparison of catalytic systems in Suzuki–Miyaura reaction 1.a
Entry

Pd precursor

L : Pd ratio

Ligand

Initial TOF (h-1)b

GC Yield (%)c

1

Pd2dba3.CHCl3

2

PPh3

77

20

2

Pd2dba3.CHCl3

4

PPh3

57

15

3

Pd2dba3.CHCl3

2

1b

1960

85

4

Pd2dba3.CHCl3

4

1b

1930

73

5

Pd2dba3.CHCl3

2

12

5050

100

6

Pd2dba3.CHCl3

4

12

233

23

7

Pd2dba3.CHCl3

2

P(4-CF3C6H4)3

774

46

8

Pd2dba3.CHCl3

4

P(4-CF3C6H4)3

0

2

9

Pd(OAc)2

2

PPh3

4350

100

10

Pd(OAc)2

4

PPh3

1120

100

11

Pd(OAc)2

2

1b

2330

94

12

Pd(OAc)2

4

1b

2600

94

13

Pd(OAc)2

2

12

4340

96

14

Pd(OAc)2

4

12

667

98

15

Pd(OAc)2

2

P(4-CF3C6H4)3

744

56

16

Pd(OAc)2

4

P(4-CF3C6H4)3

0

4

[a] Reaction conditions: 4-bromotoluene (1.0 mmol), phenylboronic acid (2.0 mmol), NaOH (2.2 mmol), Pd
precursor (0.1 mol % Pd), phosphine ligand (0.2 – 0.4 mol %), MeOH (6.3 mL), H2O (0.7 mL), reflux. [b] TOF
as determined from the GC yield after 10 min. of reaction time. [c] Determined by GC using pentadecane as
internal standard, after 3 h.
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In combination with Pd2dba3.CHCl3, at L : Pd = 2, ligands 1b and 12 lead to high activities.
A moderate activity is obtained with P(4-CF3C6H4)3, while the use of PPh3 leads to a very poor
activity (entries 1, 3, 5 and 7). In the presence of an excess of ligand (L : Pd = 4), the systems
employing ligands 12 and P(4-CF3C6H4)3 both exhibit a dramatic decrease of activity, which
remains low during the entire screening period (entries 6 and 8). In contrast, for 1b (See also
Figure 5), no decrease in rate is observed upon increasing the L : Pd ratio.
In order to distinguish between the formation of coordinatively saturated species of the type
Pd(0)(dba)L2 and those of the type Pd(0)Ln (n  3), we performed additional catalytic
screenings employing Pd(OAc)2 as the Pd precursor, resulting in dba-free conditions.13 At L :
Pd = 2, PPh3 and 12 gave nearly identical rates, which were higher than those found for 1b
and P(4-CF3C6H4)3 (entries 9, 11, 13 and 15). At a L : Pd ratio of 4, dramatic decreases of the
initial reaction rates were observed for all ligands except 1b. For PPh3 and 12, an initial period
of low activity was observed, after which the activity was restored, eventually leading to good
yields. For P(4-CF3C6H4)3 no activity was observed at all at this ligand concentration (entries
10, 12, 14 and 16).
4.2.4 Spectroscopic investigation of the coordination chemistry of neutral and cationic
phosphines with respect to Pd2(dba)3.CHCl3. Titrations of Pd2(dba)3.CHCl3 with PPh3, 1b,
12 and P(4-CF3C6H4)3 were performed under an inert atmosphere and the mixtures were
analyzed by

31

P-NMR and UV-VIS. The reaction of Pd(dba)2 with PPh3 has been studied

earlier by 31P-NMR in THF and by UV-VIS in DMF.3c-e In our case, DMSO was used as the
solvent for the NMR studies (Pd concentration: ~6 mM), while MeOH was used for the UVVIS studies, which were carried out at more diluted conditions (0.056 mM Pd).
Triphenylphosphine (PPh3). Two equivalents of PPh3 were added to Pd2(dba)3.CHCl3 in
DMSO, stirred during 10 min at 60 °C and the resulting clear orange solution was analyzed by
31

P-NMR. Two peaks were observed ( (ppm) = 25.8 and 27.8), which could be assigned to

the two inequivalent phosphorus atoms in the product Pd(dba)(PPh3)2, in accordance with
literature (Figure 6).3d Addition of another equivalent of PPh3 led to a decrease in the intensity
of these peaks and the appearance of a third peak at 26.6 ppm, which corresponds to
Pd(PPh3)3. When an excess of PPh3 was added, the former two peaks gradually disappeared
while the signal corresponding to Pd(PPh3)3 gained intensity.
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Figure 6:

31

P-NMR spectra obtained after mixing two equivalents of phosphine ligand with

Pd2(dba)3.CHCl3 (L : Pd = 2) in DMSO/DMSO-d6 (9/1) and heating at 60 °C for 10 min.

The UV-VIS spectrum of Pd2(dba)3.CHCl3 in MeOH is characterized by a broad absorption
maximum around 330 nm with a shoulder around 370 nm and a second broad maximum
around 530 nm (Figure 7). The addition of 1 equivalent of PPh3 with respect to Pd, followed
by 1 min of stirring at room temperature, decreased the intensity of the band at 530 nm with
approximately 50 %. This indicates that 50 % of the Pd in solution is still present in the form
of unreacted Pd2(dba)3.CHCl3 and that a 2:1 complex (i.e. Pd(dba)(PPh3)2) is formed at L : Pd
= 1. Upon addition of a second equivalent of PPh3, the band at 530 nm completely disappeared
and a maximum appeared at 405 nm. A very intense absorption band was observed at 325 nm,
corresponding to free dba.

Figure 7: UV-VIS spectra obtained by a titration of Pd2dba3.CHCl3 (0.056 mM, MeOH) with PPh3 (L
= PPh3).
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Addition of increasing amounts of PPh3 led to a gradual decrease in intensity of the peak at
405 nm. These observations are consistent with literature3d and indicate that PPh3 reacts with
Pd2(dba)3.CHCl3 to form Pd(dba)(PPh3)2. Addition of an excess of PPh3 leads to the
establishment of a ligand exchange equilibrium between dba and PPh3 to form Pd(PPh3)3.
Bn-Dendriphos (1b). When Pd2(dba)3.CHCl3 and one equivalent of 1b were mixed in DMSO
and stirred at 60 °C for 10 min, the 31P-NMR spectrum of the resulting clear orange solution
did not show any signal. Addition of one more equivalent of 1b to this solution led to an
intense sharp peak at  -4.1 ppm, corresponding to the free ligand, suggesting that a 1:1
complex with Pd was formed. This Pd complex is most likely involved in several fast
equilibria, which lead to an extreme broadening of its signal, to the extent that it is not
observed. These equilibria might involve solvent molecules, dba or bromide as ligands, but
does not involve free 1b, which was observed as a sharp signal in the 31P-NMR spectrum (see
Discussion). When two equivalents of 1b were added to Pd2(dba)3.CHCl3 at once, the same
result was obtained (Figure 6). When the mixture using L : Pd = 2 was stirred for a prolonged
time, the signal of the free ligand disappeared and a new sharp peak appeared at  24.8 ppm,
which corresponds to the oxide of 1b. As the titration was carried out under an inert
atmosphere, the oxidation of 1b is most likely catalyzed by Pd.14 Using higher 1b : Pd ratios
did not lead to any change. When the titration was carried out in MeOH, a similar behavior
was observed.

Figure 8: UV-VIS spectra obtained by a titration of Pd2dba3.CHCl3 (0.056 mM, MeOH) with n
equivalents of 1b (n = 1, 2, 3-8).

The addition of one equivalent of 1b to Pd2(dba)3.CHCl3 led to a complete decay of the
signal at 530 nm and the appearance of a new band at 420 nm in the UV-VIS spectrum,
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indicating that no unreacted Pd2(dba)3.CHCl3 was present and that a 1:1 complex with Pd was
formed (Figure 8). An intense signal was observed at 325 nm, which demonstrates that
dissociation of dba had occurred to some extent. Addition of larger amounts of 1b led to a
gradual decay of the signal at 420 nm. After addition of 7 equivalents of ligand, no more
change in the spectrum was observed. The UV-VIS studies for 1b are in line with the NMR
studies and indicate that combining 1b with Pd2(dba)3.CHCl3 initially leads to a complex in
which the L : Pd ratio is 1 and which contains dba as a coordinated ligand. For this species we
propose the formula Pd(dba)(1b).15 The UV-VIS studies furthermore suggest that when an
amount of 1b greater than one equivalent is added, an equilibrium is established in which the
coordinated dba ligand is exchanged for 1b, presumably leading to Pd(1b)2. A solution of
Pd(dba)(1b), freshly prepared from Pd2(dba)3.CHCl3 and one equivalent of 1b, shows Pd black
formation when it is allowed to stand for longer than two hours in MeOH solution under an
inert atmosphere. The UV-VIS absorption band corresponding to the complex rapidly loses
intensity and 31P-NMR shows phosphine oxidation. This indicates the limited stability of the
complex Pd(dba)(1b).
For tetracationic 6b, a similar behavior was observed; at L : Pd = 1, an unstable, 1:1
complex with Pd was formed. The dba ligand was readily displaced from this complex in a
manner similar to 1b. In contrast, a reactivity similar to that of PPh3 was observed for
dicationic 7b. The UV-VIS experiments clearly showed the preferential formation of a 2:1
complex, which did not readily dissociate its dba ligand; at least 50 equivalents of 7b were
required to fully displace dba.
In order to investigate the nature of complexes that are present under catalytic conditions, a
complete catalytic mixture, employing Pd2(dba)3.CHCl3 / 1b (L : Pd = 2.5) as catalyst, under
standard conditions (i.e. reaction 1) was analyzed by in situ UV-VIS (Figure 9). The reaction
was initiated by addition of Pd2(dba)3.CHCl3 to a hot mixture of all other components. The
spectrum initially showed a strong band around 420 nm, indicating the presence of
Pd(dba)(1b). As the reaction progressed, the band corresponding to this complex disappeared.
After 30 min, nearly no further change in the spectrum was observed. The progress of the
reaction was monitored simultaneously by taking samples, which were analyzed by GC. After
the changes in the UV-VIS spectrum were complete, the reaction still proceeded steadily. The
reaction mixture remained a clear yellow solution throughout the analysis period and Pd black
was not observed. Analysis by
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initially showed only a sharp peak of the free ligand, which is consistent with the initial
formation of Pd(dba)(1b) and the presence of uncoordinated 1b. After stirring for 1 h at 65 °C,
the NMR spectrum did not show any signal, suggesting that the earlier observed free ligand
had now become involved in a fast equilibrium. The signal of the phosphine oxide of 1b was
not observed, indicating that oxidation does not occur under catalytic conditions.

Figure 9: Analysis by in situ UV-VIS of a catalytic mixture using Pd2dba3.CHCl3 / 1b as the catalyst in
reaction 1 (standard reaction conditions, 0.1 mol % Pd).

Tris(3,5-bis[(benzylmethylamino)methyl]phenyl)phosphine

(12)

and

Tris(p-

trifluoromethylphenyl)phosphine. The addition of two equivalents of either 12 or P(4CF3C6H4) to Pd2(dba)3.CHCl3 in DMSO and heating for 10 min gave clear orange solutions.
The

31

P-NMR spectra in both cases showed a pair of singlets in the range of 23-28 ppm,

characteristic of complexes of the type Pd(dba)L2. For P(4-CF3C6H4), these signals were very
broad (Figure 6). Addition of increasing amounts of phosphine up to a total of 4 equivalents
led to a decrease in the intensity of these signals, and the appearance of a new signal which
most likely corresponds to species of the type PdL3. In the case of 12, a sharp signal
corresponding to free 12 was observed at -6.0 ppm at L : Pd = 4. When the solution was
stirred for a prolonged time at 60 °C, this signal slowly disappeared and the peak at 28.2
gained intensity, until no more free 12 was present after 16 h of stirring, while Pd black was
not observed. This suggests that excess 12 is oxidized catalytically by Pd(0) in a manner
similar to 1b.
In the UV-VIS spectra, the addition of one equivalent of phosphine to Pd2(dba)3.CHCl3 led to
a decrease in intensity of 50 % of the band at 530 nm for both 12 and P(4-CF3C6H4),
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indicating formation of 2 : 1 complexes, i.e. Pd(dba)L2, in both cases. Addition of further
amounts of ligand led to the disappearance of this band and the appearance of a maximum
around 390-395 nm, which gradually disappeared at higher concentrations of ligand in a
manner similar to that observed for PPh3. However, after only 20 equivalents of 12, and 10
equivalents of P(4-CF3C6H4), nearly no further decrease in this signal was observed, indicating
that complete displacement of dba had occurred. The results obtained by 31P-NMR and UVVIS are consistent and show that both 12 and P(4-CF3C6H4) react with Pd2(dba)3.CHCl3 in a
manner which is similar to that observed for PPh3, i.e. in all cases initially Pd(dba)L2 is
formed. However, for both 12 and P(4-CF3C6H4) the displacement of dba from this species, by
addition of larger amounts of phosphine, occurred much more readily than for PPh3.
4.3 Discussion
4.3.1 Electronic properties of oligocationic phosphine ligands. The -donor ability of a
phosphine ligand can be evaluated by measuring the coupling constant 1JP,Se in the 31P-NMR
spectrum of the corresponding phosphine selenide.10 This coupling constant is related to the
degree of s-character in the lone pair of the phosphorus atom. The energy level of the HOMO
(which is associated to the lone pair) is generally higher for phosphines in which the lone pair
has lower s-character, meaning that the electrons are more available for bonding interactions
with a transition metal atom, and thus that the PR3 ligand is a stronger -donor.16 Tertiary
phosphine selenides typically give 1JP,Se coupling constants between 700 and 800 Hz,17 with
strongly donating phosphines such as P(tBu)317c giving small coupling constants due to a low
s-character in the lone pair, and weakly donating phosphines such as P(2-furyl)317a giving large
coupling constants due to a high s-character.
The observed coupling constants 1JP,Se for the cationic phosphine selenides (Table 1) indicate
that substitution of triphenylphosphine by multiple meta-ammoniomethyl groups, stepwise
decreases the -donating strength of the phosphine. This is consistent with the positive
Hammett substituent constant for a meta-(trimethylammonio)methyl substituent,18 which
originates exclusively from the electron withdrawing field effect of the cationic charge (Table
5).18,19 Neutral 12 and 13 have similar -donating strengths as PPh3, which is consistent with
the Hammett substituent constant of 0.00 for a meta-(bisalkyl)aminomethyl substituent. Based
on a comparison of the 1JP,Se values found for these cationic phosphines to those of known
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literature examples, the cationic phosphines can be classified as weakly -donating
triarylphosphine ligands. The hexacationic phosphines 1a-d are particularly weak -donors,
comparable in strength to tris(p-trifluoromethylphenyl)phosphine. Para-ammoniomethylsubstituted tricationic ligand 10 gives rise to a similar coupling constant 1JP,Se to that found for
trianionic, meta-sulfonate-substituted TPPTS. Indeed, these substituents have similar
Hammett constants, despite their opposite charges (Table 5).
Table 5. Some relevant Hammett substituent constants.18
Substituent

m

p

-(CH2)NMe3+

0.40

0.44

-(CH2)NMe2

0.00

0.01

-SO3-

0.30

0.35

-CF3

0.43

0.54

4.3.2 Steric properties of oligocationic phosphine ligands and the crystal structure of
1a(S). The crystal structure of hexacationic 1a(S) is in line with previously reported, related
structures of similar oligocationic compounds such as an octacationic tetra-arylsilane
derivative.20a It shows distinct binding sites for the iodide ions, with two iodides (I1 and I4)
being embedded in cationic pockets, while the other four iodides are located in voids between
adjacent molecules in the crystal lattice. The binding of bromide ions to a similar cationic
model compound containing Fréchet wedges has been found to occur through a combination
of Coulombic interactions and weak hydrogen bonding.20b In contrast, in the structure of 1a(S),
no clear hydrogen bonds were found, not even between iodides I1 or I4 and the closest H
atoms in their respective pockets.21 Thus, only ionic interactions play a role in the binding of
these iodides to their cationic pockets.
The crystal structure of 1a(S) allows for an evaluation of the steric properties of this ligand
and can serve as a model for the current class of oligocationic ligands. In the crystal structures
of bulky phosphine sulfides such as P(t-Bu)3(S),22 the C–P–C angles as well as the P–C and P–
S bond lengths are increased with respect to those in PPh3(S). These angles and bond lengths
can thus serve as a measure of the steric bulk around the phosphorus atom. For 1a(S), these
values do not differ significantly from those of PPh3(S) (Table 6).23 This indicates that the
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meta-ammoniomethyl substituents in 1a(S) do not lead to a significant increase of the steric
strain in the backbone of the phosphine.
Table 6. Selected bond lengths and angles in crystal structures of bulky phosphine sulfides and the
cone angles of the corresponding phosphines.
Phosphine
Sulfide

C–P–C (°)

P–C (Å)

P–S (Å)

Ref.

Cone
Angle (°)

PPh3(S)

105.7(16)a

1.817(8)

1.950(3)

23

145b

P(t-Bu)3(S)

109.63(12)

1.899(4)

1.962(3)

22

182b

1a(S)

106.25(14)

1.817(1)

1.9495(11)

this work

186c, 150d

103.67(13)
107.41(14)e
[a] Average of the three C-P-C angles. [b] Tolman cone angle of the free phosphine, estimated from CPK
molecular models, see ref. 24. [c] Tolman cone angle, estimated from the crystal structure of 1a(S). [d] Tolman
cone angle, estimated from the 31P-NMR chemical shift of the complex trans-PdCl2(1a)2 (Table 3). [e] Average
value of the C–P–C angles for 1a(S) = 105.8°.

The Tolman cone angle24 of a phosphine is another useful parameter to describe the spatial
and steric effects of phosphine ligands.25 The cone angle of a phosphine ligand can be
obtained from CPK molecular models24 or from crystal structures.26 Based on the crystal
structure of 1a(S), a Tolman cone angle of 186° can be estimated for 1a.27 The enlarged cone
angle for 1a is largely due to the parallel conformation of the planes of two of the aryl rings
with respect to the P-S axis of direction in the crystal structure. This conformation allows the
formation of two cationic pockets, each consisting of four cationic groups, which both
accommodate an iodide ion. In solution, the cationic pockets are not expected to be retained
due to solvent separated ion pairing in polar solvents.34 Thus, the conformation is expected to
shift towards a propeller-shaped, sterically less hindered geometry in solution, which leads to
a smaller effective cone angle. Similar observations were reported by Shaughnessy et al.,7b
who found that the presence of sodium counterions in the DFT-calculated structures of
sulfonate-substituted triarylphosphines such as TPPTS, significantly influenced the
conformations of these phosphines and, as a consequence, their cone angles. The cone angle
as calculated from the crystal structure of 1a(S) may thus be overestimated compared to the
cone angle of 1a in solution. Indeed, when the cone angles of 1a and 1b respectively, were
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probed by measuring the 31P-NMR chemical shifts of the complexes trans-PdCl2L2 (L = 1a,
1b),11 a much smaller value of approximately 150° was found in both cases. Previously, the
cone angles of 1c and 1d were estimated at approximately 180° by molecular modeling.5
Based on these observations, we propose that the effective cone angles of the present class of
oligocationic phosphines may vary between 150 and 180°, depending on the number of
ammoniomethyl substituents as well as on the size of the substituents at the ammonium
groups.
4.3.3 Ligand effects in the formation of the catalytic species in Suzuki-Miyaura
reactions employing Pd2dba3.CHCl3 as Pd precursor. The first step in the catalytic cycle of
the Suzuki-Miyaura reaction is the oxidative addition of an aryl halide to a Pd(0)Ln (L =
monodentate phosphine ligand) species, generating Pd(II)ArXLn (X = I, Br, Cl).28 Amatore
and Jutand have established that, when a Pd(0) catalyst is generated in situ from Pd(dba)2 and
nL, one of the dba ligands in many cases does not readily dissociate from the palladium
center.3 When n = 2, the inactive complex Pd(0)(dba)L2 is the major species in solution. This
complex is involved in the uphill dissociation equilibrium 1, which leads to formation of the
active species that undergoes oxidative addition of aryl halides (Scheme 5). The presence of
dba can thus suppress the reaction rate by occupying a significant fraction of the Pd(0) species
in an inactive state, preventing it from entering the catalytic cycle. Furthermore, at L : Pd
ratios higher than 2, equilibrium 3 will start to play a role as well, leading to formation of
inactive Pd(0)L3 species (Scheme 5). At high L : Pd ratios, essentially all of the Pd in solution
is then present in inactive forms, leading to poor activities.
Pd(0)(dba)L2
(1) - dba

+ dba
-L

Pd(0)L2
(3)

+L

-L

Pd(0)L3

Pd(0)L
+L
(2)

ArBr
Ar

Pd(II)L

Br

Scheme 5: Formation of the catalytically active species and its reaction in the oxidative addition of an
aryl bromide (L = monodentate phosphine ligand).
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Amatore and Jutand have identified Pd(0)L2, which often bears a solvent molecule, a halide
or an acetate anion as additional ligand,29 as the active species in the oxidative addition step,
using PPh3 as the ligand and PhI as the aryl halide.3e In the case of aryl bromides and
chlorides, the species that undergoes oxidative addition is believed to be a monoligated, 12
electron Pd(0)L species, which is formed by predissociation of L from Pd(0)L2 (equilibrium
2).30 Therefore, for the reaction studied here, the active species in the first step of the catalytic
cycle is assumed to be a monophosphine-palladium (Pd(0)L) species.
We observed large differences in activity among the family of oligocationic ligands, their
neutral counterparts and the benchmark ligand PPh3. The dramatic changes observed upon
varying either the Pd precursor or the L : Pd ratio (Table 4) indicate that for the reaction
considered in the present study, the observed rates are predominantly determined by the
positions of the equilibria that govern the concentration of Pd that can enter the catalytic
cycle, as depicted in Scheme 5. In other words, in general the overall rate limiting step in the
present reaction is most likely catalyst activation (i.e. formation of Pd(0)L), rather than any of
the steps within the catalytic cycle. The position of equilibrium 1 (Scheme 5) is known to be
strongly influenced by the nature of the phosphine ligand L. Less strongly -donating
phosphine ligands promote dba dissociation from Pd(0)(dba)L2,3b,c due to the -accepting
nature of the dba ligand.31 Sterically demanding phosphines such as P(o-Tol)3 and P(t-Bu)3 are
known to favor dba dissociation as well.32 For L = PPh3, the importance of equilibrium 1 is
illustrated by the fact that this ligand is highly effective in combination with Pd(OAc)2, but
almost inactive in combination with Pd2(dba)3.CHCl3. A very unfavorable position of this
equilibrium keeps nearly all of the Pd occupied in the inactive form Pd(0)(dba)L2.
Ligand 1b has both a decreased -donating ability, as well as an enlarged cone angle
compared to PPh3. It might thus be expected that its high activity results from facilitated dba
dissociation from Pd(dba)(1b)2. However, the UV-VIS and 31P-NMR studies indicated that the
reaction of two equivalents of 1b with Pd2(dba)3.CHCl3 does not lead to the expected
Pd(dba)(1b)2, but to a species containing both one dba ligand and one coordinated equivalent
of 1b, for which we propose the formula Pd(dba)(1b) (Scheme 6).15 Increasing the 1b : Pd
ratio from 2 to 4 did not lead to a significant change in catalytic activity. This behavior
contrasts sharply to that of other ligands (Table 4) and is a strong indication that
coordinatively saturated species such as Pd(dba)(1b)2 and Pd(1b)3 are not formed to a
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significant extent. We therefore propose that for the combination of Pd2(dba)3.CHCl3 with 1b,
the active species is formed via the equilibria depicted in Scheme 6.
Pd(0)(dba)(1b)
(4)

- dba

+ dba

Pd(0)(1b)

ArBr

Ar

Pd(II)(1b)

Br
(5) - 1b

+ 1b

Pd(0)(1b)2
Scheme 6: Formation of the catalytically active species undergoing oxidative addition for 1b.

Under catalytic conditions, in situ UV-VIS studies showed the initial presence of
Pd(dba)(1b). By

31

P-NMR, initially a sharp signal for 1b was observed, indicating the

presence of uncoordinated 1b. The UV-VIS studies showed the decay of Pd(dba)(1b) within
30 min under catalytic conditions, although no Pd black formation was observed.
Furthermore, the sharp signal of uncoordinated 1b had completely disappeared in the

31

P-

NMR spectrum after 60 min, suggesting that it had become involved in a fast equilibrium. No
other species were observed by

31

P-NMR. These observations suggest that under these

circumstances, the resting state of the catalyst gradually shifts from Pd(dba)(1b) to a different,
non-dba containing species, as the reaction progresses. A likely candidate for this species is
Pd(1b)2. Thus, under catalytic conditions, the reaction of Pd2(dba)3.CHCl3 with 1b initially
leads to Pd(dba)(1b), which subsequenty undergoes dissociation of dba.
For tetracationic 6b, UV-VIS studies indicated a reactivity with Pd2(dba)3.CHCl3 which is
similar to that of 1b, initially yielding a 1:1 complex with Pd. It is thus likely that for 6b,
equilibria that are analogous to those depicted in Scheme 6 are operative. A small decrease in
reaction rate was observed at higher L : Pd ratios for 6b, suggesting a slight tendency towards
formation of Pd(6b)3. In contrast, dicationic 7b was found to react with Pd2(dba)3.CHCl3 to
form a 2 : 1 complex, thus exhibiting reactivity similar to PPh3. Higher L : Pd ratios lead to a
strong inhibition of the activity, which is presumably due to formation of Pd(dba)(7b)2 and
Pd(7b)3.
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Neutral ligand 12, which is sterically similar to 1b (Table 3), gives a high activity in
combination with Pd2(dba)3.CHCl3 at L : Pd = 2 (Table 4). NMR and UV-VIS studies showed
that the initially formed complex is Pd(dba)(12)2. Based on its 1JP,Se coupling constant, 12 is
electronically comparable to PPh3, suggesting that its higher steric demand is responsible for
its higher activity, most likely through facilitated dba dissociation from Pd(dba)(12)2. At L :
Pd = 4, the use of ligand 12 resulted in a very low activity, which is indicative of a strong
tendency

towards

formation

of

Pd(dba)(12)2

and

Pd(12)3.

Tris(p-

trifluoromethylphenyl)phosphine, which has a -donating ability similar to that of 1b (Table
1), leads to the complex Pd(dba)(P(4-CF3C6H4)3)2 and gave a higher activity than PPh3 at low
L : Pd ratios (Table 4), consistent with its less strongly -donating nature, which facilitates
dba dissociation from Pd(dba)(P(4-CF3C6H4)3)2. At higher L : Pd ratios, a completely inactive
system results, even using Pd(OAc)2 as the Pd precursor. This suggests that the formation of
Pd(P(4-CF3C6H4)3)3 is highly favorable and inhibits all activity at high L : Pd ratios.
4.3.4 The effect of cationic substituents. The catalytic and spectroscopic studies indicate
that ligand 1b forms complexes of the type Pd(dba)(1b) and Pd(1b)n (n  2). Complexes with
a higher phosphine coordination number are not formed, even at high L : Pd ratios. This leads
to high catalytic activities, independent of the L : Pd ratio ( 2) and the Pd precursor. Thus,
the high catalytic activity that is observed upon employing 1b as a ligand in the present
reaction is caused by fast catalyst activation. This results from the unique coordination
behavior of 1b with respect to Pd2(dba)3.CHCl3. As a phosphine ligand, 1b thus behaves
dramatically different from PPh3. Neither the neutral, sterically similar 12, nor the neutral,
electronically similar P(4-CF3C6H4)3 match this behavior. We therefore conclude that the
behavior of 1b can not be simply explained by either its steric or its electronic properties (i.e.
a high steric demand and a low -donating strength). Instead, this behavior seems to be
associated with the presence of multiple cationic charges in the ligand structure of 1b. A likely
explanation is Coulombic repulsion between ammonium groups of neighboring ligands.
Simultaneous coordination of more than two 1b ligands to the same Pd(0) center would lead
to a strong inter-ligand repulsion, preventing access to the complex Pd(1b)3. Accordingly, the
repulsion is expected to prevent formation of Pd(dba)(1b)2, due to the proximity of the two
coordinated ligands in such a species. As the number of cationic charges decreases, the
Coulombic repulsion becomes weaker, resulting in a higher tendency towards formation of
species of the type PdL3 and Pd(dba)L2. Indeed, the tetracationic ligand 6b matches some of
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the behavior of 1b, while dicationic ligand 7b exhibits behavior similar to PPh3. Finally,
increasing the size of the ligand while keeping the number of cationic groups constant, does
not lead to a change in catalytic activity (7b vs. 7c, 6b vs. 6c and 1b vs. 1c, Figure 3). We can
thus conclude that the observed catalytic activity within the family of oligocationic ligands is
governed by the number of meta-ammoniomethyl substituents, through the buildup of cationic
charge and the resulting inter-ligand Coulombic repulsion.33
A few literature examples are known in which the concept of inter-ligand Coulombic
repulsion has been invoked in order to explain observed coordination effects (see Chapter 1 of
this thesis). For example, Shaughnessy et al. have reported theoretical calculations of the bond
dissociation energy (BDE) of complexes of the type PdL2 for cationic phosphine ligands.7a
Even for the monocationic ligands considered in that study, a significant decrease in the BDE
was found compared to their neutral analogues, which was attributed to the Coulombic interligand repulsion. In our case the ligands were applied in aqueous MeOH solution, which is
expected to lead to solvent separated ion pairing.34 We conclude that these conditions leave
the charges of the ammonium cations relatively unshielded (even though a considerable ionic
strength due to the use of 0.31 M NaOH is present), to an extent that inter-ligand Coulombic
repulsion forces dominate the coordination chemistry of this class of phosphines.
4.4 Conclusions
The functionalization of triphenylphosphine with multiple meta-ammoniomethyl substituents
renders the ligand sterically more demanding and less strongly -donating. Furthermore, interligand Coulombic repulsion forces are introduced. These effects reach a maximum in
hexacationic ligand 1b. The combination of this ligand with Pd2(dba)3.CHCl3 leads to
coordinatively unsaturated phosphine-Pd complexes, presumably Pd(dba)(1b) and Pd(1b)2,
from which the active species for a Suzuki-Miyaura reaction is readily generated. Complexes
with a higher phosphine coordination number are not formed with 1b, even at high L : Pd
ratios, while at the same time Pd-black formation, i.e. catalyst deactivation, is prevented. This
coordination behavior is attributed to the Coulombic inter-ligand repulsion, rather than the
steric and electronic properties of 1b. The use of polar solvents such as aqueous MeOH should
lead to solvent separated ion pairing and is expected to enhance this behavior. In Suzuki-
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Miyaura reactions, this leads to a high activity through fast catalyst activation, in combination
with a high catalyst stability.
4.5 Experimental Section
General remarks. Experiments involving sensitive reagents were performed under an inert N2
atmosphere using standard Schlenk techniques. Manipulations involving free phosphines were carried
out in deoxygenated solvents. Et2O was dried over Na/benzophenone and CH2Cl2 over CaH2 and each
was distilled before use. All chemicals were obtained from Acros Chimica and used without further
purification, except for PPh2Cl, PPhCl2 and PBr3, which were distilled prior to use. Pd2(dba)3.CHCl3,35
Dendriphos (1a-d),5 3,5-bis(bromomethyl)-1-bromobenzene,36 3,5-bis[(dimethylamino)methyl]-1bromobenzene,36 4-[(dimethylamino)methyl]-1-bromobenzene37 and G1-Br8 were prepared according
to previously reported procedures. NMR spectra were recorded on a Varian Inova 300 or a Varian AS
400 spectrometer at room temperature. 1H and 13C {1H} spectra were referenced to residual solvent
signals. For assigning the NMR signals, the numbering scheme depicted in Scheme 7 is used. UV-VIS
spectra were recorded on a Cary 50 scan spectrophotometer. MALDI-TOF MS spectra were recorded
with an Applied Biosystems Voyager System mass spectrometer using dihydroxybenzoic acid as
matrix. Time-of-flight electrospray ionization mass (ESI-MS) spectra were measured by the
Biomolecular Mass Spectrometry and Proteomics Group, Utrecht University, on a Micromass LC-T
mass spectrometer (Waters, Manchester, UK), operating in positive ion mode. Samples were
introduced at concentrations of 20-50 μM. The nanospray needle potential was typically set to 1300 V
and the cone voltage to 20-60 V. The source block temperature was set to 80 °C. Elemental analyses
were carried out by Dornis & Kolbe, Mikroanalytisches Laboratorium, Müllheim a/d Ruhr, Germany.
Catalytic experiments were performed on a Chemspeed ASW 2000 Automated workstation. Samples
were analyzed by GC using a Perkin Elmer Clarus 500 GC equipped with an Alltech Econo-Cap EC-5
column or with a Perkin Elmer Autosystem XL equipped with a PE elite-17 column.
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Scheme 7: Numbering scheme used for assignment of NMR signals.
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S=PPh(NCN)2 (2). To a solution of 3,5-bis[(dimethylamino)methyl]-1-bromobenzene (4.38 g, 16.2
mmol) in Et2O (50 mL) at -100 °C was added dropwise t-BuLi (1.5 M in pentane, 22 mL, 33 mmol,
2.0 eq.) to yield a light yellow suspension. After stirring for 45 min, PPhCl2 (1.0 mL, 7.3 mmol, 0.45
eq.) was added dropwise. The orange suspension was then allowed to warm to room temperature and
stirred for 16 h. Deoxygenated water (50 mL) was added and the mixture was shaken vigorously. The
layers were separated and the aqueous layer extracted with degassed CH2Cl2 (3 x 50 mL). The
combined organic layers were concentrated in vacuo to yield crude PPh(NCN)2 as a yellow oil. Sulfur
(0.26 g, 8.1 mmol) in CS2 (50 mL) was added and the orange solution was stirred for 16 h at room
temperature. After removal of all volatiles in vacuo, the resulting brown oil was dissolved in aqueous
HCl (1M, 100 mL) and washed with CH2Cl2 (3 x 100 mL). Then, aqueous NaOH (4M, 200 mL) was
added, upon which a white precipitate formed. The mixture was extracted with CH2Cl2 (3x 100 mL).
The combined organic layers were washed with demineralized water, dried over MgSO4 and
concentrated in vacuo. After Kugelrohr distillation (5h, 50 rpm, 125°C), the resulting viscous brown
oil was washed once with cold pentane (4 mL), affording 2 as a yellow solid. Yield: 3.35 g (88%). 1HNMR (300 MHz, CDCl3):  (ppm) = 7.68 (dd, 3JH,H = 7.4 Hz, 3JH,P = 13.4 Hz, 2H, o-Ph), 7.52, 7.47
(overlapping s and d, 6H, o- and p-Ar), 7.43 – 7.37 (m, 3H, m- and p-Ph), 3.38 (s, 8H, NCH2), 2.15 (s,
24H, N(CH3)2).13C{1H}-NMR (75 MHz, CDCl3):  (ppm) = 139.3 (d, 3JC,P = 12.5 Hz, m-Ar), 133.2 (d,
1

JC,P = 84.8 Hz, i-Ph), 132.9 (d, 4JC,P = 6.6 Hz, p-Ar), 132.5 (d, 1JC,P = 84.4 Hz, i-Ar), 132.1 (d, 2JC.P =

10.7 Hz, o-Ph), 131.6 (d, 4JC,P = 10.0 Hz, p-Ph), 131.5 (d, 2JC,P = 11.8 Hz, o-Ar), 128.3 (d, 3JC,P = 12.3
Hz, m-Ph), 63.7 (s, NCH2), 45.1 (s, N(CH3)2). 31P{1H}-NMR (121 MHz, CDCl3):  (ppm) = 44.1 (s).
MALDI-TOF MS: (m/z) 523.25 {[M+H]+, calc. 523.30}. Elem. anal. for C30H43N4PS (522.74): calc.
(%) C 68.93, H 8.29, N 10.72, P 5.93, S 6.13; found C 69.06, H 8.35, N 10.65, P 5.83, S 6.04.

S=PPh2NCN (3). The preparation of 3 followed an analogous procedure as described for 2, using 3,5bis[(dimethylamino)methyl]-1-bromobenzene (8.18 g, 30.2 mmol), t-BuLi (40 mL, 1.5 M in pentane,
60 mmol, 2.0 eq.), PPh2Cl (5.0 mL, 28 mmol, 0.92 eq.) and sulfur (1.0 g, 31 mmol, 1.0 eq.). The
product was obtained as a yellow solid. Yield: 10.5 g (85%). 1H-NMR (300 MHz, CDCl3):  (ppm) =
7.71 (dd, 3JH.H = 7.5 Hz, 3JH,P = 13.4 Hz, 4H, o-Ph), 7.57, 7.53 (overlapping s and d, 3H, o- and p-Ar),
7.51 – 7.42 (m, 6H, m- and p-Ph), 3.45 (s, 4H, NCH2), 2.20 (s, 12H, N(CH3)2). 13C{1H}-NMR (75
MHz, CDCl3):  (ppm) = 139.3 (d, 3JC,P = 12.5 Hz, m-Ar), 133.3 (s, p-Ar), 133.2 (d, 1JC,P = 85.2 Hz, iPh), 132.6 (d, 1JC,P = 84.5 Hz, i-Ar), 132.3 (d, 2JC,P = 10.8 Hz, o-Ph), 131.9 (d, 4JC,P = 9.6 Hz, p-Ph),
131.7 (d, 2JC,P = 11.6 Hz, o-Ar), 128.6 (d, 3JC,P = 12.2 Hz, m-Ph), 63.7 (s, NCH2), 45.3 (s, N(CH3)2).
31

P{1H}-NMR (121 MHz, CDCl3):  (ppm) = 44.2 (s). MALDI-TOF MS: (m/z) 409.15 {[M+H]+, calc.

409.19}. Elem. anal. for C24H29N2PS (408.55): calc. (%) C 70.56, H 7.15, N 6.86, P 7.58; found C
70.45, H 6.97, N 6.77, P 7.49.

93

Structure-Activity Relationships of Oligocationic, Ammonium-Functionalized Triarylphosphines

[S=PPh(NCN)2Me4]I4 (4a). To a solution of 2 (0.32 g, 0.61 mmol) in freshly distilled CH2Cl2 (30 mL)
was added MeI (1.1 mL, 18 mmol) and the mixture was heated at reflux temperature for 16 h. After
removal of the volatiles in vacuo, the product was obtained as a yellow solid. Yield: 0.64 g (quant.).
1

H-NMR (300 MHz, D2O):  (ppm) = 8.25 (d, 3JH,P = 13.5 Hz, 4H, o-Ar), 8.05 (s, 2H, p-Ar), 7.97 (dd,

3

JH,H = 7.7 Hz, 3JH,P = 14.3 Hz, 2H, o-Ph), 7.74 (m, 1H, p-Ph), 7.64 (m, 2H, m-Ph), 4.70 (s, 8H, NCH2),

3.16 (s, 36H, N(CH3)3).

13

C{1H}-NMR (75 MHz, D2O):  (ppm) = 141.2 (d, 4JC,P = 2.6 Hz, p-Ar),

138.6 (d, 2JC,P = 11.3 Hz, o-Ar), 134.4 (d, 1JC,P = 85.5 Hz, i-Ar), 133.6 (d, 4JC,P = 2.6 Hz, p-Ph), 132.4
(d, 2JC,P = 11.3 Hz, o-Ph), 130.1 (d, 3JC,P = 13.1 Hz, m-Ar), 129.6 (d, 3JC,P = 13.1 Hz, m-Ph), 129.6 (d,
1

JC,P = 87.6 Hz, i-Ph), 68.0 (s, NCH2), 53.0 (s, N(CH3)3). 31P{1H}-NMR (121 MHz, D2O):  (ppm) =

43.0 (s). ESI MS: (m/z) 963.03 {[M–I]+, calc. 963.11}, 418.04 {[M–2I]2+, calc. 418.10}, 236.41 {[M–
3I]3+, calc. 236.44}. Elem. anal. for C34H55I4N4PS (1090.50): calc. (%) C 37.45, H 5.08, N 5.14, P 2.84;
found C 37.36, H 5.23, N 5.04, P 2.83.

[S=PPh(NCN)2Bn4]Br4 (4b). To a solution of 2 (0.18 g, 0.35 mmol) in freshly distilled CH2Cl2 (50
mL) were added benzyl bromide (0.25 mL, 2.1 mmol) and Na2CO3 (50 mg, 0.47 mmol). The mixture
was heated at reflux temperature for 16 h. After the mixture had cooled down to room temperature, it
was filtered and concentrated in vacuo. The product was further purified by precipitation from MeOH
with Et2O (3x). After drying in vacuo, the product was obtained as an off-white solid. Yield: 0.32 g
(75%). 1H-NMR (300 MHz, CD3OD):  (ppm) = 8.55 (d, 3JH,P = 13.2 Hz, 4H, o-Ar,), 8.43 (dd, 3JH,H =
6.9 Hz, 3JH,P = 13.8 Hz, 2H, o-Ph), 8.05 (s, 2H, p-Ar), 7.70 (d, 3JH,H = 6.6 Hz, 8H, o-Ph’), 7.59 – 7.50
(m, 15H, m- and p-Ph and m- and p-Ph’), 4.75 (m, 16H, NCH2), 3.08 (s, 24H, N(CH3)2). 13C{1H}-NMR
(75 MHz, CD3OD):  (ppm) = 142.2 (m), 140.2 (m), 137.7 (d, 1JC,P = 85.5 Hz, i-Ar), 134.6 (s, Ph’),
134.0 (m), 133.6 (s, p-Ph), 132.1 (d, 1JC,P = 85.1 Hz, i-Ph), 131.8 (s, Ph’), 131.0 (d, 3JC,P = 13.1 Hz, mAr), 130.2 (s, Ph’), 129.9 (d, 3JC,P = 13.5 Hz, m-Ph), 128.7 (s, Ph’), 68.6 (s, NCH2), 68.3 (s, NCH2),
49.8 (s, N(CH3)2). 31P{1H}-NMR (121 MHz, CD3OD):  (ppm) = 41.1 (s). ESI MS: (m/z) 1123.3 {[MBr]+, calc. 1123.3}, 522.13{[M–2Br]2+, calc. 522.18}, 321.80 {[M–3Br]3+, calc. 321.81}, 221.60 {[M–
4Br]4+, calc. 221.63}. Elem. anal. for C58H71Br4N4PS (1206.88): calc. (%) C 57.72, H 5.93, N 4.64, P
2.57, Br 26.48; found C 57.61, H 6.10, N 4.52, P 2.62, Br 26.39.

[S=PPh(NCN)2G14]Br4 (4c). To a solution of 2 (0.16 g, 0.31 mmol) in freshly distilled CH2Cl2 (50
mL) were added G1-Br (0.70 g, 1.8 mmol) and Na2CO3 (45 mg, 0.47 mmol). The mixture was heated
at reflux temperature for 16 h. After the mixture was cooled down to room temperature, it was filtered
and dried in vacuo. The product was further purified by precipitation from CH2Cl2 with Et2O (3x).
After drying in vacuo, the product was obtained as an off-white solid. Yield: 0.53 g (83%). 1H-NMR
(300 MHz, CDCl3):  (ppm) = 8.68 (br. m, 8H, o-Ph and o- and p-Ar), 7.5 - 7.2 (m, 43H, m- and p-Ph
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and Ph’), 6.89 (s, 8H, o-Ar’), 6.67 (s, 4H, p-Ar’), 5.03 (s, 16H, OCH2), 5.00 (s, 8H, NCH2Ar’), 4.73
(br., 8H, NCH2Ar), 3.01 (br. s, 24H, N(CH3)2). 13C{1H}-NMR (75 MHz, CDCl3):  (ppm) = 160.0 (s,
m-Ar’), 141.5 (s, p-Ar), 139.1 (d, 2JC,P = 10.3 Hz, o-Ar), 136.3 (s, o-Ar’), 133.2 (d, 2JC,P = 10.6 Hz, oPh), 132.7 (s, p-Ph), 129.3 (d, 3JC,P = 12.8 Hz, m-Ar), 128.9 (s, Ph’), 128.6 (s, Ph’), 128.2 (s, Ph’),
127.8 (s, Ph’), 112.5 (s, p-Ar’), 104.6 (s, i-Ar’), 70.3 (s, OCH2), 67.1 (s, NCH2), 49.2 (s, N(CH3)2)
(signals of i-Ar, i-Ph and m-Ph not resolved). 31P{1H}-NMR (121 MHz, CDCl3):  (ppm) = 40.3 (s).
ESI MS: (m/z) 1976.0 {[M–Br]+, calc. 1976.0}, 946.29 {[M–2Br]2+, calc. 946.34}, 604.54 {[M–3Br]3+,
calc. 604.59}, 433.69 {[M–4Br]4+, calc. 433.71}. Elem. anal. for C114H119Br4N4O8PS (2055.88): calc. C
66.60, H 5.83, N 2.73, P 1.51, Br 15.55; found C 66.73, H 5.76, N 2.58, P 1.57, Br 15.64.

[S=PPh2(NCN)Me2]I2 (5a). The preparation of 5a followed an analogous procedure as described for
4a, using 3 (0.22 g, 0.53 mmol) and MeI (1.0 mL, 6.1 mmol). The product was obtained as a yellow
solid. Yield: 0.36 g (quant.). 1H-NMR (300 MHz, D2O/acetone-d6, 1/1 (v/v)):  (ppm) = 8.30 (s, 1H, pAr), 8.22 (d, 3JH,P = 12.9 Hz, 2H, o-Ar), 7.98 (dd, 3JH,H = 9.0 Hz, 3JH,P = 13.5, 4H, o-Ph), 7.88 – 7.85 (m,
2H, p-Ph), 7.80 – 7.74 (m, 4H, m-Ph), 4.90 (s, 4H, NCH2), 3.50 (s, 18H, N(CH3)3). 13C{1H}-NMR (75
MHz, D2O/acetone-d6, 1/1 (v/v)):  (ppm) = 141.8 (d, 4JC,P = 2.3 Hz, p-Ar), 139.5 (d, 2JC,P = 10.6 Hz, oAr), 137.5 (d, 1JC,P = 83.6 Hz, i-Ar), 134.3 (d, 4JC,P = 2.7 Hz, p-Ph), 133.5 (d, 2JC,P = 10.9 Hz, o-Ph),
131.9 (d, 1JC,P = 86.4 Hz, i-Ph), 131.2 (d, 3JC,P = 12.5 Hz, m-Ar), 130.6 (d, 3JC,P = 12.5 Hz, m-Ph), 69.3
(s, NCH2), 54.0 (s, N(CH3)3). 31P{1H}-NMR (121 MHz, D2O/acetone-d6, 1/1 (v/v)):  (ppm) = 46.1 (s).
ESI MS: (m/z) 565.09 {[M–I]+, calc. 565.13}, 219.07 {[M–2I]2+, calc. 219.11}. Elem. anal. for
C26H35I2N2PS (692.43): calc. (%) C 45.10, H 5.09, N 4.05, P 4.47; found C 44.89, H 5.12, N 3.89, P
4.57.

[S=PPh2(NCN)Bn2]Br2 (5b). The preparation of 5b followed an analogous procedure as described for
4b, using 3 (0.24 g, 0.59 mmol), Na2CO3 (55 mg, 0.52 mmol) and benzyl bromide (0.30 mL, 2.5
mmol). The product was obtained as an off-white solid. Yield: 0.43 g (96 %). 1H-NMR (300 MHz,
CD3OD):  (ppm) = 8.13 (s, 1H, p-Ar), 8.09 (d, 3JH,P = 12.9 Hz, 2H, o-Ar), 7.94 (dd, 3JH,H = 8.10 Hz,
3

JH,P = 13.5 Hz, 4H, o-Ph), 7.63 – 7.49 (m, 16H, m- and p-Ph and Ph’), 4.74 (s, 4H, NCH2Ph’), 4.63 (s,

4H, NCH2Ar), 2.98 (s, 12H, N(CH3)2). 13C{1H}-NMR (75 MHz, CD3OD):  (ppm) = 142.1 (s, p-Ar),
139.8 (d, 2JC,P = 10.7 Hz, o-Ar), 138.3 (d, 1JC,P = 83.6 Hz, i-Ar), 134.5 (s, Ph’), 133.6 (d, 2JC,P = 11.0
Hz, o-Ph), 133.3 (d, 4JC,P = 2.7 Hz, p-Ph), 133.0 (d, 1JC,P = 85.8 Hz, i-Ph), 131.9 (s, Ph’), 130.8 (d, 3JC,P
= 12.5 Hz, m-Ar), 130.2 (s, Ph’), 129.9 (d, 3JC,P = 12.5 Hz, m-Ph), 128.6 (s, Ph’), 69.1 (s, NCH2), 68.2
(s, NCH2), 54.9 (s, N(CH3)2). 31P{1H}-NMR (162 MHz, CD3OD):  (ppm) = 43.0 (s). ESI MS: (m/z)
669.09 {[M–Br]+, calc. 699.21}, 295.08 {[M–2Br]2+, calc. 295.14}. Elem. anal. for C38H43Br2N2PS
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(750.62): calc. (%) C 60.80, H 5.77, N 3.73, P 4.13, Br 21.29; found C 60.61, H 5.79, N 3.60, P 3.98,
Br 21.13.

[S=PPh2(NCN)G12]Br2 (5c). The preparation of 5c followed an analogous procedure as described for
4c, using 3 (0.31 g, 0.75 mmol), G1-Br (1.17 g, 3.06 mmol) and Na2CO3 (63 mg, 0.60 mmol). The
product was obtained as an off-white solid. Yield: 0.81 g (91 %). 1H-NMR (400 MHz, CDCl3): 
(ppm) = 8.42 (dd, 3JH,H = 7.4 Hz, 3JH,P = 13.0 Hz, 4H, o-Ph), 8.15 (br. s, 2H, o-Ar), 7.93 (s, 1H, p-Ar),
7.51 - 7.20 (m, 26H, m- and p-Ph and Ph’), 6.98 (s, 4H, o-Ar’), 6.64 (s, 2H, p-Ar’), 5.03 (s, 8H,
OCH2), 4.89 (s, 4H, NCH2Ar’), 4.63 (s, 4H, NCH2Ar), 2.98 (s, 12H, N(CH3)2).

13

C{1H}-NMR (75

MHz, CDCl3):  (ppm) = 160.0 (s, m-Ar’), 140.7 (s, p-Ar), 138.2 (d, 2JC,P = 10.6 Hz, o-Ar), 137.9 (d,
1

JC,P = 85.8 Hz, i-Ar), 136.6 (s, o-Ar’), 133.5 (d, 2JC,P = 11.3 Hz, o-Ph), 132.3 (s, p-Ph), 130.7 (d, 1JC,P =

85.4 Hz, i-Ph), 129.2 (d, 3JC,P = 12.8 Hz, m-Ar), 129.0 (s, Ph’), 128.7 (overlapping d, 3JC,P = 12 Hz, mPh), 128.6 (s, Ph’), 128.2 (s, Ph’), 128.1 (s, Ph’), 112.7 (s, p-Ar’), 104.4 (s, i-Ar’), 70.4 (s, OCH2), 68.5
(s, NCH2), 66.1 (s, NCH2), 49.0 (s, N(CH3)2). 31P{1H}-NMR (121 MHz, CDCl3):  (ppm) = 42.1 (s).
ESI MS: (m/z) 1093.4 {[M–Br]+, calc. 1093.4}, 702.59 {[2M–3Br]3+, calc. 702.61}, 507.16 {[M–
2Br]2+, calc. 507.23}. Elem. anal. for C66H67Br2N2O4PS (1175.12): calc. (%) C 67.46, H 5.75, N 2.38, P
2.64, Br 13.60; found C 67.26, H 5.82, N 2.31, P 2.68, Br 13.74.

General method for the reduction of phosphine sulfides. A solution of the phosphine sulfide (4a-c,
5a-c) and P(n-Bu)3 (300-350 eq.) in MeOH (two times the volume of P(n-Bu)3) was heated at reflux
temperature for 16 h under a N2 atmosphere. After removal of all volatiles by distillation, the product
precipitated and the excess P(n-Bu)3 was removed via a cannula. The product was then purified by
repeated precipitation from MeOH with Et2O (3-4 times), affording the free phosphine as an off-white
powder.

[PPh(NCN)2Me4]I4 (6a). Starting from 4a (0.95 g, 0.88 mmol) and P(n-Bu)3 (72 mL, 0.29 mol), 0.80 g
6a was obtained (87 %). 1H-NMR (300 MHz, D2O):  (ppm) = 7.80 (s, 2H, p-Ar), 7.78 (overlapping d,
3

JH,P = 6.9 Hz, 4H, o-Ar), 7.66 – 7.50 (m, 5H, Ph), 4.60 (s, 8H, NCH2), 3.12 (s, 36H, N(CH3)3).

13

C{1H}-NMR (100 MHz, D2O):  (ppm) = 140.1 (d, 2JC,P = 19.1 Hz, o-Ar), 139.8 (d, 1JC,P = 13.0 Hz, i-

Ar), 138.0 (s, p-Ar), 135.0 (m, i-Ph), 134.3 (d, 2JC,P = 20.7 Hz, o-Ph), 130.6 (s, p-Ph), 129.5 (d, 3JC,P =
8.6 Hz, m-Ph), 129.5 (d, 3JC,P = 6.7 Hz, m-Ar), 68.5 (s, NCH2), 52.9 (s, N(CH3)3). 31P{1H}-NMR (121
MHz, D2O):  (ppm) = -5.1. ESI MS: (m/z) 931.05 {[M-I]+, calc. 931.13}, 402.04 {[M–2I]2+, calc.
402.11}, 225.73 {[M–3I]3+, calc. 225.77}, 137.56 {[M-4I]4+, calc. 137.60}. Elem. anal. for C34H55I4N4P
(1058.43): calc. (%) C 38.58, H 5.24, N 5.29, P 2.93; found C 38.68, H 5.28, N 5.17, P 2.91.
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[PPh(NCN)2Bn4]Br4 (6b). Starting from 4b (0.76 g, 0.63 mmol) and P(n-Bu)3 (55 mL, 0.22 mol), 0.46
g 6b was obtained (62 %). 1H-NMR (300 MHz, CD3OD):  (ppm) = 8.12 (d, 3JH,P = 6.8 Hz, 4H, o-Ar),
7.96 – 7.90 (m, 2H, o-Ph), 7.87 (s, 2H, p-Ar), 7.72 – 7.69 (m, 8H, o-Ph’), 7.58 – 7.48 (m, 12H, m- and
p-Ph’), 7.33 – 7.31 (m, 3H, m- and p-Ph), 4.74 – 4.66 (m, 16H, NCH2), 3.05 (s, 24H, N(CH3)2).
13

C{1H}-NMR (75 MHz, CD3OD):  (ppm) = 143.3 (d, 1JC,P = 14.3 Hz, i-Ar), 141.7 (d, 2JC,P = 18.6 Hz,

o-Ar), 139.3 (s, p-Ar), 138.0 (d, 1JC,P = 11.6 Hz, i-Ph), 136.3 (d, 2JC,P = 22.9 Hz, o-Ph), 134.6 (s, Ph’),
131.9 (s, Ph’), 130.4 (s, p-Ph), 130.6 (d, 3JC,P = 6.1 Hz, m-Ar), 130.2 (s, Ph’), 128.9 (s, Ph’), 128.7 (d,
3

JC,P = 7.5 Hz, m-Ph), 68.8 (s, NCH2), 68.6 (s, NCH2), 49.6 (s, N(CH3)2). 31P{1H}-NMR (121 MHz,

CD3OD):  (ppm) = -2.1. ESI MS: (m/z) 506.13 {[M–2Br]2+, calc. 506.19}, 311.11 {[M–3Br]3+, calc.
311.15}, 213.59 {[M–4Br]4+, calc. 213.64}. Elem. anal. for C58H71Br4N4P (1174.82): calc. (%) C 59.30,
H 6.09, N 4.77, P 2.64; found C 59.65, H 5.94, N 4.84, P 2.61.

[PPh(NCN)2G14]Br4 (6c). Starting from 4c (0.99 g, 0.48 mmol) and P(n-Bu)3 (40 mL, 0.16 mol), 0.43
g 6c was obtained (44%). 1H-NMR (300 MHz, CDCl3):  (ppm) = 8.81 (br. s, 2H, p-Ar), 8.50 – 8.33,
(m, 6H, o-Ph and o-Ar), 7.40 – 7.23 (m, 43H, m- and p-Ph and Ph’), 6.88 (s, 8H, o-Ar’), 6.64 (s, 4H, pAr’), 5.01 (br. s, 16H, OCH2), 4.75 (br., 16H, NCH2), 3.01 (br. s, 24H, N(CH3)2). 13C{1H}-NMR (75
MHz, CDCl3):  (ppm) = 160.1 (s, m-Ar’), 142.7 (d, 1JC,P = 13.4 Hz, i-Ar), 140.8 (br. s, o-Ar), 138.7 (s,
p-Ar), 137.6 (d, 1JC,P = 12.5 Hz, i-Ph), 136.4 (s, o-Ar’), 135.5 (d, 2JC,P = 23.6 Hz, o-Ph), 130.6 (s, p-Ph),
129.2 (s, m-Ar) 129.1 (Ph’), 128.7 (Ph’), 127.9 (Ph’), 128.2 (Ph’), 112.5 (s, p-Ar’), 104.6 (s, i-Ar’),
70.3 (s, OCH2), 68.1 (s, NCH2), 66.7 (s, NCH2), 49.5 (s, N(CH3)2) (signal of m-Ph not resolved).
31

P{1H}-NMR (121 MHz, CDCl3):  (ppm) = -3.9. ESI MS: (m/z) 930.28 {[M–2Br]2+, calc. 930.36},

593.89 {[M–3Br]3+, calc. 593.93}, 425.69 {[M–4Br]4+, calc. 425.72}. Elem. anal. for C114H119Br4N4O8P
(2023.81): calc. (%) C 67.66, H 5.93, N 2.77, P 1.53; found C 67.65, H 6.10, N 2.71, P 1.48.

[PPh2(NCN)Me2]I2 (7a). Starting from 5a (1.47 g, 2.13 mmol) and P(n-Bu)3 (175 mL, 1.07 mol) 1.04
g 7a was obtained (74%). 1H-NMR (300 MHz, D2O):  (ppm) = 7.73 (s, 1H, p-Ar), 7.57 (d, 3JH,P =
6.9Hz, 2H, o-Ar), 7.51 – 7.46 (m, 10H, Ph), 4.52 (s, 4H, CH2), 3.05 (s, 18H, N(CH3)3). 13C{1H}-NMR
(75 MHz, D2O):  (ppm) = 141.1 (d, 1JC,P = 13.1 Hz, i-Ar), 139.5 (d, 2JC,P = 18.0 Hz, o-Ar), 137.2 (s, pAr), 135.5 (d, 1JC,P = 8.3 Hz, i-Ph), 134.2 (d, 2JC,P = 19.8 Hz, o-Ph), 130.1 (s, p-Ph), 129.4 (d, 3JC,P = 7.3
Hz, m-Ph), 129.0 (d, 3JC,P = 5.8 Hz, m-Ar), 68.6 (s, CH2), 52.9(s, N(CH3)3). 31P{1H}-NMR (121 MHz,
D2O):  (ppm) = -5.8. ESI MS: (m/z) 533.05 {[M-I]+, calc. 533.16}, 203.08 {[M-2I]2+, calc. 203.13}.
Elem. anal. for C26H35I2N2P (660.36): calc. (%) C 47.29, H 5.34, N 4.24, P 4.69; found C 47.38, H
5.36, N 4.18, P 4.63.
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[PPh2(NCN)Bn2]Br2 (7b). Starting from 5b (0.56 g, 0.75 mmol) and P(n-Bu)3 (58 mL, 0.23 mol), 0.35
g 7b was obtained (60 %). 1H-NMR (300 MHz, CD3OD):  (ppm) = 7.97 (s, 1H, p-Ar), 7.63 (d, 3JH,P =
6.3 Hz, 6H, o-Ar and o-Ph), 7.52 – 7.40 (m, 10H, Ph’), 7.33 – 7.31 (m, 6H, m- and p-Ph), 4.73 (s, 4H,
NCH2Ph’), 4.68 (s, 4H, NCH2Ar), 2.96 (s, 12H, N(CH3)2). 13C{1H}-NMR (75 MHz, CD3OD):  (ppm)
= 143.5 (d, 1JC,P = 16.6 Hz, i-Ar), 141.0 (d, 2JC,P = 18.8 Hz, o-Ar), 139.0 (s, p-Ar), 137.6 (d, 1JC,P = 11.1
Hz, i-Ph), 135.2 (d, 2JC,P = 20.4 Hz, o-Ph), 134.4 (s, Ph’), 132.0 (s, Ph’), 130.7 (s, p-Ph), 130.4 (d, 3JC,P
= 6.0 Hz, m-Ar), 130.3 (s, Ph’), 130.1 (d, 3JC,P = 7.5 Hz, m-Ph), 128.7 (s, Ph’), 69.6 (s, NCH2), 68.7 (s,
NCH2), 49.5 (s, N(CH3)2). 31P{1H}-NMR (121 MHz, CD3OD):  (ppm) = -3.8. ESI MS: (m/z) 637.17
{[M–Br]+, calc. 637.23}, 279.11 {[M–2Br]2+, calc. 279.16}. Elem. anal. for C38H43Br2N2P (718.55):
calc. (%) C 63.52, H 6.03, N 3.90, P 4.31; found C 63.33, H 6.15, N 3.68, P 4.28.
[PPh2(NCN)G12]Br2 (7c). Starting from 5c (1.19 g, 1.02 mmol), 0.47 g 7c was obtained (40%). 1HNMR (400 MHz, CDCl3):  (ppm) = 8.18 (s, 1H, p-Ar), 7.62 – 7.56 (m, 4H, o-Ph), 7.40– 7.21 (m,
28H, m- and p-Ph, o-Ar and Ph’), 6.94 (s, 4H, o-Ar’), 6.65 (s, 2H, p-Ar’), 5.02 (s, 8H, OCH2), 4.75
(8H, NCH2), 2.99 (s, 12H, N(CH3)2). 13C{1H}-NMR (75 MHz, CDCl3):  (ppm) = 160.1 (s, m-Ar’),
141.2 (d, 1JC,P = 15.2 Hz, i-Ar), 139.6 (d, 2JC,P = 18.3 Hz, o-Ar), 138.2 (s, p-Ar), 136.5 (s, o-Ar’), 136.4
(d, 1JC,P = 10.7 Hz, i-Ph), 134.5 (d, 2JC,P = 20.5 Hz, o-Ph), 129.6 (s, p-Ph), 129.1 (s, Ph’), 129.1 (s, mPh), 128.7 (s, Ph’), 128.2 (s, Ph’), 128.0 (s, Ph’), 112.7 (s, p-Ar’), 104.4 (s, i-Ar’), 70.5 (s, OCH2), 68.3
(s, NCH2), 67.3 (s, NCH2), 49.3 (s, N(CH3)2) (signal of m-Ar not resolved). 31P{1H}-NMR (162 MHz,
CDCl3):  (ppm) = -3.5. ESI MS: (m/z) 1061.3 {[M–Br]+, calc. 1061.4}, 681.27 {[2M–3Br]3+, calc.
681.30}, 491.16 {[M–2Br]2+, calc. 491.24}. Elem. anal. for C66H67Br2N2O4P (1143.05): calc. (%) C
69.35, H 5.91, N 2.45, P 2.71; found C 69.50, H 6.03, N 2.37, P 2.67.

S=P(NC)3 (8). The preparation of 8 followed an analogous procedure as described for 2, using 4[(dimethylamino)methyl]-1-bromobenzene (7.04 g, 33.0 mmol), t-BuLi (41 mL, 1.6 M in pentane, 66
mmol, 2.0 eq.), PBr3 (0.93 mL, 9.9 mmol, 0.30 eq.) and sulfur (0.336 g, 10.6 mmol). The product was
obtained as a yellow oil. Yield: 2.82 g (61%). 1H-NMR (400 MHz, CDCl3):  (ppm) = 7.65 (dd, 3JH,H =
8.2 Hz, 3JH,P = 13.2 Hz, 6H, o-Ar), 7.38 (dd, 3JH,H = 8.2 Hz, 4JH,P = 2.6 Hz, 6H, m-Ar), 3.46 (s, 6H,
NCH2), 2.24 (s, 18H, N(CH3)2). 13C{1H}-NMR (75 MHz, CDCl3):  (ppm) = 142.6 (d, 4JC,P = 2.7 Hz,
p-Ar), 132.1 (d, 2JC,P = 9.1 Hz, o-Ar), 131.4 (d, 1JC,P = 87.1 Hz, i-Ar), 128.9 (d, 3JC,P = 12.8 Hz, m-Ar),
63.6 (s, NCH2), 45.2 (s, N(CH3)2). 31P{1H}-NMR (121 MHz, CDCl3):  (ppm) = 43.3 (s). MALDI-TOF
MS: (m/z) 466.21 {[M+H]+, calc. 466.25}. Elem. anal. for C27H36N3PS (465.64): calc. (%) C 69.64, H
7.79, N 9.02, P 6.65; found C 69.46, H 7.68, N 8.95, P 6.60.
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[S=P(NC)3Me3]I3 (9). To a solution of 8 (1.87 g, 4.02 mmol) in freshly distilled CH2Cl2 (100 mL) was
added MeI (2.5 mL, 40 mmol) and the mixture was stirred at room temperature for 6 h. After filtration
and drying in vacuo, the product was obtained as a light yellow solid. Yield: 3.69 g (quant.). 1H-NMR
(400 MHz, dmso-d6):  (ppm) = 7.85 (dd, 3JH,H = 7.8 Hz, 3JH,P = 12.6 Hz, 6H, o-Ar), 7.77 (d, 3JH,H = 6.8
Hz, 6H, m-Ar), 4.70 (s, 6H, NCH2), 3.10 (s, 27H, N(CH3)3).

13

C{1H}-NMR (75 MHz, dmso-d6): 

(ppm) = 133.5 (d, 1JC,P = 83.9 Hz, i-Ar), 133.2 (d, 3JC,P = 12.8 Hz, m-Ar), 132.2 (d, 2JC,P = 11.3 Hz, oAr), 132.0 (d, 4JC,P = 2.8 Hz, p-Ar), 66.3 (s, NCH2), 52.0 (s, N(CH3)3). 31P{1H}-NMR (121 MHz, dmsod6):  (ppm) = 42.6 (s). ESI MS: (m/z) 763.98 {[M–I]+, calc. 764.12}, 318.50 {[M–2I]2+, calc. 318.61}.
Elem. anal. for C30H45I3N3PS (891.46): calc. (%) C 40.42, H 5.09, N 4.71, P 3.47; found C 40.52, H
5.14, N 4.61, P 3.44.

[P(NC)3Me3]I3 (10). A solution of 9 (3.45 g, 3.87 mmol) and P(n-Bu)3 (340 mL, 1.36 mol) in MeOH
(1.0 L) was heated at reflux temperature under a N2 atmosphere for 16 h. After removal of all volatiles
by distillation, the product precipitated and the excess P(n-Bu)3 was removed via a cannula. The
precipitate was then washed with Et2O (3 x 50 mL) and MeOH (3 x 10 mL) affording the product as a
white powder. Yield: 1.86 g (56 %). 1H-NMR (400 MHz, dmso-d6):  (ppm) = 7.60 (d, 3JH,H = 7.6 Hz,
6H, m-Ar), 7.40 (dd, 3JH,H = 7.8 Hz, 3JH,P = 8.0 Hz, 6H, o-Ar), 4.57 (s, 6H, NCH2), 3.04 (s, 27H,
N(CH3)3). 13C{1H}-NMR (100 MHz, dmso-d6):  (ppm) = 138.3 (d, 1JC,P = 12.9 Hz, i-Ar), 134.0 (d,
2

JC,P = 19.4 Hz, o-Ar), 133.5 (d, 3JC,P = 7.0 Hz, m-Ar), 129.4 (s, p-Ar), 67.2 (s, NCH2), 52.1 (s,

N(CH3)3). 31P{1H}-NMR (162 MHz, dmso-d6):  (ppm) = -6.5 (s). ESI MS: (m/z) 732.11 {[M–I]+, calc.
732.14}, 302.54 {[M–2I]2+, calc. 302.62}. Elem. anal. for C30H45I3N3P (859.39): calc. (%) C 41.93, H
5.28, N 4.89, P 3.60; found C 41.85, H 5.33, N 4.78, P 3.68.

3,5-bis[(benzylmethylamino)methyl]-1-bromobenzene (11). To a solution of 3,5-bis(bromomethyl)1-bromobenzene (13.1 g, 38.2 mmol) in Et2O (200 mL) was added an excess of N-methylbenzylamine
(31 mL, 0.27 mol, 6.3 eq.). The mixture was stirred at room temperature for 1.5 h, after which the
resulting suspension was filtered. The filtrate was concentrated in vacuo, dissolved in aqueous HCl
(1M, 250 mL) and washed with CH2Cl2 (3x 150 mL). Aqueous NaOH (4M, 150 mL) was added and
the mixture was extracted with CH2Cl2 (3x 150 mL). The combined organic layers were dried over
MgSO4, filtered and dried in vacuo. After removal of the excess unreacted N-methylbenzylamine by
vacuum distillation (125 °C, 4 h), the product was obtained as an orange oil. Yield: 15.6 g (96 %). 1HNMR (300 MHz, CDCl3):  (ppm) 7.48 (s, 2H, o-Ar), 7.44-7.30 (m, 11H, p-Ar and Ph ), 3.58 (s, 4H,
NCH2), 3.54 (s, 4H, NCH2), 2.24 (s, 6H, CH3). 13C{1H}-NMR (75 MHz, CDCl3):  (ppm) = 142.1,
139.5, 130.9 (all Ph), 129.4, 128.8, 128.5, 127.6 (all Ar), 122.9 (Ph), 62.4 (NCH2), 61.7 (NCH2), 42.7
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(NCH3). Elem. anal. for C24H27BrN2 (423.39): calc. (%) C 68.08, H 6.43, N 6.62; found C 68.15, H
6.37, N 6.72.

Tris(3,5-bis[(benzylmethylamino)methyl]phenyl)phosphine (12). To a solution of 11 (4.87 g, 11.5
mmol) in Et2O (50 mL) at -100 °C was added dropwise t-BuLi (1.5 M in pentane, 17 mL, 26 mmol,
2.2 eq.) to yield a light yellow suspension. After stirring for 45 min, PBr3 (0.32 mL, 3.4 mmol, 0.30
eq.) was added dropwise. The orange suspension was then allowed to warm to room temperature and
stirred for 16 h. Deoxygenated water (50 mL) was added and the mixture was shaken vigorously. The
layers were separated and the aqueous layer extracted with dichloromethane (2 x 50 mL). The
combined organic layers were concentrated in vacuo, dissolved in aqueous HCl (1M, 50 mL) and
washed with CH2Cl2 (3 x 50 mL). Then aqueous NaOH (4M, 50 mL) was added, upon which a white
precipitate formed. The product was then extracted with CH2Cl2 (3x 50 mL). The combined organic
layers were then washed with demineralized water, dried over MgSO4 and concentrated in vacuo. After
washing with MeOH, the product was obtained as a yellow oil. Yield: 2.38 g (66%). 1H-NMR (300
MHz, C6D6):  (ppm) 7.63 (d, 3JH,P = 6.6 Hz, 6H, o-Ar), 7.62 (s, 3H, p-Ar), 7.28 (d, 3JH,H = 7.2 Hz,
12H, o-Ph), 7.10 (m, 18H, m- and p-Ph), 3.34 (s, 12H, NCH2), 3.30 (s, 12H, NCH2), 2.00 (s, 18H,
NCH3). 13C{1H}-NMR (75 MHz, C6D6):  (ppm) = 140.3 (d, 3JC,P = 6.7 Hz, m-Ar), 139.9 (Ph), 138.4
(d, 1JC,P = 12.2 Hz, i-Ar), 133.5 (d, 2JC,P = 19.5 Hz, o-Ar), 130.2 (p-Ar), 129.2 (m, Ph), 128.6 (m, Ph),
127.2 (m, Ph), 62.1 (m, NCH2), 42.2 (m, NCH3). 31P{1H}-NMR (121 MHz, C6D6):  (ppm) = -4.9.
MALDI-TOF MS: (m/z) 1061.59 {[M+H]+, calc. 1061.63}. Elem. anal. for C72H81N6P (1061.43): calc.
(%) C 81.47, H 7.69, N 7.92, P 2.92; found C 81.34, H 7.75, N 7.86, P 2.86.

Synthesis of phosphine selenides. Phosphine selenides were obtained by stirring a solution of the free
phosphine (40 – 80 mg) in deoxygenated MeOH or CH2Cl2 (25 mL) in the presence of 5 eq. of
elemental selenium, at reflux temperature for 16 h. After removal of the solvent in vacuo, the
phosphine selenides were dissolved in deuterated solvents, filtered over a plug of cotton and Celite and
characterized by 31P-NMR.

Procedure for the Suzuki-Miyaura reactions. All of the catalytic experiments were performed using
a ChemSpeed ASW 2000 automated workstation under an inert N2 atmosphere and using
deoxygenated solvents. A reactor block containing 16 vessels of 13 mL was used. A maximum of eight
vessels were used per run. Phenyl boronic acid and the base were weighed as solids into the reactor
vessels. After inertization of the vessels, (the vessels were closed and put under vacuum, follwed by
purging with N2 and this was repeated two more times) a solution of the aryl halide (1.0 mmol in 7 mL
solvent) was added via syringe to each of the vessels, followed by addition of a stock solution of the
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ligand in an appropriate solvent (H2O, MeOH or CH2Cl2; 10-100 mM). The reactor block was then
warmed to reflux temperature while shaking (1000 rpm). When the appropriate temperature had been
reached, the reaction was started by adding via syringe 0.5 mL of a solution of Pd2dba3.CHCl3 (1.0-10
mM in toluene; i.e. 2.0-20 mM Pd). After appropriate time intervals, shaking was stopped and samples
of 0.2 mL were taken from each of the reaction mixtures. While shaking of the vessels was resumed,
the samples were mixed with 1.0 mL 1M NaOH and 2.5 mL CH2Cl2 containing 2.41 mM pentadecane
as internal standard. The bottom organic layer was then transferred to a vial for analysis by GC.
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Coulombic Inter-Ligand Repulsion Effects on the Pt(II) Coordination
Chemistry of Oligocationic, Ammonium-Functionalized Triarylphosphines

The Pt(II) coordination chemistry of oligocationic ammoniomethyl- and neutral aminomethylsubstituted triarylphosphines L* is described. Complexes of the type PtX2(L*)2 (X = Cl, I) have been
isolated and characterized. For hexa-meta-ammoniomethyl-substituted ligands [1]6+ and [2]6+, two
ligands always occupy a trans-configuration with respect to each other in complexes of the type
PtX2(L*)2, while for tri-para-ammoniomethyl-substituted ligand [7]3+, the cis/trans ratio is dependent
on the ionic strength of the solution. This behavior was not observed for the neutral aminomethylsubstituted ligands. In the crystal structure of trans-[PtI2(1)2]I12, the geometrical parameters of
phosphine ligand [1]6+ are very similar to those found in the analogous complex of benchmark ligand
PPh3, i.e. trans-PtI2(PPh3)2, indicating that no significant increase in the steric congestion is present in
the complex. Instead, the coordination chemistry of this class of phosphine ligands is dominated by
repulsive Coulombic inter-ligand interactions.
Dennis J. M. Snelders, Maxime A. Siegler, Lars S. von Chrzanowski, Anthony L. Spek, Gerard van Koten and
Robertus J. M. Klein Gebbink.
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5.1 Introduction
The use of additional supramolecular interactions between phosphine ligands that
coordinate to a metal centre is emerging as an important tool in the design of new ligand
systems.1 In particular, the construction of bidentate phosphine ligands which self-assemble
from monodentate phosphines via attractive noncovalent interactions is a powerful concept.2,3
Of special interest is the design of bidentate phosphine ligands that are exclusively transchelating.4 The supramolecular interactions involved are in most cases hydrogen bonding or
metal-ligand interactions. Van Leeuwen et al.5 reported on the use of Coulombic interactions
to assemble triphenylphosphine derivatives. It was shown that the cationic and anionic
moieties of two different phosphine ligands form ion pairs and that the resulting diphosphine
ligand acts as a bidentate, cis- or trans-chelating ligand in various transition-metal complexes.
Hydrogen bonding, metal-ligand interactions or Coulombic attractive forces between
opposite charges as supramolecular interactions are all attractive in nature. However, in the
case of Coulombic interactions, the combination of functional groups of the same charge
should give rise to repulsive interactions between phosphine ligands. Although several
examples of phosphine ligands bearing anionic6 as well as cationic7 (Figure 1) substituents
exist, the number of ionic groups per phosphine functionality is usually limited to one, two or
three. Ligands of this type have mainly been investigated to enhance the solubility of catalysts
in polar or unconventional media and to enable their recycling, e.g. through an aqueous /
organic biphasic setup.8
P

Cl
R2P

NMe3 X

R2P

N

N

N
N

R = Ph, X = I, Cl, NO3, PF6 :
Amphos
R = t-Bu, X = Cl:
t-Bu-Amphos

P

(CH2)n

R = t-Bu: t-Bu-pip-phos
R = Cy: Cy-pip-phos

MPTA

NH2

PMe3 X

n Cl

HN
NMe2
Ph(3-n)P
n

Phophos
n = 2, 3, 6, 10
X = Cl, NO3, PF6

Guaphos
n = 1, 2, 3

Figure 1. Some known examples of cationic phosphine ligands.
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Perhaps for these reasons, repulsive Coulombic interactions between phosphine ligands
have only scarcely been described in literature (see Chapter 1 of this thesis).
Hexa-ammoniomethyl-functionalized Dendriphos ligands [1]6+ and [2]6+ (Figure 2) were
recently reported9a and the application of [2]Br6 as well as the higher generations of this class
of ligands in the Pd-catalyzed Suzuki-Miyaura cross-coupling reaction has been
investigated.9b-d The high activity in the Suzuki-Miyaura reaction of catalytic systems
employing these ligands is ascribed to a Coulombic repulsive interaction between neighboring
ligands, leading to a preferential formation of coordinatively unsaturated complexes. Next to
the hexacationic Dendriphos ligands, di-, tri and tetra-ammoniomethyl functionialized [5]4+,
[6]2+ and [7]3+ have been developed.9d Hexa-aminomethyl functionalized 314 and 49d were
designed as neutral, sterically similar analogues of [1]6+ and [2]6+. Here, we turn our attention
to the reactivity of this series of oligocationic ligands, as well as their neutral analogues 3 and
4, with respect to Pt(II) ions, and present investigations concerning the role that repulsive
Coulombic interactions play in their coordination behavior.
R
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R
N
Me2

P

Me2N
R Me N
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R

4I

6X
Me3N

NMe3

P

Me3N

NMe2
NMe2 R
R

NMe3
[5]I4
2I

[1]X6: R = Me, X = I, Cl, BF4
[2]X6: R = Bn, X = Br, Cl, BF4

NMe3

P

NMe3
[6]I2
R

R

N
Me

N
Me

P

MeN
R MeN
R

NMe
NMe R
R

3: R = Me
4: R = Bn

3I
P

NMe3

Me3N
NMe3
[7]I3

Figure 2. Oligocationic ammoniomethyl- and neutral aminomethyl-substituted ligands considered in
the present study.
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5.2 Results
5.2.1 The reaction of hexacationic and neutral ligands with PtCl2(cod). Two equivalents
of either hexa-ammonium chloride ligand [1]Cl6 or [2]Cl6 were added to PtCl2(cod) in MeOH /
CH2Cl2 and stirred for 1 h at reflux temperature. Analysis of the products by 31P-NMR in
CD3OD showed one singlet resonance in each case, at 24.5 ppm and 24.8 ppm, respectively,
with

31

P-195Pt coupling constants of 2655 and 2663 Hz (Table 1, entries 1 and 7). The

magnitudes of these coupling constants are characteristic for trans-PtCl2L2 (L = tertiary
phosphine) complexes.10 No other peaks were observed, indicating that the complexes trans[PtCl2L2]Cl12 (8a: L = 1; 8b: L = 2) were the only products of these reactions (Scheme 1). The
complexes were isolated and fully characterized. ESI-MS spectra showed peaks corresponding
to the ions [PtL2]Cl(14-n)n+ (L = 1, 2; n = 3, 4, Table 2, entries 1, 2), which is consistent with the
coordination of two phosphine ligands to the Pt centre. Ionization by loss of multiple halide
ions is generally observed for this type of oligocationic compounds.9a,11
NRMe2
Me2RN

NRMe2
PtCl2(cod)

P

Me2RN
Cl
Me2RN

Cl12

NRMe2

Pt

NRMe

Cl
NRMe2

P

2 equiv.
[1]Cl6
or
[2]Cl6

2 equiv.
3
3 or 4

Me2RN

NRMe2
NRMe2

NRMe

P
Cl Pt

NRMe2

NRMe

NRMe2

MeOH /
CH2Cl2
reflux, 1h

P

Cl

NRMe

3

cis-9a : R = Me
cis/trans-9b : R = Bn

trans-8a : R = Me
trans-8b : R = Bn

Scheme 1: The reaction of hexacationic and neutral ligands with PtCl2(cod).

After addition of 0.2 equivalents of free [1]Cl6 or [2]Cl6 to a solution in CD3OD of trans-8a
or trans-8b, respectively, and heating to 65 ºC, or after standing for 1 week in solution at room
temperature, the only species observed by 31P-NMR were trans-8a-b, indicating that these
complexes do not undergo trans-cis isomerization, even in the presence of excess phosphine.12
In order to investigate whether the trans-isomers are the kinetic products, or that they are
formed via thermal isomerization of the cis-isomers, the reactions of [1]Cl6 and [2]Cl6 with
PtCl2(cod) were performed at room temperature. The
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CD3OD now showed trans-8a-b along with a second, minor peak at 28.3 ppm (1JP,Pt = 4436, in
the case of [1]Cl6) and 28.2 ppm (1JP,Pt = 4430, in the case of [2]Cl6). Upon heating the
solutions to 65 °C, this peak completely disappeared and did not return after cooling to room
temperature.13 Due to its labile nature, this species could not be identified, but the magnitude
of the observed 31P-195Pt coupling constant rules out the possibility that it corresponds to a
complex of the type cis-[PtCl2L2]Cl12 (L = 1, 2).10
The neutral ligand 3, which is sterically similar to [1]6+ and bears six aminomethyl groups
instead of ammoniomethyl groups, has previously been reported to form the complex cisPtCl2(3)2 (9a) upon reaction with PtCl2(cod) in C6D6 (Scheme 1).14 The reaction of two
equivalents of its larger benzylamine analogue 4, which is sterically similar to [2]6+,9d with
PtCl2(cod) gave a mixture of cis- and trans-PtCl2(4)2 (9b), in a ratio of 70 : 30 in DMSO-d6
and 85 : 15 in toluene-d8 (Table 1, entries 12, 13).15 The analogous reaction of benchmark
ligand PPh3 exclusively yielded cis-PtCl2(PPh3)2 in DMSO-d6 (entry 15). The commercially
available ligand P(4-CF3C6H4)3 is a significantly less strongly -donating ligand than PPh3. Its
-donating strength is comparable to those of both [1]6+ and [2]6+.9d The reaction of two equiv.
of P(4-CF3C6H4)3 with PtCl2(cod) in DMSO-d6 yielded exclusively cis-PtCl2(P(4-CF3C6H4)3)2
(entry 16).
5.2.2 Investigations into the mechanism of the reaction of [1]6+ or [2]6+ with PtCl2(cod).
In order to investigate the mechanism of formation of the complexes trans-[PtCl2L2]12+ (L = 1,
2), the reaction of subsequently one and two equivalents of [1]6+ or [2]6+ with PtCl2(cod) was
studied. These reactions were carried out in an NMR tube, by mixing the reactants in DMSOd6 for 1 min at room temperature, followed by heating at 65° for 15-30 min. The products
were not isolated but directly characterized by 31P-NMR and ESI-MS. Using one equivalent of
[1]Cl6 or [2]Cl6, the observation of a sharp singlet by 31P-NMR indicated the formation of a
single species in both cases (Table 1, entries 3 and 8). ESI-MS analysis of the reaction
mixtures showed fragments containing one phosphine per Pt center, i.e. [PtL]Cl(8-n)n+ (L = 1, 2;
n = 2, 3) (Table 2, entries 3 and 4). The analogous reaction of PPh3 yielded a mixture of cisand trans-PtCl2(PPh3)2, cis-PtCl2(DMSO)(PPh3) and unreacted PtCl2(cod).16,17 When this
reaction was performed in the presence of 6 eq. NBu4Cl, a fourth signal was observed,
corresponding to the anion [PtCl3PPh3]- (Table 1, entry 14).18 In view of the similarity of the
31

P-NMR spectra of the products obtained for the reactions of [1]Cl6 and [2]Cl6 to that of

[PtCl3PPh3]- (Table 1, entries 3, 8 and 14), the observed products were assigned the structures
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[PtCl3(1)]Cl5 and [PtCl3(2)]Cl5 (Scheme 2). The ESI-MS measurements are consistent with
these structures. The reaction of one equivalent of 4 with PtCl2(cod) in DMSO-d6 resulted in a
mixture of cis- and trans-9b and a third, unidentified product ( 19 ppm, presumably
PtCl2(DMSO)(4)).
Table 1:

31

P-NMR spectral data for the products of the respective reactions of 1-4, PPh3 and P(4-

CF3C6H4)3 with PtCl2(cod).
Entry

L

L/Pt

Solvent

31

Product(s)

P-NMR

 (ppm)

1

JP,Pt (Hz)

% obs.a

1

[1]Cl6

2

CD3OD

trans-[PtCl2(1)2]Cl12 (8a)

24.5

2655

100

2

[1]Cl6

2

D2O

trans-[PtCl2(1)2]Cl12 (8a)

23.9

2652

100

3

[1]Cl6

1

DMSO-d6

[PtCl3(1)]Cl5

9.0

3946

100

4

[1]Cl6

2

DMSO-d6

trans-[PtCl2(1)2]Cl12 (8a)

23.5

2627

100

5

[1][BF4]6

1

DMSO-d6

cis-[PtCl2(DMSO)(1)][BF4]6

16.9

3828

100

6

[1][BF4]6

2

DMSO-d6

trans-[PtCl2(1)2][BF4]12

23.7

2682

100

7

[2]Cl6

2

CD3OD

trans-[PtCl2(2)2]Cl12 (8b)

24.8

2663

100

8

[2]Cl6

1

DMSO-d6

[PtCl3(2)]Cl5

8.2

3960

100

9

[2]Cl6

2

DMSO-d6

trans-[PtCl2(2)2]Cl12 (8b)

23.0

2642

100

10

[2][BF4]6

1

DMSO-d6

cis-[PtCl2(DMSO)(2)][BF4]6

16.3

3818

100

11

[2][BF4]6

2

DMSO-d6

trans-[PtCl2(2)2][BF4]12

24.6

not obs.

100

12b

3

2

C6D6

cis-PtCl2(3)2 (9a)

14.7

3641

100

13

4

2

DMSO-d6

cis-PtCl2(4)2 (9b)

15.4

3649

70

trans-PtCl2(4)2 (9b)

21.0

2615

30

cis-PtCl2(PPh3)2

14.9

3681

25

trans-PtCl2(PPh3)2

21.7

2626

5

cis-PtCl2(DMSO)(PPh3)

17.6

3798

35

[NBu4][PtCl3PPh3]

7.2

3945

35

14c

PPh3

1

DMSO-d6

15

PPh3

2

DMSO-d6

cis-PtCl2(PPh3)2

14.9

3681

100

16

P(4-CF3C6H4)3

2

DMSO-d6

cis-PtCl2(P(4-CF3C6H4)3)2

14.9

3655

100

[a] Relative percentages. [b] Ref. 14. [c] Reaction performed in the presence of NBu4Cl (6 eq. with respect to
PPh3).
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Table 2: Major ions observed by ESI-MS analysis of selected complexes.
Entry

Structure

Major ions observed

Calcd. (m/z)

Found (m/z)

1a

[PtCl2(1)2]Cl12 (8a)

[Pt(1)2]Cl113+

658.59

658.62

[Pt(1)2]Cl104+

484.70

484.72

[Pt(2)2]Cl113+

962.390

962.385

[Pt(2)2]Cl104+

713.046

713.050

2a.b

[PtCl2(2)2]Cl12 (8b)

3c

[PtCl3(1)]Cl5

[Pt(1)]Cl62+

551.18

551.22

4c

[PtCl3(2)]Cl5

[Pt(2)]Cl62+

779.27

779.31

[Pt(2)]Cl53+

507.86

508.26

[PtCl2(DMSO)(1)][BF4]42+

696.24

696.38

[PtCl2(DMSO)(1)][BF4]33+

435.16

435.24

[PtCl2(DMSO)(2)][BF4]42+

924.38

924.47

[PtCl2(DMSO)(2)][BF4]33+

587.58

587.31

[PtCl2(1)2](BF4)93+

812.36

812.39

[PtCl2(1)2](BF4)84+

587.52

587.53

[Pt(1)]I62+

825.49

825.58

[Pt(1)]I53+

508.03

508.07

[Pt(1)]I44+

349.30

349.32

5c

6c

7d

8c

[PtCl2(DMSO)(1)][BF4]6

[PtCl2(DMSO)(2)][BF4]6

[PtCl2(1)2](BF4)12

[PtI3(1)]I5

[a] Prepared by the reaction of PtCl2(cod) with two equiv. of [1]Cl6 or [2]Cl6, respectively, in MeOH / CH2Cl2.
[b] High resolution measurement. [c] Prepared by the reaction of PtX2(cod) with one equiv. [1]Cl6, [2]Cl6,
[1][BF4]6, [2][BF4]6 (X = Cl) or [1]I6 (X = I), respectively, in DMSO-d6. [d] Prepared by the reaction of
[PtCl2(DMSO)(1)][BF4]6 with [1][BF4]6 in DMSO-d6.

The analogous reaction of one equivalent of the chloride-free ligands [1][BF4]6 or [2][BF4]6
also led to the formation of one major species in both cases, but the 31P-NMR spectra of the
products were clearly different from those obtained with [1]Cl6 and [2]Cl6 (Table 1, entries 3
and 8 vs. entries 5 and 10). The 31P-NMR data found for these species closely match those for
cis-PtCl2(DMSO)(PPh3) (entry 14). Analysis by ESI-MS showed signals corresponding to the
ions [PtCl2(DMSO)(L)][BF4](6-n)n+ (L = 1, 2; n = 2, 3, Table 2, entries 5 and 6). The major
products were therefore assigned the structures cis-[PtCl2(DMSO)(L)][BF4]6 (L = 1, 2).
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The 31P-NMR spectrum of the solution obtained after mixing one equivalent of [1][BF4]6
with PtCl2(cod), apart from the intense sharp singlet attributed to [PtCl2(DMSO)(1)][BF4]6,
showed a minor, broad signal at 9.1 ppm, which corresponds to the chemical shift observed
for [PtCl3(1)]Cl5.19 Therefore we propose that [PtCl2(DMSO)(1)][BF4]6 in DMSO solution
exists in equilibrium with [PtCl3(1)][BF4]5 and, presumably, [PtCl(DMSO)2(1)][BF4]7. Added
amounts of free chloride should diminish the concentrations of [PtCl2(DMSO)(1)]X6 and
[PtCl(DMSO)2(1)][X]7 in favor of [PtCl3(1)]X5 (X = Cl, BF4). Indeed, when increasing
amounts (0.4-2.0 equiv. with respect to Pt) of NBu4Cl were added to a solution of
[PtCl2(DMSO)(1)][BF4]6, the signal for the latter species gradually disappeared, while that for
[PtCl3(1)]X5 gained intensity. When an excess of NBu4Cl was added, only the signal for
[PtCl3(1)]X5 was observed.
5 Cl

Me2RN
X = Cl

Cl

Cl

1 min, RT

Pt

Me2RN

2nd. eq. of
[1]Cl6, [2]Cl6

Cl

P

12 X

Me2RN

NRMe2
NRMe2
Me2RN

PtCl2(cod)

Me2RN

NRMe2

NRMe2

(not isolated)

1 eq.

NRMe2

P

Me2RN

[1]X6: R = Me
or
[2]X6: R = Bn

Cl
Me2RN

Pt

NRMe2
Cl
NRMe2

P

dmso-d6
15 min, 65 °C

Me2RN

Cl

Cl

S(O)Me2

P
Me2RN

NRMe2
Me2RN

NRMe2

2nd. eq. of
[1][BF4]6

Pt

Me2RN
X = BF4

NRMe2

6 BF4

Me2RN

NRMe2

3 h, RT or 5 min, 65 °C
2nd. eq. of [2][BF4]6
24 h, 65 °C

NRMe2

(not isolated)

Scheme 2: Effect of the presence of free chloride on the coordination chemistry of [1]6+ and [2]6+ with
Pt(II) in DMSO-d6.
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Upon addition of a second equivalent of [1]Cl6 or [2]Cl6, respectively, to a solution of
[PtCl3L]Cl5 (L = 1, 2), immediate and quantitative formation of trans-[PtCl2L2]Cl12 (L = 1, 2)
(i.e. 8a,b) was observed by 31P-NMR. In contrast, when a second equivalent of [1][BF4]6 or
[2][BF4]6, respectively, was added to a solution of [PtCl2(DMSO)(L)][BF4]6 (L = 1, 2),
initially no further reaction occurred and the added free ligand remained uncoordinated in
solution, as observed by 31P-NMR. When the solutions were stirred for a prolonged period,
eventually quantitative formation of trans-[PtCl2L2][BF4]12 (L = 1, 2) was observed (Scheme
2).
The reaction of in situ prepared [PtCl2(DMSO)(1)][BF4]6 with [1][BF4]6 at room temperature
in DMSO-d6 to yield trans-[PtCl2(1)2][BF4]12, was followed in time by 31P-NMR. The reaction
took more than 3 h to go to completion at a concentration of 0.028 M for both
[PtCl2(DMSO)(1)][BF4]6 and [1][BF4]6. The identity of the product trans-[PtCl2(1)2][BF4]12
was confirmed by

31

P-NMR (Table 1, entry 6) and ESI-MS (Table 2, entry 7). When the

concentration of free [1][BF4]6 was increased, a distinct acceleration was observed (Figure 3a).
A plot of the initial rate, determined from the conversion by 31P-NMR after the first 6 min of
the reaction, versus the concentration of [1][BF4]6 shows first order kinetics (Figure 3b). When
the reaction was performed at 65 °C, complete conversion was obtained after 5 min. The
reaction of [PtCl2(DMSO)(2)][BF4]6 with [2][BF4]6 was much slower: stirring at 65 °C for 24
h was required for complete conversion to the product trans-[PtCl2(2)2][BF4]12.

Figure 3. The reaction of [PtCl2(DMSO)(1)][BF4]6 (0.028 M) with [1][BF4]6 (0.0075 – 0.084 M) in
DMSO-d6 at room temperature, yielding trans-[PtCl2(1)2][BF4]12.

Furthermore, the influence of the presence of excess free chloride on the rate of the reaction
of [PtCl2(DMSO)(1)][BF4]6 with [1][BF4]6 was studied. A distinct acceleration was observed
upon addition of NBu4Cl in low concentrations (0.0056 – 0.028 M, i.e. 0.2 - 1.0 eq. with
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respect to Pt, Figure 4a). A plot of the initial rate, determined from the conversion by 31PNMR after the first 6 min of the reaction, versus the concentration of NBu4Cl shows a
saturation profile (Figure 4b). During the reaction, the 31P-NMR spectrum showed sharp peaks
corresponding to the starting material [PtCl2(DMSO)(1)][BF4]6, free [1][BF4]6 and the product
trans-[PtCl2(1)2]X12 (X = Cl, BF4,  = 23.7 ppm, 1JP,Pt = 2682 Hz) as well as a small, broad
signal at  9.1 ppm, presumably corresponding to [PtCl3(1)]X5.

Figure 4. The reaction of [PtCl2(DMSO)(1)][BF4]6 (0.028 M) with [1][BF4]6 (0.028 M) in the presence
of NBu4Cl (0.0056 – 0.028 M) in DMSO-d6 at room temperature, yielding trans-[PtCl2(1)2]X12.

5.2.3 The reactions of [1]I6, [5]I4, [6]I2 and [7]I3 with PtI2(cod). The reaction of two
equiv. of [1]I6 with PtI2(cod), in either refluxing MeOH / CH2Cl2 or in H2O at room
temperature, resulted in the exclusive formation of trans-[PtI2(1)2]I12 (10a) (Scheme 3). The
31

P-NMR spectrum measured in D2O showed one singlet at  16.2 ppm with Pt satellites (1JP,Pt

= 2583 Hz). No isomerization to the cis isomer was observed, not even at higher temperatures
and in the presence of free hexacationic ligand. For tetra-meta-ammoniomethyl substituted
[5]I4, di-meta-ammoniomethyl substituted [6]I2 and tri-para-ammoniomethyl substituted [7]I3,
the reaction with PtI2(cod) in MeOH / CH2Cl2 yielded mixtures of cis- and trans-isomers of
the complexes [PtI2(5)2]I8 (10b), [PtI2(6)2]I4 (10c), and [PtI2(7)2]I6 (11) (Scheme 3), as
indicated by their 31P-NMR spectra, measured in either D2O or DMSO-d6 (Table 3). In the 13CNMR spectra of 10a-c and 11, the ipso- and ortho-carbons of the aryl rings were observed as
pseudo triplets, indicating the presence of an AA’X system (A = 31P, X = 13C),20 which is
consistent with the coordination of two phosphine ligands to the Pt centre. In the case of 10b,
only the trans-isomer was observed in D2O, while a small amount of the cis-isomer was
observed in DMSO-d6 (10 %). For 10c, the cis-isomer was favored in D2O (75 : 25), while in
DMSO-d6 the trans-isomer was favored (20 : 80).21 Trans-10b and trans-10c have very
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similar chemical shifts and 1JP,Pt coupling constants in 31P-NMR (with a difference of 0.1 ppm
and 20 Hz, respectively, in D2O), while trans-10a has a chemical shift which is 3.7 ppm
higher and a 1JP,Pt coupling constant which is 85 Hz higher than that of trans-10b (Table 3).
The origin of this difference is unclear.
PtI2(cod)

2 equiv. [1]I6, [5]I4, [6]I2 or [7]I3

MeOH / CH2Cl2,
reflux 1h

4n I

6I

NMe3

NMe3
P
3-n

Me3N

NMe3

I Pt

P

n

I

NMe3
I Pt I

Me3N
Me3N

P

P
3-n

Me3N

NMe3

n
trans-10a : n=3
cis/trans-10b : n=2
cis/trans-10c : n=1

Me3N
cis/trans-11

Scheme 3: The reactions of di- tri- tetra- and hexacationic ligands with PtI2(cod).

For [PtI2(7)2]I6 (11), a small excess of the trans isomer was present in D2O at room
temperature (55 : 45). Complex 11 readily isomerized upon increasing the temperature,22
leading to a shift of the equilibrium to the side of the trans isomer. Upon cooling down, the
original distribution was restored. Furthermore, the position of this equilibrium was found to
be dependent on the ionic strength of the solution (Figure 5). Addition of NaI up to a
concentration of 0.2 M led to a shift to the side of the cis-isomer. Increasing the temperature
both in the absence and in the presence of 0.2 M NaI allowed the calculation of the
thermodynamic parameters (Table 4) for trans- to cis-isomerization in both cases, using Van
‘t Hoff plots (Figure 6). These values show that trans- to cis-conversion results in a
significantly larger negative enthalpy change in the presence of 0.2 M NaI, confirming the
stabilization of the cis-isomer by the added NaI.
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Table 3: 31P-NMR data for the products of the respective reactions of [1]I6, [5]I4, [6]I2 and [7]I3 with
PtI2(cod).
Entry

L

L/Pt

Solvent

31

Product(s)

P-NMR

 (ppm)

1

JP,Pt (Hz)

% obs.

1

[1]I6

2

D2O

trans-[PtI2(1)2]I12 (10a)

16.4

2583

100

2

[1]I6

2

DMSO-d6

trans-[PtI2(1)2]I12 (10a)

13.8

2520

80

[PtI3(1)]I5

11.4

3596

20

[1]I6

-3.3

3

[1]I6

1

DMSO-d6

[PtI3(1)]I5

11.4

3596

100

4

[5]I4

2

D2O

trans-[PtI2(5)2]I8 (10b)

12.7

2498

100

5

[5]I4

2

DMSO-d6

trans-[PtI2(5)2]I8 (10b)

11.6

2488

90

6a

[6]I2

2

D2O

trans-[PtI2(6)2]I4 (10c)

12.6

2478

25

cis-[PtI2(6)2]I4 (10c)

13.2

3479

75

trans-[PtI2(6)2]I4 (10c)

12.4

2478

80

cis-[PtI2(6)2]I4 (10c)

11.8

3471

20

trans-[PtI2(7)2]I6 (11)

12.0

2467

55

cis-[PtI2(7)2]I6 (11)

11.3

3491

45

trans-PtI2(PPh3)2

13.1

2491

80

cis-PtI2(PPh3)2

12.4

3455

20

7

8

9

[6]I2

[7]I3

PPh3

2

2

2

DMSO-d6

D2O

CDCl3

[a] Measured at 45 °C.

Figure 5. The dependence of the trans/cis equilibrium position of [PtI2(7)2]I6 (11) on the concentration
of added NaI, at 65 °C.
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Figure 6. Van ‘t Hoff plots for trans- to cis-isomerization of [PtI2(7)2]I6 (11), at 0.0 M NaI (25-85 °C)
and at 0.2 M NaI (65-85 °C).
Table 4. Enthalpy and entropy changes for trans- to cis-isomerization of [PtI2(7)2]I6 (11).
[NaI] (mol L-1)

H (kJ mol-1)

S (J mol-1 K-1)

0.0

-22.0

-73.1

0.2

-32.3

-95.0

5.2.4 Structure and reactivity of trans-[PtI2(1)2]I12 (10a). Crystals of trans-[PtI2(1)2]I12
(10a), suitable for X-ray structure determination, were grown from a concentrated solution of
10a in hot H2O, which was allowed to cool down to room temperature. The molecular
structure of trans-10a is depicted in Figure 7 and selected bond lengths and angles are given
in Table 5. In the cation of trans-10a, the Pt(II) center, which is found at a site of inversion
symmetry, is bonded to two iodide ligands and two phosphine ligands in a trans square planar
geometry. The inclination angles found between the planes of the three aryl rings with respect
to the P-Pt axis of direction are 5.88(17)°, 9.60(17)° and 63.22(16)°, and show a significant
deviation from a C3-symmetrical propeller-shape. Thus, the P-Pt axis of direction is roughly
parallel to the mean molecular planes of two of the three independent aryl rings. Two of the
six free iodide anions per phosphine ligand (I2 and I3, Figure 7) are embedded in cationic
pockets formed by several of the ammonium groups, while the other anions (i.e. I4-I8) are
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located in between adjacent molecules in the crystal lattice. Iodides I6 (I6A/I6B) and I8
(I8A/I8B) are disordered and are split over two positions. Iodides I7 and I8A/B both have a
population occupancy of 0.5 (further details about the refinement can be found in the
experimental section). Finally, based on the crystal structure of trans-10a, a Tolman cone
angle32 of 195° can be estimated for [1]I6 using the method of Müller and Mingos.23 However,
this value seems to be overestimated (see Discussion).

Figure 7. Displacement ellipsoid plots (50% probability level) of trans-[PtI2(1)2]I12 (10a) given at
150(2) K. Left: hydrogen atoms and lattice iodide counter anions have been omitted for clarity. One
half of the molecule is generated by inversion symmetry. Right: the crystallographically independent
phosphine ligand and lattice iodide counter anions viewed down the direction of the P-Pt-P axis.
Hydrogen atoms have been omitted for clarity.
Table 5. Selected bond lengths and angles of trans-[PtI2(1)2]I12 (10a).
Bond length (Å)

Angle (°)

Angle (°)

Pt1-P1

2.3163 (10)

I1-Pt1-P1

91.15(3)

C11-P1-C21

107.41(18)

Pt1-I1

2.6136(3)

P1-Pt1-I1a

88.84(3)

C11-P1-C31

98.86(19)

P1-C11

1.831(4)

Pt1-P1-C11

115.46(14)

C21-P1-C31

103.44(18)

P1-C21

1.828(4)

Pt1-P1-C21

112.07(13)

P1-C31

1.833(4)

Pt1-P1-C31

118.06(13)

Trans-[PtI2(1)2]I12 (10a) is stable up to a temperature of 85 °C in D2O. In contrast, upon
dissolving trans-10a in DMSO-d6, a ligand exchange of [1]I6 for iodide occurred, forming
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[PtI3(1)]I5 ( = 11.4 ppm, 1JP,Pt = 3596 Hz, Scheme 4) and uncoordinated [1]I6. Such reactivity
was not observed for complexes 10b and 10c, not even at high temperatures. When PtI2(cod)
was reacted with 1 eq. of [1]I6 in DMSO-d6, [PtI3(1)]I5 was formed quantitatively. An ESI-MS
spectrum of this solution showed the fragments [Pt(1)]I(8-n)n+ (n = 2, 3, 4) (Table 2, entry 8).
Upon increasing the temperature, the ratio [PtI3(1)]I5 + [1]I6 : trans-[PtI2(1)2]I12 increased from
0.25 at room temperature, to 1.0 at 85 °C. After cooling down, the initial product distribution
was restored. Addition of one equivalent of molecular iodine to a solution of 10a in THF/H2O
also led to the formation of [PtI3(1)]I5 ( 13.8 ppm, 1JP,Pt = 3620 Hz, D2O) (Scheme 4).24 In this
reaction, one equivalent of the phosphine oxide of [1]I6 was formed as a coproduct and
identical reactivity was observed for 10b and 10c. No Pt(IV) species were observed by 31PNMR. When I2 was added to a solution of PtI2(PPh3)2 in CHCl3 / THF, no reaction occurred,
but when the reaction was carried out in the presence of NBu4I and H2O, a reactivity similar to
that of 10a-c was observed, forming [NBu4][PtI3PPh3] ( 12.1 ppm, 1JP,Pt = 3631 Hz, CDCl3).25
6I

5I
1 eq. I2
trans-10a

I
I Pt

THF / H2O,
RT, 3 h,
quant.

NMe3

NMe3
+

P

I

O

P
NMe3

NMe3

3

3
(not isolated)

6I

5I
I
trans-10a

I Pt
dmso-d6
I

NMe3

NMe3
+

P

P
NMe3

NMe3
3

3

(not isolated)

Scheme 4. The two ways of formation of [PtI31]I5 from trans-10a.

Crystals were grown from a concentrated solution of [PtI3(1)]I5 in D2O. The molecular
structure of [PtI3(1)]I5 is depicted in Figure 8 and selected bond lengths and angles are given
in Table 6. The crystal structure shows that the Pt(II) ion is bonded to one phosphine ligand
and three iodide ligands, and is found in a distorted square planar geometry. The Pt center
bears a formal negative charge, leaving five remaining lattice counterions, found near the
hexacationic phosphine ligand, for charge balance. The sum of occupancy factors for all
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lattice iodides (i.e. I4-I9) is 5 (further details about the refinement can be found in the
experimental section). Two of these iodides (I6 and I8) are embedded in cationic pockets
formed by the ammonium groups.

Figure 8. Displacement ellipsoid plot (50% probability level) of [PtI3(1)]I5 given at 110(2) K.
Hydrogen atoms have been omitted for clarity.
Table 6. Selected bond lengths and angles of [PtI3(1)]I5.
Bond length (Å)

Angle (°)

Angle (°)

Pt1-P1

2.2196 (18)

I1-Pt1-I2

88.620(17)

Pt1-P1-C1

105.7 (2)

Pt1-I1

2.5824(5)

I1-Pt1-I3

176.95(2)

Pt1-P1-C15

120.7(3)

Pt1-I2

2.6460(5)

I1-Pt1-P1

92.83(5)

Pt1-P1-C29

117.6(2)

Pt1-I3

2.6207(7)

I2-Pt1-I3

89.822(17)

C1-P1-C15

106.8(3)

P1-C1

1.811(7)

I2-Pt1-P1

170.23(5)

C1-P1-C29

106.2(3)

P1-C15

1.807(7)

I3-Pt1-P1

89.15(5)

C15-P1-C29

98.3(3)

P1-C29

1.830(7)

5.3 Discussion
5.3.1 Crystal structures of trans-[PtI2(1)2]I12 (10a) and [PtI3(1)]I5. In complexes of the
type trans-PtI2L2 (L = monodentate phosphine ligand), the PtP bond length, as well as the
CPC angles and the CP bond lengths in the phosphine, are known to increase with an
increasing steric demand of the phosphine ligand.26 For trans-[PtI2(1)2]I12 (10a), these
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geometrical parameters are very similar to those found in trans-PtI2(PPh3)2 (Table 7),
indicating that no significant increase in the steric congestion is present in trans-10a. The
CPC angles are even slightly smaller in trans-10a than in trans-PtI2(PPh3)2 (average value:
103.3 vs. 104.2°). This could be due to an electronic effect. Smaller CPC angles are
associated with a decrease in -donating and an increase in -accepting ability of the
phosphine ligand with respect to a transition metal.27 The smaller CPC angles for trans-10a
are in line with the decreased -donating strength of [1]6+ compared to PPh3, which we have
previously demonstrated by evaluation of 1JP,Se coupling constants in

31

P-NMR of the

corresponding phosphine selenides.9d In the structure of [PtI3(1)]I5, the bond length between
the Pt centre and the I atom trans to the phosphine is about 0.016 Å shorter than in
[NBu4][PtI3(PPh3)].25 This suggests a weaker trans-influence of [1]6+ compared to PPh3, which
is consistent with its weaker -donating strength.
Table 7. Selected bond lengths and angles in the crystal structures of complexes of the type transPtI2L2 (L = monodentate phosphine) and the Tolman cone angles of the corresponding phosphines.
P-Ligand

CPC (°)

P-Pt (Å)

P-C (Å)

Ref.

Cone Angle (°)

PPh3

107.6(3)

2.318(2)

1.826(4)

26a

145a

2.371(2)

1.844(8)

26c

170a

this work

195b, 150c

103.2(3)
101.7(3)
P(Cy)3

[1]6+

104.96
108.33

1.861(10)

102.19

1.891(9)

107.41(18)

2.3165(10)

1.830(4)

98.86(19)
103.44(18)
[a] Tolman cone angle, determined from CPK molecular models, see ref. 32. [b] Estimated from the X-ray
crystal structure of trans-[PtI2(1)2]I12 (10a). [c] Estimated from the

31

P-NMR chemical shift of the complex

[PdCl2(1)2]Cl12.

Even though the geometrical parameters for trans-10a given in Table 7 do not indicate an
increased steric congestion compared to trans-PtI2(PPh3)2, the bulky character of [1]6+ as a
ligand is evident from the overall shape of the phosphine in the structure of trans-10a (Figure
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7). Based on this structure, a cone angle of 195° can be estimated for [1]6+.23 The structures of
trans-10a, [PtI3(1)]I5 and previously reported [1(S)]I69d show clear differences in the
positioning of the cations and anions, as well as in the conformations of the aryl rings and
ammoniomethyl substituents. This indicates that these structures are relatively flexible and
adopt different conformations upon crystallizing, which leads to significant differences in the
cone angles obtained from each of the three structures. In all cases, the sterically demanding
conformation in the solid state, i.e. the coplanarity of the aryl rings with respect to the PPt
axis of direction, is adopted in order to accommodate the large iodide ions in the cationic
pockets. In polar solvents, this conformation is probably not retained due to solvent separated
ion pairing,28 leading to an overall smaller effective cone angle in solution. Indeed, when the
cone angles of [1]6+ and [2]6+, respectively, were estimated by measuring the

31

P-NMR

chemical shifts of the complexes trans-[PdCl2L2]Cl12 (L = 1, 2),9d a much smaller value of
approximately 150° was found in both cases, which seems to be in better agreement with the
geometrical parameters in Table 7. These NMR spectra were measured in CD3OD, ensuring
minimal ion pairing and the value can thus be attributed to the cone angle of the ‘naked’
cations [1]6+ and [2]6+.
5.3.2 Effects of Coulombic inter-ligand repulsion forces. Differences in the
thermodynamic stabilities of cis- and trans-isomers of species of the type PtX2L2 (L = tertiary
phosphine, X = halide) have been described in detail in the literature and are ascribed to a
complex combination of factors.29,30 Differences in bond energies between the cis- and transisomers originate mainly from differences in the respective trans-influences of the tertiary
phosphine ligand L and the halide ligand X and favor the cis-isomers.31 Coulombic
interactions between the partial negative charges on X and the partial positive charges on Pt
and L favor the trans-isomers. Due to the large difference in the dipole moments of the
isomers, solvation effects favor the cis-isomers in polar solvents and the trans-isomers in
apolar solvents. Finally, when bulky phosphine ligands are used, steric repulsion favors the
trans-isomers.32,33 Each of these factors has its own effect on the thermodynamic stability of
the respective isomers and these are often finely balanced. The cis-trans isomerization of
these complexes is in most cases catalyzed by free phosphine, free halide or a solvent
molecule.30
The complete selectivity of hexacationic ligands [1]6+ and [2]6+ towards formation of the
trans-isomers of the complexes [PtCl2L2]Cl12 (L = 1, 2), without subsequent trans- to cis-
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isomerization, indicates that a large energetic difference exists between the trans- and cisisomers of these complexes. In contrast, neutral ligands 3 and 4 form the corresponding cisisomers either exclusively or predominantly. For PtCl2(4)2 (9b), cis- to trans-isomerization
was observed upon heating in the presence of free 4, indicating that the cis-isomer is
thermodynamically favored. 31P-NMR chemical shifts of the corresponding complexes transPdCl2L2 (L = [2]6+, 4),9d have earlier pointed out that neutral ligand 4 is sterically similar to
[2]6+. This observation may suggest that steric factors do not play an important role in the
behavior of [1]6+ and [2]6+. The electron donating ability of a phosphine ligand may, through
its trans-influence, also influence the preference for the cis- or trans-isomers. By measuring
the coupling constant 1JP,Se in the

31

P-NMR spectrum of the corresponding phosphine

selenides, we have previously established that the -donating ability of both [1]6+ and [2]6+ is
significantly less strong than that of PPh3 and comparable to that of P(4-CF3C6H4)3.9d The
latter ligand forms the complex cis-PtCl2(P(4-CF3C6H4)3)2 exclusively, indicating that the
reduced -donating strength and thus the weaker trans-influence of these phosphines probably
does not play an important role either in their preference for the formation of trans-complexes.
Importantly, the

31

P-NMR measurements for each of these complexes (see Table 1) were

performed in the same solvent, i.e. DMSO-d6, thus eliminating the influence of the solvent in
these comparisons. Instead, repulsive Coulombic forces between the coordinated ligands in
complexes of the type PtCl2L2 (L = [1]6+, [2]6+) seem to be the dominating factor in their
exclusive formation of the trans-isomers. Such repulsive forces are stronger in the ciscomplexes due to the closer proximity of the ligands, explaining the higher thermodynamic
stability of the trans-isomers.
More evidence for the importance of Coulombic inter-ligand repulsion forces in this type of
complexes is provided by the observation that the cis-trans-equilibrium position of [PtI2(7)2]I6
(11) is dependent on the ionic strength of the solution. Increasing the NaI concentration leads
to a shift in the equilibrium to the side of the cis-isomer. Therefore we propose that the
repulsive Coulombic interaction, which disfavors the cis-isomer, is attenuated at higher ionic
strengths due to shielding of the charges. Furthermore, the increased polarity of the medium
upon increasing the ionic strength34 may favor the cis-isomer due to its large dipole moment.
No further shift was observed at concentrations higher than 0.15 M. It is likely that at this
concentration, other factors begin to dominate, such as steric factors as well as the respective
trans-influences of the ligands. Several examples are found in the literature where related
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repulsive Coulombic interactions have been put forward as the driving force for the formation
of square planar trans-complexes (see Chapter 1 of this thesis); yet, in none of these cases has
this explanation been substantiated. Hexa-anionic tris-para-phosphonated triphenylphosphine
(p-TPPTP) forms the trans-isomer of the complex PtCl2(p-TPPTP)2 exclusively (in D2O).35
The palladium(II) complex cis-PdCl2[P(CH2)2NMe2)3]2 was shown to undergo quantitative cisto trans-isomerization upon protonation of the dimethylamino groups.36 Yet, trianionic trismeta-sulfonated triphenylphosphine (TPPTS) forms predominantly the cis-isomer of the
complex PtCl2(TPPTS)2 (cis : trans = 80 : 20 at RT in DMSO-d6).37 It is likely that similar
repulsive Coulombic forces exist in this complex, although in this case they apparently do not
outweigh the contributions of other factors.
As mentioned above, repulsive Coulombic forces between the ligands coordinated to Pt(II)
have for a long time been known to contribute to the total of factors governing cis-transequilibria and can be rationalized by a release of inter-ligand repulsive forces in the transisomers with respect to the cis-isomers. This effect has previously been described to originate
from the partial negative charges on the halide ligands and the partial positive charges on the
phosphine ligands.29 The phosphine ligands considered in the present study carry permanent
ionic groups. Based upon our own observations as well as those of others35,36 (see Chapter 1 of
this thesis), we believe that the commonly accepted principle of repulsive Coulombic interligand interaction can be invoked to describe the behavior of these oligocationic phosphine
ligands.
Trans-[PtI2(1)2]I12 (10a) partially dissociates in DMSO-d6 solution, establishing an
equilibrium with [PtI31]I5 and uncoordinated [1]I6. In contrast, such dynamic behavior was not
observed for [PtI2(5)2]I8 (10b), [PtI2(6)2]I4 (10c) or trans-[PtCl2(1)2]Cl12 (8a), not even at
elevated temperatures. This suggests that the increase in steric and Coulombic repulsion forces
going from 10c and 10b to 10a destabilizes the complex. In the crystal structure of trans-10a,
values found for the Pt-P and C-P bond lengths and the C-P-C angles are very similar to those
found in trans-PtI2(PPh3)2 (vide supra).27a As these parameters are known to be sensitive to
steric bulk of the phosphine, this indicates that the steric demand of [1]I6 is most likely not the
main reason for the observed lability of trans-10a and suggests an important role for the
repulsive Coulombic forces. The difference in stability upon dissolution in DMSO-d6,
between trans-[PtCl2(1)2]Cl12 (8a) and trans-[PtI2(1)2]I12 (10a) indicates that the anion plays an
important role as well and could originate from a higher thermodynamic stability of the
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product [PtX3(1)]X5 for X = I compared to X = Cl. Thus, the nature of the phosphine ligand,
the anion and the solvent each contribute to the dynamic behavior observed for 10a.
5.3.3 Mechanism of formation of trans-[PtCl2L2]12+ (L = 1, 2). In the reaction of one
equivalent of the phosphines [1]Cl6 or [2]Cl6 with PtCl2(cod) in DMSO-d6, a complete
selectivity towards formation of the complexes [PtCl3L]Cl5 (L = 1, 2) was observed. In
contrast, the analogous reaction of neutral 4 and that of PPh3, even when carried out in the
presence of NBu4Cl (6 equiv. with respect to PPh3) yielded a mixture of products, including a
significant amount of cis-PtCl2L2 (L = 4, PPh3). This suggests that the reaction of the free
phosphines [1]Cl6 or [2]Cl6 with PtCl2(cod) proceeds much faster than the subsequent reaction
with [PtCl3L]Cl5 (L = 1, 2) to form trans-[PtCl2L2]Cl12 (8a,b). Based on our considerations
outlined above, we attribute this observation to repulsive Coulombic interactions between free
cationic phosphines [1]6+ or [2]6+ and the corresponding cationic monophosphine complexes
[PtCl3L]5+ (L = 1, 2). The complexes [PtCl3L]Cl5 can thus be regarded as intermediates in the
reaction of [1]Cl6 and [2]Cl6, respectively, with PtCl2(cod) to form trans-8a-b.
The reaction of [1][BF4]6 with cis-[PtCl2(DMSO)(1)][BF4]6 required stirring for 3 h at RT to
go to completion, while the reaction of [1]Cl6 with [PtCl3(1)]Cl5 was complete within 1 min
(Scheme 2). The observed first order in [1][BF4]6 in combination with saturation kinetics38 in
added [NBu4]Cl suggest that [PtCl2(DMSO)(1)]6+ and free chloride are in equilibrium with
[PtCl3(1)]5+ and that the latter is the species which actually undergoes substitution of chloride
by free [1]6+ (Scheme 5).
+ Cl- DMSO
[PtCl2(DMSO)(1)]6+

- Cl+ DMSO

[PtCl3(1)]5+
+ [1]6+
- Cl-

trans-[PtCl2(1)2]12+

Scheme 5. Proposed mechanism of formation of trans-[PtCl2(1)2]12+ in the presence of added NBu4Cl,
in DMSO.

At higher concentrations of NBu4Cl, this equilibrium is shifted to the side of [PtCl3(1)]5+,
which leads to a higher observed substitution rate. In the absence of added free chloride, the
reaction is slow, but nevertheless goes to completion. This may be due to disproportionation
of [PtCl2(DMSO)(1)]6+ into [PtCl(DMSO)2(1)]7+ and [PtCl3(1)]5+. The latter species could react

125

Pt(II) Coordination Chemistry of Oligocationic, Ammonium-Functionalized Triarylphosphines

with [1]6+ explaining the non-zero rate when [NBu4Cl] = 0. This is supported by the 31P-NMR
spectrum of in situ prepared [PtCl2(DMSO)(1)]6+, in which a minor signal attributed to
[PtCl3(1)]5+ is observed. The attack of [1]6+ on [PtCl2(DMSO)(1)]6+ thus appears to be
kinetically inhibited, while attack on [PtCl3(1)]5+ occurs nearly instantaneous. Substitutions at
Pt(II) occur with retention of stereochemistry.30,39 Formation of trans-[PtCl2(1)2]12+ starting
from [PtCl3(1)]5+ can thus occur in one step, i.e. by substitution of the chloride trans to the
phosphine in [PtCl3(1)]5+, which is favored by the high trans-effect39 of the coordinated
phosphine ligand. In contrast, in [PtCl2(DMSO)(1)]6+, the phosphine and DMSO ligands have
a cis-configuration with respect to each other40 and the substitution of the DMSO ligand by the
incoming phosphine to form trans-[PtCl2(1)2]12+ thus has to occur in two steps. Assuming that
a pathway via cis-[PtCl2(1)2]12+ is energetically unfavorable, it is plausible that an
isomerization step leading to trans-[PtCl2(DMSO)(1)]6+ is required before the actual
substitution step can occur. This may very well be the reason for the observed low reactivity
of cis-[PtCl2(DMSO)(1)]6+ towards substitution.
5.4 Conclusions
Upon combination with a Pt(II) salt, hexacationic meta-ammoniomethyl-substituted ligands
[1]6+ and [2]6+ lead to the exclusive formation of monophosphine-Pt(II) or trans-bisphosphine
Pt(II) complexes. This behavior is not matched by either neutral meta-aminomethylsubstituted analogues of these ligands or by triphenylphosphine, and is attributed to repulsive
Coulombic inter-ligand interactions. Such interactions have been put forward as the driving
force for this type of coordination behavior in some earlier cases of ionic phosphine ligands;
yet, this is the first time that this explanation been substantiated. These insights are in line
with our previous studies, in which we attributed the high activity of catalytic systems
employing this class of ligands in the Pd-catalyzed Suzuki-Miyaura reaction,9b-d to their
Coulombic repulsive inter-ligand interactions.
5.5 Experimental Section
General Remarks. Experiments involving free phosphines were performed using deoxygenated
solvents and under an inert N2 atmosphere using standard Schlenk techniques. Amberlite IRA-900 was
purchased from Acros Chimica. PtCl2(cod),41 PtI2(cod),42 [1]I6,9a [2]Br6,9a [5]I4,9d [6]I2,9d [7]I3,9d
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[1][BF4]69e and [2][BF4]69e were synthesized according to reported literature procedures. NMR spectra
were recorded on a Varian Inova 300 or a Varian AS 400 spectrometer at 25 °C unless stated
otherwise. 1H and

13

C {1H} spectra were referenced to residual solvent signals. MALDI-TOF MS

spectra were recorded with an Applied Biosystems Voyager System mass spectrometer using 9nitroanthracene as matrix. Elemental analyses were carried out by Dornis & Kolbe, Mikroanalytisches
Laboratorium, Müllheim a/d Ruhr, Germany. Time-of-flight electrospray ionization mass spectra (ESIMS) were measured by the Biomolecular Mass Spectrometry and Proteomics Group, Utrecht
University, on a Micromass LC-T mass spectrometer (Waters, Manchester, UK), operating in positive
ion mode. Samples were introduced at concentrations of 20-50 μM. The nanospray needle potential
was typically set to 1300 V and the cone voltage to 20-60 V. The source block temperature was set to
80 °C.

Synthesis of [1]Cl6 and [2]Cl6. Hexacationic phosphines [1]I6 and [2]Br6 were subjected to anion
exchange using an Amberlite IRA-900 (Cl) resin. Before use, the resin (70 mL, wet) was rinsed with a
solution of LiCl in MeOH (0.3 M, 250 mL), until the eluate was colorless, followed by H2O (200 mL)
and MeOH (100 mL). The ion exchange was performed under a N2 atmosphere using MeOH as the
eluent (200 mL), followed by evaporation of the solvent in vacuo. A column with dimensions 20-25
cm (length) and 2 cm (width) was used.

[1]Cl6. Starting from 0.540 g [1]I6, the product was obtained as an off-white powder. Yield: 0.347 g
(quant.). 1H-NMR (400 MHz, CD3OD):  (ppm) = 8.13 (d, 3JP,H = 7.2 Hz, 6H, o-Ar), 7.89 (s, 3H, pAr), 4.71 (s, 12H, NCH2), 3.21 (s, 54H, N(CH3)3).

13

C{1H}-NMR (100 MHz, CD3OD):  (ppm) =

141.8 (d, 2JP,C = 20.7 Hz, o-Ar), 141.5 (d, 1JP,C = 15.3 Hz, i-Ar), 139.7 (s, p-Ar), 131.3 (d, 3JP,C = 7.0
Hz, m-Ar), 68.8 (s, NCH2), 53.4 (s, N(CH3)3). 31P{1H}-NMR (162 MHz, CD3OD):  (ppm) = -2.9. HRESI MS: (m/z) 417.230 {[M-2Cl]2+, calc. 417.227}.

[2]Cl6. Starting from 0.500 g [2]Br6, the product was obtained as an off-white powder. Yield: 0.405 g
(quant.). 1H-NMR (300 MHz, CD3OD):  (ppm) = 8.30 (d, 3JP,H = 7.2 Hz, 6H, o-Ar), 7.84 (s, 3H, pAr), 7.62 (d, 3JH,H = 6.6 Hz, 12H, o-Ph), 7.53 (m, 18H, m- and p-Ph), 4.73 (s, 12H, Ph-CH2N), 4.70 (s,
12H, Bn-NCH2), 3.04 (s, 36H, N(CH3)2). 13C{1H}-NMR (100 MHz, CD3OD):  (ppm) = 142.2 (d, 2JP,C
= 19.9 Hz, o-Ar), 141.7 (d, 1JP,C = 15.0 Hz, i-Ar), 140.0 (s, p-Ar), 134.6 (s, Ph), 131.9 (s, Ph), 131.0 (d,
3

JP,C = 7.0 Hz, m-Ar), 130.2 (s, Ph), 129.0 (s, Ph), 68.7 (s, NCH2), 68.5 (s, NCH2), 49.5 (s, N(CH3)2).

31

P{1H}-NMR (121 MHz, CD3OD):  (ppm) = -2.4. ESI MS: (m/z) 645.31 {[M-2Cl]2+, calc. 645.32},

418.53 {[M-3Cl]3+, calc. 418.56}. Elem. anal. for C78H99Cl6N6P (1364.37): calc. (%) C 68.67, H 7.31,
Cl 15.59, N 6.16, P 2.27; found C 68.58, H 7.35, Cl 15.53, N 6.08, P 2.31.
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Synthesis of PtCl2L2 complexes 8a-b. A solution of PtCl2(cod) in CH2Cl2 (2 mL) was added to a
solution of [1]Cl6 or [2]Cl6 (2.0 equiv.) in MeOH (10 mL). The mixtures were heated at reflux
temperature for 1 h and subsequently dried in vacuo.

[PtCl2(1)2]Cl12 (8a). Starting from PtCl2(cod) (8.5 mg, 0.023 mmol) and [1]Cl6 (41 mg, 0.045 mmol),
8a was obtained as a yellow powder. Yield: 50 mg (quant.). 1H-NMR (400 MHz, CD3OD):  (ppm) =
8.52 (br. s, 12H, o-Ar), 8.07 (s, 6H, p-Ar), 4.88 (s, 24H, NCH2), 3.18 (s, 108H, N(CH3)3). 13C{1H}NMR (75 MHz, CD3OD):  (ppm) = 143.0 (s, Ar), 142.1 (s, Ar), 131.1 (m, overlapping i- and o-Ar),
68.4 (s, NCH2), 53.6 (s, N(CH3)3). 31P{1H}-NMR (162 MHz, CD3OD):  (ppm) = 24.5 (s, 1JP,Pt = 2655
Hz). ESI MS: (m/z) 658.62 {[M-3Cl]3+, calc. 658.59}, 484.72 {[M-4Cl]4+, calc. 484.70}. Elem. anal.
for C84H150Cl14N12P2Pt (2081.56): calc. (%) C 48.47, H 7.26, Cl 23.85, N 8.07, P 2.98; found C 48.36,
H 7.30, Cl 23.46, N 8.04, P 2.89.

[PtCl2(2)2]Cl12 (8b). Starting from PtCl2(cod) (14 mg, 0.037 mmol) and [2]Cl6 (0.10 g, 0.075 mmol),
8b was obtained as a yellow powder. Yield: 0.12 g (quant.). 1H-NMR (300 MHz, CD3OD):  (ppm) =
8.69 (br. s, 12H, o-Ar), 8.03 (s, 6H, p-Ar), 7.72 (d, 3JH,H = 7.8 Hz, 24H, o-Ph), 7.47 (m, 36H, m- and pPh), 4.93 (br. s, 24H, Ph-CH2N), 4.75 (br. s, 24H, Bn-NCH2), 2.96 (s, 72H, N(CH3)2). 13C{1H}-NMR
(100 MHz, CD3OD):  (ppm) = 143.0 (br. s, Ar), 142.4 (s, Ar), 134.6 (s, Ph), 132.0 (s, Ph), 130.8 (br.
s, Ar), 130.3 (s, Ph), 129.5 (s, Ar), 129.0 (s, Ph), 67.0 (s, NCH2), 66.6 (s, NCH2), 49.7 (s, N(CH3)2).
31

P{1H}-NMR (122 MHz, CD3OD):  (ppm) = 24.8 (s, 1JP,Pt = 2663 Hz). HR-ESI MS: (m/z) 962.390

{[M-3Cl]3+, calc. 962.385}, 713.046 {[M-4Cl]4+, calc. 713.050}. Elem. anal. for C156H198Cl14N12P2Pt
(2994.73): calc. (%) C 62.57, H 6.66, N 5.61, P 2.07; found C 61.51, H 6.41, N 5.55, P 2.16.

PtCl2(4)2 (9b). A solution of PtCl2(cod) (33 mg, 0.089 mmol) in CH2Cl2 (3 mL) was added to a
solution of 4 (189 mg, 0.178 mmol, 2.0 equiv.) in CH2Cl2 (10 mL). The mixture was heated at reflux
temperature for 1 h and subsequently dried in vacuo, yielding 9b as a viscous yellow oil (226 mg,
quant.). 1H-NMR (400 MHz, C6D6):  (ppm) = (signals attributed to the cis-isomer) 7.80 (d, 3JH,P = 10.4
Hz, 12H, o-Ar), 7.67 (s, 6H, p-Ar), 7.32 (d, 3JH,H = 7.2 Hz, 12H, o-Ph), 7.20 (t, 3JH,H = 7.6 Hz, 12H, mPh), 7.08 (t, 3JH,H = 7.2 Hz, 6H, p-Ph), 3.27 (s, 12H, NCH2), 3.23 (s, 12H, NCH2), 1.96 (s, 18H, NCH3).
13

C-NMR (100 MHz, C6D6):  (ppm) = (signals attributed to the cis-isomer) 139.7 (br. s, Ar), 134.9

(br. s, Ar), 131.6 (s, Ar), 130.9 (s, Ar), 129.2 (s, Ph), 128.7 (s, Ph), 128.5 (s, Ph), 127.3 (s, Ph), 62.0 (s,
NCH2), 61.6 (s, NCH2), 42.4 (s, NCH3). 31P{1H}-NMR (162 MHz, Toluene-d8):  (ppm) = 21.0 (s, 1JP,Pt
= 2653 Hz, trans-isomer), 16.6 (s, 1JP,Pt = 3610 Hz, cis-isomer). MALDI-TOF MS: (m/z) 2350.9 {[MCl]+, calc. 2351.2}. Elem. anal. for C144H162Cl2N12P2Pt (2388.88): calc. (%) C 72.40, H 6.84, N 7.04, P
2.59; found C 72.49, H 6.90, N 6.95, P 2.54.
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[PtI2(1)2]I12 (10a). A solution of PtI2(cod) (37 mg, 0.066 mmol) in CH2Cl2 (10 mL) was added at 60 ºC
to a solution of [1]I6 (193 mg, 0.133 mmol, 2.0 equiv.) in MeOH (50 mL), upon which a precipitate
formed. The mixture was heated at reflux temperature for 1 h and subsequently centrifugated. The
precipitate was dried in vacuo, affording 10a as a light yellow powder (179 mg, 81 %). 1H-NMR (400
MHz, D2O):  (ppm) = 8.53 (br. s, 12H, o-Ar), 7.99 (s, 6H, p-Ar), 4.89 (s, 24H, NCH2), 3.24 (s, 108H,
N(CH3)3).

13

C{1H}-NMR (75 MHz, D2O):  (ppm) = 142.0 (br. s, m-Ar), 141.2 (s, p-Ar), 134.1

(pseudo t, JC,P = 29.6 Hz, i-Ar), 129.5 (pseudo t, JC,P = 5.6 Hz, o-Ar), 67.5 (s, NCH2), 53.4 (s, N(CH3)3).
31

P{1H}-NMR (162 MHz, D2O):  (ppm) = 16.4 (s, 1JP,Pt = 2583 Hz). ESI MS: (m/z) 993.46 {[M-3I]3+,

calc. 993.36}, 825.34 {[M-[1]I6-2I]2+, calc. 825.48}, 713.40 {[M-4I]4+, calc. 713.29}, 545.43 {[M5I]5+, calc. 545.25}, 433.22 {[M-6I]6+, calc. 433.23}. Elem. anal. for C84H150I14N12P2Pt (3361.89): calc.
(%) C 30.01, H 4.50, I 52.85, N 5.00, P 1.84, Pt 5.80; found C 29.76, H 4.78, I 52.39, N 4.72, P 1.65,
Pt 5.90.

[PtI2(5)2]I8 (10b). A solution of PtI2(cod) (29 mg, 0.052 mmol) in CH2Cl2 (1 mL) was added at 60 ºC
to a solution of [5]I4 (110 mg, 0.10 mmol, 2.0 equiv.) in MeOH (10 mL). The mixture was heated at
reflux temperature for 1 h and subsequently dried in vacuo, affording 10b as an orange powder (128
mg, quant.). 1H-NMR (400 MHz, D2O):  (ppm) = 8.30 (t, JH,P = 5.0 Hz, o-Ar), 8.20 (m, 4H, o-Ph),
7.87 (s, 4H, p-Ar), 7.71 (m, 6H, m- and p-Ph), 4.75 (s, 16H, NCH2), 3.15 (s, 72H, N(CH3)3). 13C{1H}NMR (75 MHz, DMSO-d6):  (ppm) = (signals attributed to the trans-isomer) 139.9 (br. s, m-Ar),
139.1 (br. s, p-Ar), 137.6 (br. s, Ph), 135.7 (br. s, Ph), 134.3 (pseudo t, JC,P = 29.1 Hz, i-Ar), 131.4 (br.
s, Ph), 129.7 (m, i-Ph), 128.5 (s, o-Ar), 65.8 (br. s, NCH2), 51.8 (s, N(CH3)3).

31

P{1H}-NMR (162

MHz, D2O):  (ppm) = 12.2 (s, 1JP,Pt = 2498 Hz). ESI MS: (m/z) 1379.6 {[M-[5]I4-I]+, calc. 1379.9},
1155.3 {[M-2I]2+, calc. 1155.5}, 728.26 {[M-3I]3+, calc. 728.38}, 626.33 {[M-[5]I4-2I]2+, calc.
626.50}. Elem. anal. for C68H110I10N8P2Pt (2565.75): calc. (%) C 31.83, H 4.32, I 49.46, N 4.37, P 2.41,
Pt 7.60; found C 31.73, H 4.38, I 49.40, N 4.32, P 2.38, Pt 7.45.

[PtI2(6)2]I4 (10c). A solution of PtI2(cod) (35 mg, 0.062 mmol) in CH2Cl2 (1 mL) was added at 60 ºC to
a solution of [6]I2 (82 mg, 0.12 mmol, 2.0 equiv.) in MeOH (10 mL). The mixture was heated at reflux
temperature for 1 h and subsequently dried in vacuo, affording 10c as an orange powder (112 mg,
quant.). 1H-NMR (400 MHz, DMSO-d6):  (ppm) = (signals attributed to the trans-isomer) 7.88 (br. s,
8H, o-Ph), 7.74 (m, 6H, o- and p-Ar), 7.54 (s, 12H, m- and p-Ph), 4.67 (s, 8H, NCH2), 3.00 (s, 36H,
N(CH3)3). Minor signals attributed to the cis-isomer were observed at 4.44 (s, NCH2) and 2.92 ppm (s,
N(CH3)3); the aromatic signals were not resolved. 13C{1H}-NMR (100 MHz, DMSO-d6):  (ppm) =
(signals attributed to the trans-isomer) 139.6 (s, Ar), 138.4 (s, Ar), 136.0 (pseudo t, JC,P = 29.1 Hz, iAr), 135.3 (s, Ph), 131.6 (s, Ar), 131.1 (s, Ph), 130.4 (pseudo t, JC,P = 29.9 Hz, i-Ph), 128.3 (s, Ph), 66.4
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(s, NCH2), 51.7 (s, N(CH3)3). 31P{1H}-NMR (121 MHz, DMSO-d6):  (ppm) = 12.4 (s, 1JP,Pt = 2478 Hz,
trans-isomer), 11.8 (s, 1JP,Pt = 3471 Hz, cis-isomer). ESI MS: (m/z) 1642.2 {[M-I]+, calc. 1642.0},
981.60 {[M-[6]I2-I]+, calc. 981.93}, 756.82 {[M-2I]2+, calc. 757.04}, 462.65 {[M-3I]3+, calc. 462.73}.
Elem. anal. for C52H70I6N4P2Pt (1769.61): calc. (%) C 35.29, H 3.99, I 43.03, N 3.17, P 3.50, Pt 11.02;
found C 35.12, H 3.92, I 43.11, N 3.22, P 3.45, Pt 11.10.

[PtI2(7)2]I6 (11). A solution of PtI2(cod) (23 mg, 0.041 mmol) in CH2Cl2 (1 mL) was added at 60 ºC to
a solution of [7]I3 (72 mg, 0.084 mmol, 2.0 equiv.) in MeOH (5 mL), upon which a precipitate formed.
The mixture was heated at reflux temperature for 1 h. The precipitate was washed once with hot
MeOH (5 mL) and subsequently dried in vacuo, affording 11 as a light orange powder (64 mg, 71 %).
1

H-NMR (400 MHz, D2O):  (ppm) = 8.02 (m, o-Ar, cis-isomer), 7.81 (m, o-Ar, trans-isomer), 7.75

(d, 3JH,H = 8.4 Hz, m-Ar, cis-isomer), 7.59 (d, 3JH,H = 8.0 Hz, m-Ar, trans-isomer), 4.63, 4.62 (s, NCH2,
cis and trans isomers), 3.16, 3.15 (s, N(CH3)3, cis and trans isomers). 13C{1H}-NMR (100 MHz, D2O,
65°C):  (ppm) = 136.5 (pseudo t, JC,P = 6.0 Hz, m-Ar, trans-isomer), 136.2 (pseudo t, JC,P = 5.4 Hz, mAr, cis-isomer), 134.4 (pseudo t, JC,P = 29.5 Hz, i-Ar, trans-isomer), 133.4 (pseudo t, JC,P = 5.6 Hz, oAr, cis-isomer), 133.2 (pseudo t, JC,P = 5.6 Hz, o-Ar, trans-isomer), 131.7 (s, p-Ar, cis-isomer), 131.2
(s, p-Ar, trans-isomer), 69.6 (s, NCH2, trans-isomer), 69.3 (s, NCH2, cis-isomer), 53.8 (s, N(CH3)3, cisisomer), 53.7 (s, N(CH3)3, trans-isomer). The signal for i-Ar, cis-isomer was not resolved. 31P{1H}NMR (162 MHz, D2O):  (ppm) = 12.0 (s, 1JP,Pt = 2467 Hz, trans-isomer), 11.2 (s, 1JP,Pt = 3491 Hz, cisisomer). ESI MS: (m/z) 527.01 {[M-[7]I3-2I]2+, calc. 527.01}, 306.47 {[M-5I]5+, calc. 306.47}, 234.38
{[M-6I]6+, calc. 234.24}. Elem. anal. for C60H90I8N6P2Pt (2167.68): calc. (%) C 33.25, H 4.18, N 3.88,
P 2.86, Pt 9.00; found C 33.11, H 4.25, N 3.73, P 2.92, Pt 9.08.

X-ray Crystallography. All reflection intensities were measured using a Nonius KappaCCD
diffractometer (equipped with a rotating anode) with graphite-monochromated Mo K radiation ( =
0.71073 Å) under the program COLLECT.43 The program PEAKREF44 was used to refine the cell
dimensions. Data reduction was done using EVALCCD.45 The structures of trans-10a and [PtI3(1)]I5
were respectively solved with the programs SHELXS-9746 and DIRDIF08,47 and were both refined on
F2 with SHELXL-97.46 Multi-scan semi-empirical absorption corrections (based on symmetry-related
measurements) were applied to all data using the program SADABS.48 The temperature of the data
collection was controlled using the system OXFORD CRYOSTREAM 600 (manufactured by OXFORD
CRYOSYSTEMS). H-atoms (except when specified) were placed at calculated positions and refined
with a riding model (instructions AFIX 23, AFIX 43 and AFIX 137) with isotropic displacement
parameters having values 1.2 or 1.5 times Ueq of the attached C atom. In the structure of [PtI31]I5, the
D-atoms (treated as hydrogen atoms in the model since the elements H and D have the same number of
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electrons, and since no interpretable difference between H and D can be derived from X-ray diffraction
measurements) of the two crystallographically independent lattice water molecules were located in
difference Fourier maps and restrained using the DFIX instructions such that the OH distances and
HOH angles have reasonable values [i.e., d(OH)  0.84 Å, d(H···H)  1.33 Å so that HOH 
104.5°]. Geometry calculations and graphical illustrations (displacement ellipsoid plots) were made
with the PLATON program.49
Refinement details for trans-10a  The asymmetric unit of trans-10a contains one half of trans-10a
complex [the Pt(II) center is found at sites of inversion symmetry, the other half of trans-10a complex
is symmetry generated], four ordered lattice iodides with full occupancy (I2, I3, I4, I5), one ordered
lattice iodide with a population factor of 0.5 (I7), one fully-occupied lattice iodide ion disordered over
two positions [I6A/I6B, major occupancy factor = 0.534(2)], one half-occupied lattice iodide ion
disordered over two positions [I8A/I8B, major occupancy factor = 0.327(3) * 0.5] and some
unresolved chemical species (probably some disordered solvent molecules). The contribution of these
species was subsequently taken out for the final stage of the refinement using the program SQUEEZE
(see details below).50
Crystallographic data for trans-10a  C84H150I14N12P2Pt + solvent, Fw = 3361.79,* needle, 0.48 
0.15  0.12 mm3, triclinic, P 1 (no. 2), a = 14.5266(2), b = 16.8586(1), c = 17.1335(2) Å,  =
101.202(1),  = 103.197(1),  = 113.487(1)°, V = 3550.37(8) Å3, Z = 1, Dx = 1.57 g cm3,* μ = 4.09
mm1.* 52744 Reflections were measured up to a resolution of (sin /)max = 0.65 Å1. 16172
Reflections were unique (Rint = 0.030), of which 13846 were observed [I > 2(I)]. 558 Parameters
were refined. R1/wR2 [I > 2(I)]: 0.0394/0.1132. R1/wR2 [all refl.]: 0.0466/0.1172. S = 1.104.
Residual electron density found between 1.93 and 2.77 eÅ3. SQUEEZE details: one void of 284 Å3
filled with 94 electrons and two voids of 215 Å3 filled with 72 electrons (all numbers are given per unit
cell).
* excluding the unresolved entity contribution.
Refinement details for [PtI3(1)]I5  The asymmetric unit of [PtI3(1)]I5 contains one [PtI3(1)]5+
complex, two lattice deuterated water molecules and five lattice iodide counter anions. The lattice
water molecules and some lattice iodide ions (I4, I5 and I8) form weak hydrogen bond OH···I
interactions (O···I  3.493.55 Å). The lattice iodide I7 is found at sites of twofold axial symmetry,
and the SHELX population was constrained to be 0.5. The occupancy factors of the remaining iodides
I4, I5, I6, I8 and I9 were refined using the FVAR (free variable) instructions. The sum of these
occupancy factors were constrained to be 4.5 using the SUMP instruction as a requirement for charge
balance. The free variables for the occupancy factors of I4, I5, I6, I8 and I9 refined to 0.998(2),
0.997(2), 0.991(2), 0.972(2) and 0.541(2), respectively. The final difference Fourier map is relatively
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flat except for some peaks found near I9 (2.23.6 Å), which are as large as 3.34.1 e Å-3. Such large
peaks may result from disorder of the iodide I9 although there is no sign of disorder in its atomic
displacement parameters, or may result from very disordered solvent molecules which may be partially
contained in one void [(0.5, 0.171, 0.25)] found near I9.
Crystallographic data for [PtI3(1)]I5  C42H79I8N6O2PPt, Fw = 1941.37, plate, 0.24  0.18  0.06
mm3, monoclinic, C2/c (no. 15), a = 17.2539(5), b = 17.4111(5), c = 41.5254(9) Å,  = 90.2090(10), V
= 12474.5(6) Å3, Z = 8, Dx = 2.07 g cm3, μ = 6.27 mm1. 67316 Reflections were measured up to a
resolution of (sin /)max = 0.59 Å1. 10730 Reflections were unique (Rint = 0.044), of which 9090 were
observed [I > 2(I)]. 581 Parameters were refined. R1/wR2 [I > 2(I)]: 0.0369/0.0813. R1/wR2 [all
refl.]: 0.0499/0.0862. S = 1.085. Residual electron density found between 1.15 and 4.07 eÅ3.

5.6 References and Notes
1.

Van Leeuwen, P. W. N. M. (Editor), Supramolecular Catalysis, Wiley-VCH, Weinheim, 2008.

2.

Reviews: (a) Wilkinson, M. J.; Van Leeuwen, P. W. N. M.; Reek, J. N. H. Org. Biomol. Chem. 2005, 3,
2371-2383. (b) Breit, B. Angew. Chem. Int. Ed. 2005, 44, 6816-6825. (c) Sandee, A. J.; Reek, J. N. H.
Dalton Trans. 2006, 3385-3391.

3.

Some recent examples: (a) Machut, C.; Patrigeon, J.; Tilloy, S.; Bricout, H.; Hapiot, F.; Monflier, E. Angew.
Chem. Int. Ed. 2007, 46, 3040-3042. (b) Laungani, A. C.; Slattery, J. M.; Krossing, I.; Breit, B. Chem. Eur.
J. 2008, 14, 4488-4502. (c) Patureau, F. W.; Kuil, M.; Sandee, A. J.; Reek, J. N. H. Angew. Chem. Int. Ed.
2008, 47, 3180-3183 and references therein. (d) Oliveri, C. G.; Ulmann, P. A.; Wiester, M. J.; Mirkin, C. A.
Acc. Chem. Res. 2008, 41, 1618-1629. (e) Moteki, S. A.; Takacs, J. M. Angew. Chem. Int. Ed. 2008, 47,
894-897.

4.

(a) Duckmanton, P. A.; Blake, A. J.; Love, J. B. Inorg. Chem. 2005, 44, 7708-7710. (b) Knight, L. A.;
Freixa, Z.; Van Leeuwen, P. W. N. M.; Reek, J. N. H. Organometallics 2006, 25, 954-960. (c) Freixa, Z.;
Van Leeuwen, P. W. N. M. Coord. Chem. Rev. 2008, 252, 1755-1786.

5.

Gulyás, H.; Benet-Buchholz, J.; Escudero-Adan, E. C.; Freixa, Z.; Van Leeuwen, P. W. N. M. Chem. Eur.
J. 2007, 13, 3424-3430.

6.

(a) Cornils, B.; Kuntz, E. G. J. Organomet. Chem. 1995, 502, 177-186. (b) Herd, O.; Hoff, D.; Kottsieper,
K. W.; Liek, C. Wenz, K.; Stelzer, O.; Sheldrick, W. S. Inorg. Chem. 2002, 41, 5034-5042. (c) Genin, E.;
Amengual, R.; Michelet, V.; Savignac, M.; Jutand, A.; Neuville, L. Genêt, J. P. Adv. Synth. Catal. 2004,
346, 1733-1741. (d) Moore, L. R.; Western, E. C.; Craciun, R.; Spruell, J. M.; Dixon, D. A.; O’Halloran, K.
P.; Shaughnessy, K. H, Organometallics 2008, 27, 576-593.

7.

(a) Smith, R. T.; Baird, M. C.; Inorg. Chim. Acta, 1982, 62, 135-139. (b) Renaud, E.; Russell, R. B.; Fortier,
S.; Brown, S. J.; Baird, M. C. J. Organomet. Chem. 1991, 419, 403-415. (c) Okano, T.; Harada, N.; Kiji, J.

132

Chapter 5

Chem. Lett. 1994, 1057-1060. (d) Mohr, B.; Lynn, D. M.; Grubbs, R. H. Organometallics 1996, 15, 43174325. (e) Hessler, A.; Stelzer, O. J. Org. Chem. 1997, 62, 2362-2369. (f) Pruchnik, F. P.; Smolenski, P.
Appl. Organometal. Chem. 1999, 13, 829-836. (g) Brasse, C. C.; Englert, U.; Salzer, A. Organometallics
2000, 19, 3818-3823. (h) DeVasher, R. B.; Moore, L. R.; Shaughnessy, K. H. J. Org. Chem. 2004, 69,
7919-7927. (i) Coles, M. P.; Hitchcock, P. B. Chem. Commun. 2007, 5229-5231.
8.

Reviews: (a) Herrmann, W. A.; Kohlpaintner, C. W. Angew. Chem. Int. Ed. 1993, 32, 1524-1544. (b)
Stelzer, O; Rossenbach, S.; Hoff, D.; Schreuder-Goedheijt, M.; Kamer, P. C. J.; Reek, J. N. H.; Van
Leeuwen, P. W. N. M. Multiphase homogeneous catalysis, Wiley-VCH 2005, 1, 66-82. (c) Shaughnessy, K.
H. Eur. J. Org. Chem. 2006, 1827-1835. (d) Chisholm, D. M.; McIndoe, J. S. Dalton Trans. 2008, 39333945. (e) Shaughnessy, K. H. Chem. Rev. 2009, 109, 643-710.

9.

(a) Kreiter, R.; Klein Gebbink, R. J. M.; van Koten, G. Tetrahedron 2003, 59, 3989-3997. (b) Snelders, D.
J. M.; Kreiter, R.; Firet, J. J.; Van Koten, G.; Klein Gebbink, R. J. M. Adv. Synth. Catal. 2008, 350, 262266. (See Chapter 2 of this thesis) (c) Snelders, D. J. M.; Van Koten, G.; Klein Gebbink, R. J. M. J. Am.
Chem. Soc. 2009, 131, 11407-11416. (See Chapter 3 of this thesis) (d) Snelders, D. J. M.; van der Burg, C.;
Lutz, M.; Spek, A. L.; van Koten, G.; Klein Gebbink, R. J. M. (See Chapter 4 of this thesis) (e) Snelders, D.
J. M.; Kunna, K.; Müller, C.; Vogt, D.; Van Koten, G.; Klein Gebbink, R. J. M. (See Chapter 6 of this
thesis)

10. M. Al-najjar, I. M. Inorg. Chim. Acta 1987, 128, 93-104.
11. (a) Kleij, A. W.; Van de Coevering, R.; Klein Gebbink, R. J. M.; Noordman, A.; Spek, A. L.; Van Koten,
G. Chem. Eur. J. 2001, 7, 181-191. (b) Van de Coevering, R.; Bruijnincx, P. C. A.; Lutz, M.; Spek, A. L.;
Van Koten, G.; Klein Gebbink, R. J. M. New J. Chem. 2007, 31, 1337-148.
12. Isomerization of square planar Pt(II) complexes is catalyzed by free phosphine: see reference 30.
13. No other peak had appeared, indicating that these species had irreversibly converted to trans-8a and trans8b, respectively. When trans-8a was synthesized starting from PtCl2(DMSO)2 as the Pt precursor, this
minor product did not form, indicating that it is a thermally labile, intermediate species in the reactions of
these phosphines with PtCl2(cod).
14. Kreiter, R.; Firet, J. J.; Ruts, M. J. J.; Lutz, M.; Spek, A. L.; Klein Gebbink, R. J. M.; Van Koten, G. J.
Organomet. Chem. 2006, 691, 422-432.
15. When a solution of 9b in toluene-d8 was heated in the presence of a small quantity of free 4, the cis-trans
equilibrium shifted in favor of the trans-isomer. Isomerization occurred at temperatures higher than 65 °C.
At 105 °C, the cis : trans ratio had shifted from 85 : 15 to 55 : 45. After cooling down, the original product
distribution was restored. No isomerization occurred in the absence of free 4.
16. The reaction of PtCl2(DMSO)2 with one equiv. of PPh3 in CDCl3 was also performed; a mixture of cis- and
trans-PtCl2(PPh3)2 and cis-PtCl2(DMSO)(PPh3)was obtained (approximate ratio: 3:4:3). The complex cisPtCl2(DMSO)(PPh3) was identified by a characteristic (S=O) frequency in the IR spectrum at 1154 cm-1, as
well as a resonance in the 1H-NMR spectrum at 3.30 ppm with Pt satellites (3JH,Pt = 20 Hz). These

133

Pt(II) Coordination Chemistry of Oligocationic, Ammonium-Functionalized Triarylphosphines

spectroscopic data are in agreement with literature and indicate that the DMSO is bonded as a ligand to the
Pt(II) centre and that coordination occurs through the S atom, rather than the O atom; see ref. 17.
17. (a) Price, J. H.; Williamson, A. N.; Schramm, R. F.; Wayland, B. B. Inorg. Chem. 1972, 11, 1280-1284. (b)
Davies, J. A.; Hasselkus, C. S.; Scimar, C. N.; Sood, A.; Uma, V. J. Chem. Soc., Dalton Trans. 1985, 209211. (c) Davies, J. A.; Sood, A. Inorg. Chem. 1985, 24, 4213-4214.
18. Schmid, B.; Venanzi, L. M.; Albinati, A.; Mathey, F. Inorg. Chem. 1991, 30, 4693-4669.
19. The purity of the employed batch of ligand [1][BF4]6 was confirmed by elemental analysis (see Chapter 6 of
this thesis), excluding the possibility that some [PtCl3(1)]Cl5 was formed simply due to residual chloride in
the batch of ligand [1][BF4]6.
20. (a) Fresneda, J.; De Jesus, E.; Gómez-Sal, P.; López Mardomingo, C. Eur. J. Inorg. Chem. 2005, 14681476. (b) Topping, R. J.; Quin, L. D.; Crumbliss, A. L. J. Organomet. Chem. 1990, 385, 131-145.
21. In the case of complex 10c, hydrophobic interactions between the unsubstituted phenyl groups are likely to
be important. These interactions should be stronger in D2O compared to DMSO-d6, and could explain the
reversed cis-trans preference for 10c in these solvents.
22. During these measurements, no free phosphine was present, suggesting that the isomerization is catalyzed
by free iodide: Louw, W. J. Inorg. Chem. 1977, 16, 2147. In contrast to 11, the cis- and trans-isomers of
complexes 10b and 10c did not significantly interconvert upon increasing the temperature, not even in the
presence of free [5]I4 and [6]I2, respectively.
23. Müller, T. E.; Mingos, D. M. P. Transition Met. Chem. 1995, 20, 533-539.
24. Measuring an 31P-NMR spectrum in DMSO-d6 of the product of this reaction gave identical spectral data for
[PtI31]I5 as observed by dissolving trans-10a in DMSO-d6.
25. Wendt, O. F.; Elding, L. I. J. Chem. Soc., Dalton Trans. 1997, 4725-4731.
26. (a) Boag, N. M.; Mohan Rao, K.; Terrill, N. J. Acta Cryst. 1991, C47, 1064-1065. (b) Alyea, E. C.; Dias, S.
A.; Ferguson, G.; Roberts, P. J. J. Chem. Soc., Dalton Trans. 1979, 948-951. (c) Alcock, N. W.; Leviston,
P. G. J. Chem. Soc., Dalton Trans. 1974, 1834-1836.
27. (a) Dunne, B. J.; Morris, R. B.; Orpen, A. G. J. Chem. Soc. Dalton Trans. 1991, 653-661. (b) Dias, P. B.;
Minas de Piedade, M. E.; Martinho Simões, J. A. Coord. Chem. Rev. 1994, 135/136, 737-807.
28. Marcus, Y.; Hefter, G. Chem. Rev. 2006, 106, 4585-4621.
29. (a) Chatt, J.; Wilkins, R. G. J. Chem. Soc. 1952, 273-278. (b) Harvey, J. N.; Heslop, K. M.; Orpen, A. G.;
Pringle, P. G. Chem. Commun. 2003, 278-279.
30. Anderson, G. K.; Cross, R. J. Chem. Soc. Rev. 1980, 9, 185-215.
31. Appleton, T. G.; Clark, H. C.; Manzer, L. E. Coord. Chem. Rev. 1973, 10, 335-422.
32. Tolman, C. A. Chem. Rev. 1977, 77, 313-348.

134

Chapter 5

33. Cheney, A . J.; Mann, B. E.; Shaw, B. L.; Slade, R. M. J. Chem. Soc. A, 1971, 3833-3842.
34. Addition of salts is known to increase solvent polarity. See, for example: Rezende, M. C. Tetrahedron
1988, 44, 3513-3522.
35. Harper, B. A.; Knight, D. A.; George, C.; Brandow, S. L.; Dressick, W. J.; Dalcey, C. S.; Schull, T. L.
Inorg. Chem. 2003, 42, 516-524.
36. Hessler, A.; Kucken, S.; Stelzer, O.; Blotevogel-Baltronat, J.; Sheldrick, W. S. J. Organomet. Chem. 1995,
501, 293-302.
37. Francisco, L. W.; Moreno, D. A.; Atwood, J. D. Organometallics 2001, 20, 4237-4245.
38. Kinetic saturation behavior in a reaction component points to an equilibrium leading to the formation of a
transient, reactive intermediate. For a related case in Pt(II) coordination chemistry, see: Gröning, O.;
Sargeson, A. M.; Deeth, R. J.; Elding, L. I. Inorg. Chem. 2000, 39, 4286-4294. For cases in Pd-catalyzed
cross coupling reactions, see for example: (a) Alcazar-Roman, L. M.; Hartwig, J. F.; Rheingold, A. L.;
Liable-Sands, L. M.; Guzei, I. A. J. Am. Chem. Soc. 2000, 122, 4618-4630. (b) Mathew, J. S.; Klussmann,
M.; Iwamura, H.; Valera, F.; Futran, A.; Emanuelsson, E. A. C.; Blackmond, D. G. J. Org. Chem. 2006, 71,
4711-4722.
39. Wilkinson, G. Comprehensive Coordination Chemistry, Vol. 1, 1st ed. 1987, 311-329.
40. In complexes of the type PtCl2(DMSO)(L), the phosphine ligand and the DMSO ligand usually adopt a cis
orientation; see ref. 17. The 1JP,Pt coupling constants in 31P-NMR observed for the complexes [PtCl2(DMSOd6)(L)][BF4]6 (L = 1, 2) indicate that this is indeed the case.
41. Drew, D.; Doyl, J. R.; Shaver, A. G. Inorg. Synth. 1972, 13, 47.
42. Clark, H. C.; Manzer. L. E. J. Organomet. Chem. 1973, 59, 411-428.
43. Nonius. COLLECT; Nonius BV: Delft, The Netherlands, 1999.
44. Schreurs, A. M. M. PEAKREF; University of Utrecht: The Netherlands, 2005.
45. Duisenberg, A. J. M.; Kroon-Batenburg, L. M. J.; Schreurs, A. M. M. J. Appl. Crystallogr. 2003, 36,
220229.
46. Sheldrick, G. M. Acta Crystallogr. 2008, A64, 112122.
47. Beurskens, P. T.; Beurskens, G.; de Gelder, R.; Garcia-Granda, S.; Gould, R. O.; Smits, J. M. M. The
DIRDIF 2008 program system; Crystallography Laboratory, University of Nijmegen: The Netherlands,
2008.
48. Sheldrick, G. M. SADABS, Version 2006/1; University of Göttingen: Germany, 2006.
49. Spek, A. L., J. Appl. Crystallogr. 2003, 36, 7-13.
50. Van der Sluis, P.; Spek, A. L. Acta Crystallogr. 1990, A46, 194-201.

135

136

Chapter 6

Rh(I) Coordination Chemistry of Hexacationic Dendriphos Ligands and
their Application in Hydroformylation Catalysis

The coordination chemistry of hexacationic Dendriphos ligands L* with respect to Rh(I), as well as
their application in Rh-catalyzed hydroformylation reactions, is described. Complexes of the type
RhCl(CO)(L*)2 were synthesized and characterized and show that Dendriphos ligands are weaker donors and/or stronger -acceptors compared to PPh3. The reaction of L* with [Rh(cod)2]BF4 in
MeCN led to monophosphine-Rh(I) complexes of the type Rh(cod)(MeCN)(L*), which indicates the
tendency of these ligands to form coordinatively unsaturated metal complexes. The catalytic
performance of Dendriphos ligands in the Rh-catalyzed hydroformylation was found to be dominated
by the steric effects that arise from the large dendritic shells of these ligands. Furthermore, the
possibility of tuning the catalytic activity and selectivity in this reaction, by changing the six
counteranions of hexacationic Dendriphos ligands, has been investigated. Upon changing the anions
from BF4- to the chiral anions camphorsulphonate or -Trisphat, small changes in regioselectivity, but
no enantioselectivity were observed in the hydroformylation of styrene.
Dennis J. M. Snelders, Katharina Kunna, Christian Müller, Dieter Vogt, Gerard van Koten and Robertus J. M.
Klein Gebbink.
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6.1 Introduction
Hydroformylation of olefins is one of the most important, industrially applied processes in
homogeneous catalysis.1,2 Rhodium-catalyzed hydroformylation using catalysts modified with
phosphine ligands was reported by Wilkinson in 1968.3 In 1984, the industrial Ruhrchemie /
Rhône-Poulenc process went into operation, which employs the water-soluble, trisulfonated
phosphine TPPTS (3,3’,3’’-phosphinidynetris(benzenesulfonic acid), trisodium salt) in a
biphasic system for the Rh-catalyzed hydroformylation of propene, allowing separation and
recycling of the Rh/TPPTS catalyst.4 Some recent developments in hydroformylation research
include the development of suitable ligands for hydroformylation in supercritial CO2, ionic
liquids or other unconventional media for multiphase homogeneous catalysis.1,5 Furthermore,
achieving control of the hydroformylation regioselectivity, leading to exclusive production of
either the linear or branched aldehyde, has been an important issue. Major progress in this area
has been made by, e.g., Van Leeuwen et al. through the development of the bite angle concept
for chelating diphosphines.6 Several examples of dendritic catalysts containing phosphine
functionalities have also been applied in hydroformylation reactions, and in some cases
facilitated catalyst separation or increased product regioselectivities have been achieved.7,8
We have previously reported hexa-meta-ammoniomethyl functionalized Dendriphos ligands
[1]6+-[4]6+ (Figure 1) and their application in the Suzuki-Miyaura cross-coupling reaction.9
Dendriphos ligands behave as very bulky ligands and lead to a preferential formation of
coordinatively unsaturated phosphine metal complexes, which explains the observed high
catalytic activity in the Suzuki-Miyaura reaction of catalytic systems employing these ligands.
The presence of six permanent cationic charges in the backbone of this class of ligands is
proposed to result in a significant inter-ligand Coulombic repulsion, which plays a crucial role
in their bulky behavior. In the case of [1]6+, [2]6+ and tri-para-ammoniomethyl substituted
ligand [5]3+,9d Coulombic repulsion forces have been demonstrated by an investigation of their
coordination chemistry with respect to Pt(II).10 Recently, tricationic [5]3+ has been successfully
applied in combination with an anionic latex in biphasic aqueous hydroformylation of higher
olefins.11 As a continuation of the investigation of this class of ligands in homogeneous
catalysis, here we focus on their coordination behavior with respect to Rh(I), as well as the
application of these ligands in monophasic Rh-catalyzed hydroformylation reactions. The
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effects on the catalytic activity of both increasing the steric demand of the phosphine as well
as changing the anions in the dendritic structure, are explored.
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Figure 1. Hexacationic Dendriphos ligands [1][BF4]6 - [4][BF4]6 and tricationic ligand [5][BF4]3.

Asymmetric counterion-directed catalysis is a rapidly expanding area of research. This
strategy employs chiral counterions as the only source of chiral information in reactions
catalyzed by otherwise achiral transition metal complexes.12 The potential of chiral anionic
auxiliaries in asymmetric chemistry, including asymmetric catalysis, has been reviewed by
Lacour et al.12b,f For example, Toste et al. observed very high enantiomeric excess values in
hydroalkoxylation and hydroamination reactions catalyzed by a cationic Au(I) complex in the
presence of a chiral binaphthol-derived phosphate anion.12e Milstein et al. have employed
anionic TPPTS as ligand in combination with chiral cations in Rh-catalyzed hydrogenation
reactions. However, no enantiomeric excess was observed in this case.13 As hexacationic
Dendriphos ligands are surrounded by six counterions, we were interested to explore the
potential of these systems for achieving chiral induction in Rh-catalyzed reactions, by using
the anions as only source of chirality. It was envisaged that association of the chiral anions
with the ammonium groups in the coordinated Dendriphos ligands could lead to chiral
induction at the Rh center. The influence of the polarity of the solvent, which may lead to
solvent separated or contact ion pairing,14 as well as the influence of sterically demanding
dendrons in the Dendriphos structure, will be investigated.
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6.2 Results
6.2.1 Rh(I) coordination chemistry. The tetrafluoroborate salts of the hexacationic
phosphine ligands [1]6+ and [3]6+ and the tricationic ligand [5]3+, as well as benchmark ligand
PPh3 were reacted with [RhCl(CO)2]2 at room temperature in MeOH/H2O (4/1 (v/v))
([1][BF4]6, [5][BF4]3) or CH2Cl2 (PPh3, [3][BF4]6), in a phosphine to Rh ratio of 2. Analysis of
the products by

31

P-NMR indicated quantitative formation of the complexes trans-

RhCl(CO)L2 for L = PPh3, [1][BF4]6 and [5][BF4]3, respectively (Scheme 1). The observed
chemical shifts as well as the coupling constants 1JP,Rh of the complexes derived from [1]6+ and
[5]3+ are close to those of trans-RhCl(CO)(PPh3)2 (Table 1). The values observed for the latter
correspond well with those reported in literature for the authentic complex.15 The complexes
trans-[RhCl(CO)(1)2][BF4]12 (6) and trans-[RhCl(CO)(5)2][BF4]6 (7) were isolated and fully
characterized. In their 13C-NMR spectra, the ipso-, ortho- (and for 7, the meta-) carbons of the
aryl rings were observed as pseudo triplets due to the presence of AA’X systems (A = 31P, X =
13

C),16 which is consistent with the coordination of two phosphine ligands to the Rh center.

Further confirmation of these structures was provided by high resolution ESI-MS
measurements (Table 2, entries 1, 2), which showed cations formed by dissociation of two or
three BF4- ions. The value of the CO stretching vibration in the IR spectrum of trans[RhCl(CO)(1)2][BF4]12 (6) (1981 cm-1) is significantly larger than that of the complex derived
from PPh3 (1963 cm-1, Table 1),17 indicating that this oligocationic phosphine is a weaker donor and/or stronger -acceptor than PPh3 itself (see Discussion). For trans[RhCl(CO)(5)2][BF4]6 (7), an intermediate value of 1971 cm-1 was observed.
The 31P-NMR spectrum of the mixture obtained upon reaction of [RhCl(CO)2]2 with [3]6+
showed a very broad peak around 35 ppm, as well as a signal for free [3]6+ and the signal for
its phosphine oxide, even though the reaction was carried out under a nitrogen atmosphere.
This suggests the presence of an equilibrium between [RhCl(CO)(3)2][BF4]12 and another
complex in which the ratio of [3]6+ : Rh is 1. The latter could be a dimeric chloride- or CObridged complex, formed upon dissociation of [3]6+.
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NMe3

NMe3

Me3N

6 BF4

NMe3

Cl

Rh

NMe3
0.5 eq. [RhCl(CO)2]2

P

Me3N
Me3N

Me3N

12 BF4

NMe3
CO
NMe3

P

Me3N

NMe3
NMe3

2 eq.

2 eq.

[1][BF4]6

[5][BF4]3

Me3N

P
Cl

Rh

CO

P
MeOH / H2O (4/1)
RT, 16 h
(quant.)

NMe3

Me3N

NMe3

NMe3
trans-7

trans-6

Scheme 1. The respective reactions of [1][BF4]6 and [5][BF4]3 with [RhCl(CO)2]2.
Table 1. 31P-NMR and IR spectral data for complexes 6, 7 and trans-RhCl(CO)(PPh3)2.
31

Entry

P-NMR

IR

Complex
 (ppm)

1

JP,Rh (Hz)

 (CO) (cm-1)

1

trans-RhCl(CO)(PPh3)2

30.1a

127

1963

2

trans-[RhCl(CO)(1)2][BF4]12 (6)

34.7b

131

1981

3

trans-[RhCl(CO)(5)2][BF4]6 (7)

30.7c

126

1971

[a] Measured in CDCl3. [b] Measured in D2O. [c] Measured in CD3OD / D2O (2/1).

Table 2. ESI-MS data for complexes 6, 7 and 8.
Entry

Complex

Major ions observed

Calcd.
(m/z)

Found
(m/z)

1a

trans-[RhCl(CO)(1)2][BF4]12 (6)

[RhCl(CO)(1)2][BF4]93+

779.351

779.352

2a

trans-[RhCl(CO)(5)2][BF4]6 (7)

[RhCl(CO)(5)2][BF4]42+

735.276

735.284

[RhCl(CO)(5)2][BF4]33+

461.183

461.179

[Rh(cod)(1)][BF4]52+

670.30

670.28

[Rh(cod)(1)][BF4]43+

417.86

417.85

3

cis-[Rh(cod)(MeCN)(1)][BF4]7 (8)

[a] High resolution measurement.
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Titrations of [Rh(cod)2][BF4] (cod = 1,5-cyclooctadiene) with [1][BF4]6, [3][BF4]6, [5][BF4]3
and PPh3, respectively, were performed in CH3CN/CD3CN (8/2 (v/v)). At a phosphine to Rh
ratio of 1, 31P-NMR showed a very broad signal at 29-32 ppm in all cases. In the case of PPh3,
addition of larger amounts of ligand led to the observation of a double triplet and a double
doublet in an integration ratio of 1 : 2 (Table 3). This pattern is typical of an A2BX system (A
= the two mutually trans phosphines, B = the phosphine trans to MeCN, X = Rh) and
corresponds to the square planar complex [Rh(MeCN)(PPh3)3][BF4].18 At PPh3 : Rh = 4, a
broad signal was observed at –4 ppm in the 31P-NMR spectrum, corresponding to free PPh3. In
the 1H-NMR spectra of these mixtures, distinct signals were generally observed for the cod
ligand coordinated to Rh and uncoordinated cod. At PPh3 : Rh = 4, the signals for coordinated
cod had been completely replaced by those for free cod, indicating that quantitative
displacement of the cod ligands had occurred. Thus, the maximum number of molecules of
PPh3 that coordinate to Rh(I) is three under these circumstances. A similar behavior was
observed for [5]3+. In this case, however, the 31P-NMR signals were broad. As the [5]3+ : Rh
ratio was increased, the ratio between the signals corresponding to free and coordinated cod in
the 1H-NMR spectrum shifted towards free cod. However, at [5]3+ : Rh = 4, still a small
amount of coordinated cod was observed. When a 31P-NMR spectrum was measured at 0 °C, a
characteristic A2BX system was clearly observed, indicating the presence of the complex
[Rh(MeCN)(5)3][BF4]10 (Table 3, entry 4). At room temperature, most likely a fast ligand
exchange equilibrium at the Rh(I) center exists between [5]3+ and cod.
For both [1]6+ and [3]6+, addition of larger amounts of phosphine ligand than one equivalent
with respect to Rh, immediately led to the observation of a broad signal corresponding to free
phosphine while the broad signal at 32 ppm remained unchanged.19 Lowering the temperature
to –20 °C led to a sharpening of the signals and the clear observation of a doublet in both
cases (Table 3). The chemical shift as well as the magnitude of 1JP,Rh of these species
correspond well to those of cis-RhCl(cod)(PPh3).20 This indicates that the maximum number
of phosphine ligands coordinated to Rh(I) under these circumstances is one for both [1]6+ and
[3]6+. The complex derived from [1]6+ was isolated and fully characterized. The 1H-NMR
spectrum in D2O showed signals for coordinated cod and MeCN. The room temperature 31PNMR spectrum in D2O consisted of a sharp doublet (32.1 ppm, 1JP,Rh = 156 Hz), suggesting
that the broadness of the signal in CD3CN is due to a ligand exchange equilibrium with
solvent molecules, which does not occur in D2O. In the 13C-NMR spectrum, the ortho-carbon
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signal of the aryl rings in the phosphine was observed as a clear doublet, which is consistent
with the coordination of only one [1]6+ ligand to the Rh center. Based on these data, the
formed species were assigned the structures cis-[Rh(cod)(MeCN)(L)][BF4]7

(L = 1, 3)

(Scheme 2). By ESI-MS, the cations [Rh(cod)(1)][BF4]7-nn+ (n = 2, 3) were observed (Table 2,
entry 3). The MeCN ligand most likely dissociates from the Rh(I) center during the ESI-MS
measurement. Thus, the respective reactions of both [1]6+ and [3]6+ with [Rh(cod)2]BF4 lead to
complexes in which a maximum of one phosphine ligand is coordinated to the Rh(I) center.
This behavior is dramatically different from that of PPh3, which led to formation of a
trisphosphine Rh(I) species. The similarity of the reactivities of relatively small [1]6+ and that
of dendritic [3]6+ suggests that the presence of six ammoniomethyl substituents, rather than the
large dendritic shell in [3]6+, is responsible for the observed coordination behavior.
Me2RN
BF4
Rh

[1][BF4]6
or
[3][BF4]6

Me2RN

MeCN

Me
C
N
Rh
P

7 BF4

[1][BF4]6
or
[3][BF4]6
MeCN

no
further
reaction

Me2RN
NRMe2
Me2RN

NRMe2

8 : R = Me
9 : R = G1 (not isolated)

Scheme 2. The respective reactions of [1][BF4]6 and [3][BF4]6 with [Rh(cod)2][BF4].
Table 3. 31P-NMR spectral data for several phosphine-Rh(I) complexes.a
Entry

Rh-P Complex

 (ppm)

1

[Rh(MeCN)(PPh3)3][BF4]

45.5 (dt)

1

JP,Rh (Hz)

2

JP,P (Hz)

Reference

174

41

this work, 18

32.8 (dd)

137

41

2b

cis-[Rh(cod)(MeCN)(1)][BF4]7 (8)

32.4 (d)

152

-

this work

3b,c

cis-[Rh(cod)(MeCN)(3)][BF4]7 (9)

32.6 (d)

150

-

this work

4c,d

[Rh(MeCN)(5)3][BF4]10 (10)

45.7 (dt)

176

41

this work

32.0 (dd)

138

40

31.5 (d)

152

-

5

cis-RhCl(cod)(PPh3)

20

[a] Measured in CH3CN/CD3CN (8/2), except for entry 5, in THF/C6D6. [b] Measured at -20 °C. [c] Not isolated.
[d] Measured at 0 °C.
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6.2.2 Application of Dendriphos ligands in Rh-catalyzed hydroformylation. Dendriphos
ligands [1][BF4]6 - [4][BF4]6 were applied in the Rh-catalyzed hydroformylation of styrene
(reaction 1). Rh(acac)(CO)2 was used as Rh precursor and L : Rh ratios of 2 and 4 were tested
at a Rh loading of 0.067 mol %, using 20 bar of syngas at 50 °C. For comparison,
triphenylphosphine was tested under identical conditions. Acetonitrile was chosen as solvent
for the reaction, as it is the only solvent in which all five ligands are soluble. The reaction
mixtures were clear, homogeneous solutions in all cases. The reactions were performed in an
AMTEC parallel autoclave, allowing simultaneous screening of up to four reactions. During
the reaction, the H2 uptake was monitored and used for calculation of the turnover frequency
(TOF) values. After a reaction time of 24 h, the product mixtures were analyzed by GC.
O

0.067 mol % Rh(acac)(CO)2
2-4 eq. ligand, 20 bar CO / H2
MeCN, 50 °C, 24 h

(1)
(b)

O

(l)

Figure 2. TOF values (left) and b:l ratios (right) for hydroformylation of styrene using Rh(acac)(CO)2
in combination with PPh3 and [1][BF4]6 - [4][BF4]6 (reaction 1). TOF values were calculated at 20 %
conversion.

For all reactions, analysis of the product mixtures by GC after 24 h indicated complete
conversion and chemoselectivity towards aldehydes. The use of Dendriphos ligands leads to
lower rates and branched to linear (b:l) selectivities compared to PPh3. Furthermore, the
results show a clear decrease in the observed TOF values within the Dendriphos family upon
increase of the ligand size (higher generation) (Figure 2). The application of [3][BF4]6 in the
hydroformylation of 1-octene was also studied (Table 4). Again, a lower reaction rate
compared to PPh3 was observed. For this substrate, PPh3 and [3][BF4]6 give similar
regioselectivities.
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Table 4. Application of [3][BF4]6 in hydroformylation of 1-octene.a
Entry

L

L : Rh

l:b

TOF (h-1)

1

PPh3

4

2.7

857

2

[3][BF4]6

2

2.4

300

3

[3][BF4]6

4

2.8

273

[a] Reaction conditions: 0.067 mol % Rh, MeCN, 80 °C, 20 bar CO / H2, 24 h. Conversion and chemoselectivity
towards aldehydes is quantitative in each case.

6.2.3 Synthesis of assemblies of [1]6+ and [3]6+ with chiral anions and their application
in Rh-catalyzed hydroformylation and hydrogenation. [Na][-Trisphat] (11) was prepared
by reaction of [cinchonidinium][-Trisphat]21,22 with NaH. The enantiomeric purity of the
product was confirmed by comparison of its circular dichroism spectrum to that of the starting
compound [cinchonidinium][-Trisphat], which at the same concentration, gave identical
ellipticity values within experimental error (see Experimental Section). Subsequent exchange
of the halide counteranions in [1]6+ and [3]6+ for -Trisphat was accomplished by treatment of
[1]Cl6 and [3]Br6, respectively, with six equivalents of [Na][-Trisphat] (Scheme 3).
[cinchonidinium][-Trisphat]
Cl
NaH

Cl

CH2Cl2 / MeCN, RT, 3 h
(86 %)

O

Cl

NMe2R

Cl

O

Cl

O

Cl
O

P

P
[Na][-Trisphat] (11)
NMe2R

6 equiv

Cl

3

Cl

O
O

Cl

Cl

Cl
Cl

- 6 NaX (s)

6

[1]Cl6 or [3]Br6
CH2Cl2 / MeCN, RT, 16 h

12 : [1][-Trisphat]6, R = Me
13 : [3][-Trisphat]6, R = G1

(quant.)

Scheme 3. Ion exchange from halide to -Trisphat for [1]6+ and [3]6+.

Upon combining solutions of the Dendriphos and Trisphat salts in CH2Cl2/MeCN,
precipitation of insoluble sodium halide salts occurred, which could be separated by filtration.
Drying of the remaining solutions in vacuo then conveniently gave Dendriphos/-Trisphat
assemblies 12 and 13. The assembly [3][camphorsulfonate]6 (14) was prepared by ion
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exchange of [3][BF4]6 with an excess of [NH4][camphorsulfonate] in a biphasic CH2Cl2/H2O
mixture. Quantitative ion exchange was ensured by elemental analysis for all three cases.
Analysis by ESI-MS for 12 and 14 led to detection of the expected masses for the ions
[1][Trisphat](6-n)n+ (n = 2, 3) and [3][camphorsulfonate](6-n)n+ (n = 2, 3, 4), which were formed
by dissociation of several anions from the assemblies during the mass measurements. The
assemblies 12 and 13 were further characterized by optical rotation measurements as well as
circular dichroism spectroscopy. In both cases, the results were identical to those obtained for
[Na][-Trisphat] (11) (see Experimental Section).
The effect of changing the counteranions in the ligands [1]6+ and [3]6+ on the regio- and
enantioselectivity in the hydroformylation of styrene was investigated (Table 5). In all cases, a
L : Rh ratio of 2 was used and the conversion and chemoselectivity towards aldehydes were
quantitative after 24 h. Changing the counterions of [3]6+ from BF4 to camphorsulfonate or Trisphat (entries 3-7) gave a small decrease in selectivity, while a small increase was seen for
[1]6+ (entries 1, 2). For [3][BF4]6 and [3][camphorsulfonate]6, changing the solvent from
MeCN to CH2Cl2 led to slightly lower selectivities. Unfortunately, no enantioselectivity was
observed in these reactions.
Table 5. Application of [1]6+ and [3]6+ with chiral anions in hydroformylation of styrene (reaction 1).
Entry

Ligand

Solvent

p(H2 + CO) (bar)

b:l

ee (%)

1

[1][BF4]6

MeCN

20

10.2

0

2

[1][-Trisphat]6 (12)

MeCN

20

11.0

2

3

[3][BF4]6

MeCN

20

8.3

0

4

[3][camphorsulfonate]6 (14)

MeCN

20

6.9

0

5

[3][BF4]6

CH2Cl2

35

7.2

0

6

[3][camphorsulfonate]6 (14)

CH2Cl2

35

6.6

0

7

[3][-Trisphat]6 (13)

CH2Cl2

35

5.4

0

Ligands [1]6+ and [3]6+ were also applied in hydrogenation of dimethyl itaconate (reaction 2,
Table 6). In the reactions using [3]6+, low conversions were obtained when CH2Cl2 was used
as the solvent (entries 3, 5 and 7), suggesting that [3]6+ does not efficiently stabilize the Rh
center under these conditions. The presence of a small amount of MeCN dramatically
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increased the catalytic activity in some cases (entries 4 and 6). Changing the counterion from
BF4 to camphorsulfonate or -Trisphat did not lead to significant enantiomeric excess.
O

0.20 mol % [Rh(cod)2][BF4]
2 equiv L, 10 bar H2

O
O
O

CH2Cl2 / MeCN, 30 °C, 24 h

O
O
(2)
O
O

Table 6. Application of [1]6+ and [3]6+ with chiral anions in hydrogenation of dimethyl itaconate
(reaction 2).
Entry

Ligand

Solvent

Conversion (%)

ee (%)

MeCN

>99

0

CH2Cl2 / MeCN (7/1)

99

0

1

[1][BF4]6

2

[1][-Trisphat]6 (12)

3

[3][BF4]6

CH2Cl2

13

0

4

[3][BF4]6

MeCN

>99

0

5

[3][camphorsulfonate]6 (14)

CH2Cl2

4

0

6

[3][camphorsulfonate]6 (14)

CH2Cl2 / MeCN (7/1)

73

0

7

[3][-Trisphat]6 (13)

CH2Cl2

60

4

8

[3][-Trisphat]6 (13)

CH2Cl2 / MeCN (7/1)

60

2

9

[3][-Trisphat]6 (13)

CH2Cl2 / MeCN (1/7)

75

0

6.3 Discussion
The frequency of the CO stretching vibration ((CO)) in the IR spectrum of complexes of
the type trans-RhCl(CO)L2 (L = monodentate phosphine ligand) is often used as a measure of
the combination of -donating and -accepting characteristics of L with respect to a transition
metal.23 In these complexes, electron density donated by L enhances back-donation from the
metal center into the LUMO orbital of the CO ligand, which leads to a decrease of (CO). A
higher donating strength of the phosphine thus corresponds to a lower carbonyl stretching
frequency. The higher (CO) in the IR spectrum of complex trans-[RhCl(CO)(1)2][BF4]12 (6)
compared to trans-RhCl(CO)(PPh3)2 (Table 1) indicates that [1]6+ is a weaker -donor and/or
a stronger -acceptor than PPh3. This result is consistent with the magnitude of the 1JP,Se
coupling constant in 31P-NMR of the phosphine selenide of [1]6+.9d A significantly larger 1JP,Se
coupling constant was observed for [1(Se)]6+ compared to PPh3(Se), indicating the lower -
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donating strength of the former. Although the corresponding trans-RhCl(CO)(L)2 complexes
for L = [2][BF4]6 – [4][BF4]6 have not been prepared, we believe that all four Dendriphos
ligands have similar electronic characteristics on the basis of measurements of the
corresponding phosphine selenides.9d The lower donating strength of Dendriphos ligands can
be explained by the electron withdrawing effect of the six –(CH2)NRMe2+ substituents.24
It has been well established that triarylphosphine ligands substituted with electron
withdrawing groups lead to faster catalysts compared to PPh3 in Rh-catalyzed
hydroformylation.25 The lower rates observed for [1][BF4]6 - [4][BF4]6 compared to PPh3 in the
hydroformylation of both styrene and 1-octene are thus unexpected. A possible explanation
for this trend is the increase in ligand size within the Dendriphos ligand series. The rate
limiting step in hydroformylation reactions is assumed to be either alkene coordination or
migratory insertion of the alkene into the Rh-H bond.1 The presence of a large dendritic ligand
might limit the accessibility of the catalytic center for substrate molecules, thereby slowing
down the alkene coordination step and thus the overall reaction. A similar effect has been
observed for dendritic carbosilane-substituted phosphines.7d,e
The use of four vs. two equivalents of ligand with respect to Rh leads to a doubling of the
hydroformylation TOF in the case of PPh3. This effect has been observed before in polar
solvents.26 In contrast, only a small increase is observed for [1][BF4]6 - [4][BF4]6 upon
doubling the phosphine concentration. This difference might suggest that the combination of
Rh(acac)(CO)2 and Dendriphos ligands leads to incomplete formation of the catalytically
active species (Scheme 4). The decrease in rate would then be caused by a decrease in the
effective concentration of active species due to formation of other, catalytically inactive
species. It is not clear which species are present under catalytic conditions and to what extent
these species lead to catalytically active or inactive species. A plausible candidate for a type of
species which can diminish the observed activity are dimeric CO-bridged complexes.7d
Several different (pre)catalytic species are known to be in equilibrium with each other when
monodentate phosphines are used in hydroformylation reactions.1 The equilibria lead to the
two key catalytic species RhH(CO)L2 and RhH(CO)2L, which are formed via one or two
subsequent phosphine dissociation steps (Scheme 4). For aliphatic substrates such as 1-octene,
it is widely acknowledged that the linear/branched regioselectivity ratio of the product
aldehydes is largely controlled by the competitive reactions of the olefin substrate with these
catalytic species. The bisphosphine intermediate RhH(CO)L2 leads to selective formation of
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the sterically least hindered substrate, i.e. the linear isomer, while the monophosphine
intermediate RhH(CO)2L is far less selective.1
-L
Rh(H)(CO)2L2

Rh(H)(CO)L3
+ CO

-L

-L
Rh(H)(CO)L2

Catalysis leading to
linear aldehyde

Rh(H)(CO)2L

Catalysis leading to
mixed aldehydes

Scheme 4. Precatalytic and catalytic species playing a role in product regioselectivities in
hydroformylation of 1-octene.

In the hydroformylation of 1-octene, the use of [3][BF4] gave a nearly identical l:b
regioselectivity compared to PPh3. This suggests that the ratio between the monophosphine
and bisphosphine-Rh catalytically active species formed in situ is not significantly different
for [3][BF4]6 ligands compared to PPh3. This is corroborated by the fact that no significant
isomerization of the alkene starting material was observed, which is known to be enhanced
when a relatively high concentration of monophosphine-Rh species is present.27 The behavior
of [3][BF4] in the hydroformylation of 1-octene thus contrasts to previous results obtained in
the application of Dendriphos ligands in the Pd-catalyzed Suzuki-Miyaura reaction. In these
studies, the tendency of Dendriphos ligands towards formation of coordinatively unsaturated,
monophosphine-metal complexes was clearly reflected by their performance as ligands in this
catalytic reaction.9b-d
Phosphine-free Rh complexes or Rh nanoparticles formed in situ during the reaction are not
believed to play a significant role in the catalytic hydroformylation reactions using
Dendriphos ligands. The use of phosphine-free Rh species or Rh nanoparticles are reported to
give l:b ratios between 1.0 and 1.8 for hydroformylation of 1-octene,25c,28 which clearly does
not correspond to the observed ratio of 2.8 using [3][BF4]6.
In the hydroformylation of styrene, all Dendriphos ligands lead to lower branched to linear
(b:l) regioselectivities compared to PPh3 (Figure 2, right), with no apparent trend. Possibly, the
dendritic shell of Dendriphos ligands might favor to some extent the formation of the linear
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aldehyde, for steric reasons.29 The main product, however, is still the branched aldehyde in all
cases. This is generally observed for hydroformylation of styrene, even for phosphine-free Rh
catalysts, due to the formation of 3-benzyl intermediates, which lead to the branched
product.1,30
We speculated that association of chiral anions with the ammonium groups in Dendriphos
ligands could lead to chiral induction at the catalytic Rh center in hydroformylation or
hydrogenation reactions. The cationic phosphine ligands were envisaged as a way to bring the
anionic chiral auxiliaries in close proximity with the catalytic center. Depending on the
polarity of the solvent, either solvent separated ion pairing or contact ion pairing14 can occur
between the anions and the ammonium cations. We therefore included the use of CH2Cl2 as a
solvent of low polarity in these investigations, in order to enhance the association of the chiral
anions with the catalytic species, through contact ion pairing with the ammonium cations in
the hexacationic Dendriphos ligands. Unfortunately, significant enantioselectivity was not
observed in any of the reactions, using either MeCN or CH2Cl2 as solvent. This indicates that
no transfer of chiral information occurs from the anions to the catalytic center. It is plausible
that the chiral anions are located too far away from the catalytic center, even when contact ion
pairing occurs. Furthermore, the anions are probably still free to rotate, which further hampers
any transfer of chiral information.
In terms of b:l product regioselectivity in the hydroformylation of styrene, using CH2Cl2 as
solvent, changing the counterions of [3]6+ from BF4- to camphorsulfonate or -Trisphat led to
small changes. A slightly higher preference for formation of the linear isomer was observed
(Table 5, entries 5-7). This could be due to an increase in the effective size of the phosphine
ligand with the larger anions, which is expected to favor formation of the sterically least
hindered, linear product. This suggests that in CH2Cl2, the anions are indeed closely associated
to the ammonium cations in the Dendriphos structure through contact ion pairing.
6.4 Conclusions
Measurement of the CO stretching vibration by IR spectroscopy of the complex
[RhCl(CO)(1)2][BF4]12 indicates that [1]6+ is a weaker -donor and/or a stronger -acceptor
compared to PPh3. Furthermore, the reactivity of [1][BF4]6 and [3][BF4]6 with respect to
[Rh(cod)2][BF4] shows a tendency towards formation of Rh(I) complexes with a low
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phosphine coordination number, which is most likely caused by inter-ligand Coulombic
repulsion forces. The combination of Dendriphos ligands [1][BF4]6 - [4][BF4]6 with
Rh(acac)(CO)2 leads to active hydroformylation catalysts. Complete conversion and
chemoselectivity towards aldehydes were observed for both styrene and 1-octene as
substrates. Within the Dendriphos ligand family, decreases in both the rate and the product
regioselectivity were seen with higher ligand generations, as well as in comparison to the
benchmark ligand triphenylphosphine. These observations can not be directly related to the
coordination behavior of Dendriphos ligands with respect to Rh(I). Instead, their performance
as ligands in the hydroformylation reaction seems to be dominated by the steric effects that
arise from the large dendritic shells of these ligands, rather than by their reduced -donating
strength or the presence of Coulombic inter-ligand repulsion forces. Finally, the possibility of
inducing chirality by changing the anions in the Dendriphos structure from BF4- to the chiral
anions camphorsulfonate or -Trisphat, was explored. Unfortunately, this did not lead to
enantioselectivity, in either MeCN or CH2Cl2 as solvents, indicating that under catalytic
conditions, the chiral anions are not located in a well-defined orientation that is close enough
to the catalytic Rh center for transfer of chiral information to occur.
6.5 Experimental Section
General Remarks. Experiments involving sensitive reagents were performed under an inert N2
atmosphere using standard Schlenk techniques. Manipulations involving free phosphines were carried
out in deoxygenated solvents. Prior to use, MeCN was distilled from Na and CH2Cl2 from CaH2.
[RhCl(CO)2]2, Rh(acac)(CO)2 and ammonium camphorsulfonate were purchased from Aldrich.
Amberlite IRA-900 resin was purchased from Acros Chimica. [1]I6,9a [2]Br6-[4]Br6,9a [5]I3,9d
[Cinchonidinium][-Trisphat]21 and [Rh(cod)2][BF4]31 were synthesized according to literature
procedures. NMR spectra were measured on a Varian Inova 300 or a Varian AS 400 spectrometer at
25 °C unless stated otherwise. 1H and 13C {1H} spectra were referenced to residual solvent signals. IR
spectra (ATR) were measured with a Perkin Elmer Spectrum One FT-IR instrument. Elemental
analyses were carried out by Dornis & Kolbe, Mikroanalytisches Laboratorium, Müllheim a/d Ruhr,
Germany. Synthesis gas [CO (99.997%)/H2 (99.997%) 1:1] and hydrogen were purchased from Linde
gas. Catalytic samples were analyzed by GC using a Shimadzu GC 17A, equipped with a HP Pona
column (crosslinked Me Siloxane) and chiral GC using a Shimadzu GC 2010, equipped with a
Lipodex-E column. Time-of-flight electrospray ionization mass spectra (ESI-MS) were measured by
the Biomolecular Mass Spectrometry and Proteomics Group, Utrecht University, on a Micromass LC-
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T mass spectrometer (Waters, Manchester, UK), operating in positive ion mode. Samples were
introduced at concentrations of 20-50 μM. The nanospray needle potential was typically set to 1300 V
and the cone voltage to 20-60 V. The source block temperature was set to 80 °C.

Synthesis of [1][BF4]6 - [5][BF4]3. Hexacationic phosphines [1]I6 and [2]Br6 and tricationic phosphine
[5]I3 were subjected to anion exchange using an Amberlite IRA-900 resin. Before use, the resin (50 g,
Cl form) was rinsed with a solution of HBF4 in demineralized water (1 M, 500 mL), followed by
demineralized water (250 mL), a solution of NaBF4 in MeOH/MeCN (1/1 (v/v), 0.3 M, 250 mL),32
demineralized water (500 mL) and MeOH/MeCN (1/1 (v/v), 100 mL). The ion exchange was
performed under a N2 atmosphere using MeOH/MeCN (1/1 (v/v)) as the eluent (150 mL), followed by
evaporation of the solvent in vacuo. A column with dimensions 20-25 cm (length) and 2 cm (width)
was used. For [3]6+ and [4]6+, the exchange was performed by mixing a solution of the ligands in
CH2Cl2 (100 mL) with a solution of NaBF4 in demineralized water (1 M, 4 x 100 mL), under a N2
atmosphere. After separation of the layers, the organic layer was washed with demineralized water (5 x
100 mL) and evaporated to dryness.

[1][BF4]6. Starting from 1.1 g [1]I6, the product was obtained as an off-white
powder. Yield: 0.92 g (quant.). H-NMR (400 MHz, CD3CN):  (ppm) = 7.75 (d,
3

6 BF4

NMe3
o m

1

P

i

JP,H = 7.2 Hz, 6H, o-Ar), 7.69 (s, 3H, p-Ar), 4.41 (s, 12H, NCH2), 3.01 (s, 54H,

p
Ar

NMe3

3

N(CH3)3). 13C{1H}-NMR (101 MHz, CD3CN):  (ppm) = 140.9 (d, 2JP,C = 20.7 Hz, o-Ar), 140.4 (d,
1

JP,C = 14.9 Hz, i-Ar), 139.3 (s, p-Ar), 130.7 (d, 3JP,C = 7.0 Hz, m-Ar), 68.8 (s, NCH2), 53.3 (s,

N(CH3)3). 31P{1H}-NMR (162 MHz, CD3CN):  (ppm) = -3.2. ESI MS: (m/z) 1129.4 {[M-BF4]+, calc.
1129.6}, 521.16 {[M-2BF4]2+, calc. 521.30}, 318.41 {[M-3BF4]3+, calc. 318.53}. Elem. anal. for
C42H75B6F24N6P (1215.88): calc. (%) C 41.49, H 6.22, N 6.91, P 2.55; found C 41.42, H 6.20, N 7.06, P
2.63.

[2][BF4]6. Starting from 1.0 g [2]Br6, the product was obtained as an offwhite powder. Yield: 0.82 g (80 %). H-NMR (400 MHz, CD3CN):  (ppm)
3

= 7.85 (d, JP,H = 7.2 Hz, 6H, o-Ar), 7.65 (s, 3H, p-Ar), 7.55 (m, 30H, Ph),
4.43 (24H, NCH2), 2.83 (s, 36H, N(CH3)2).

13

C{1H}-NMR (101 MHz,

6 BF4

NMe2
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NMe2
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CD3CN):  (ppm) = 141.3 (d, 2JP,C = 20.3 Hz, o-Ar), 140.6 (d, 1JP,C = 14.9 Hz, i-Ar), 139.7 (s, p-Ar),
134.2 (s, Ph), 131.7 (s, Ph), 130.4 (d, 3JP,C = 7.0 Hz, m-Ar), 130.2 (s, Ph), 128.3 (s, Ph), 69.1 (s, NCH2),
68.2 (s, NCH2), 49.3 (s, N(CH3)2). 31P{1H}-NMR (162 MHz, CD3CN):  (ppm) = -2.6. ESI MS: (m/z)
1585.4 {[M-BF4]+, calc. 1585.8}, 749.13 {[M-2BF4]2+, calc. 749.39}, 470.11 {[M-3BF4]3+, calc.
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470.26}. Elem. anal. for C78H99B6F24N6P (1672.46): calc. (%) C 56.02, H 5.97, Br 0.0, N 5.02, P 1.85;
found C 55.88, H 5.93, Br 0.0, N 4.96, P 1.91.

[3][BF4]6. Starting from 1.5 g [3]Br6, the product was obtained as an
O
o m
i
p

off-white powder. Yield: 1.2 g (80 %). 1H-NMR (400 MHz,

NMe2

CD3CN):  (ppm) = 7.89 (d, 3JP,H = 6.8 Hz, 6H, o-Ar), 7.65 (s, 3H,

Ar' O

o m
P

i

p
O

p-Ar), 7.40-7.26 (m, 60H, Ph), 6.75 (18H, Ar’), 5.07 (s, 24H,

NMe2

Ar

OCH2), 4.40 (s, 12H, NCH2Ar’), 4.31 (s, 12H, NCH2Ar), 2.82 (s,
36H, N(CH3)2).

13

6 BF4

Ph

O

C{1H}-NMR (101 MHz, CD3CN):  (ppm) =

3

161.1 (s, m-Ar’), 141.3 (d, 2JP,C = 20.1 Hz, o-Ar), 140.6 (d, 1JP,C = 14.9 Hz, i-Ar), 139.6 (s, p-Ar), 137.7
(s, o-Ar’), 130.3 (d, 3JP,C = 7.0 Hz, m-Ar), 130.1 (s, Ph), 129.5 (s, Ph), 129.0 (s, Ph), 128.7 (s, Ph),
113.1 (s, p-Ar’), 105.3 (s, i-Ar’), 70.9 (s, OCH2), 68.5 (NCH2), 49.5 (s, N(CH3)2). 31P{1H}-NMR (162
MHz, CD3CN):  (ppm) = -2.2. ESI MS: (m/z) 1385.8 {[M-2BF4]2+, calc. 1385.6}, 894.52 {[M3BF4]3+, calc. 894.76}, 649.42 {[M-4BF4]4+, calc. 649.32}. Elem. anal. for C162H171B6F24N6O12P
(2945.92): calc. (%) C 66.05, H 5.85, Br 0.0, N 2.85, P 1.05; found C 65.78, H 5.72, Br 0.0, N 2.84 P
1.10.

[4][BF4]6. Starting from 1.1 g [4]Br6, the product was obtained

Ph

as an off-white powder. Yield: 0.88 g (85 %). 1H-NMR (400

O
O m

MHz, CD3CN):  (ppm) = 7.92 (br. s, 6H, o-Ar), 7.64 (br. s,

o
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overlapping Ar’, Ar’’), 6.46 (s, 12H, o-Ar’), 4.91 (s, 72H,
P

i

Ar' O
p
O

Ar

NMe2

 (ppm) = 161.0, (s, m-Ar’’), 160.9 (s, m-Ar’), 141.3 (br. s, Ar),
140.5 (br. s, Ar), 140.3 (s, o-Ar’), 139.5 (br. s, Ar), 138.0 (s, oAr’’), 130.2 (br. s, Ar), 129.9 (s, Ph), 129.5 (s, Ph), 128.9 (s,

O

NMe2
o m

2.75 (br. s, 36H, N(CH3)2). 13C{1H}-NMR (101 MHz, CD3CN):

i

Ar''

3H, p-Ar), 7.3-7.2 (br. m, 120H, Ph), 6.7-6.6 (br. m, 42H,

OCH2), 4.35 (br. s, 12H, NCH2Ar’), 4.25 (br. s, 12H, NCH2Ar),

6 BF4

p

O
O O

O
O
3

Ph), 128.7 (s, Ph), 113.0 (s, p-Ar’), 107.5 (s, p-Ar’’), 105.5 (s,
i-Ar’), 102.3 (s, i-Ar’’), 70.7 (s, OCH2), 69.0 (br., NCH2), 49.5 (s, N(CH3)2). 31P{1H}-NMR (162 MHz,
CD3CN):  (ppm) = -2.2. ESI MS: (m/z) 2659.3 {M-2BF4]2+, calc. 2659.7}, 1743.3 {[M-3BF4]3+, calc.
1743.4}, 1286.0 {[M-4BF4]4+, calc. 1286.1}. Elem. anal. for C330H315B6F24N6O36P (5492.85): calc. (%)
C 72.16, H 5.78, Br 0.0, N 1.53, P 0.56; found C 72.08, H 5.71, Br 0.0, N 1.54, P 0.52.
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[5][BF4]3. Starting from 1.9 g [5]I3, the product was obtained as an off-white
powder. Yield: 1.3 g (84 %). H-NMR (400 MHz, CD3CN):  (ppm) = 7.57 (d,
3

3 BF4

o m

1

3

3

JH,H = 7.2 Hz, 6H, m-Ar), 7.45 (dd, JH,H = 7.8 Hz, JH,P = 7.8 Hz, 6H, o-Ar),
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4.46 (s, 6H, CH2), 3.06 (s, 27H, N(CH3)3). 13C{1H}-NMR (100 MHz, CD3CN):  (ppm) = 140.2 (d,
1

JC,P = 13.2 Hz, i-Ar), 135.2 (d, 2JC,P = 19.9 Hz, o-Ar), 134.2 (d, 3JC,P = 7.3 Hz, m-Ar), 129.8 (s, p-Ar),

69.6 (s, CH2), 53.3 (s, N(CH3)3). 31P{1H}-NMR (162 MHz, CD3CN):  (ppm) = -5.6 (s). ESI MS: (m/z)
282.66 {[M-2BF4]2+, calc. 282.67}. Elem. anal. for C30H45B3F12N3P (739.09): calc. (%) C 48.75, H
6.14, N 5.69, P 4.19; found C 48.85, H 6.13, N 5.66, P 4.26.

[RhCl(CO)(1)2][BF4]12 (6). To a solution of [1][BF4]6 (50.5 mg, 41.5 μmol) in MeOH/H2O (4/1 (v/v),
5.0 mL) was added a solution of [RhCl(CO)2]2 (4.0 mg, 10 μmol, i.e. 21 μmol Rh) in MeOH (1.0 mL),
upon which a precipitate formed. The mixture was stirred for 16 h at room temperature and
subsequently dried in vacuo, yielding a brown oil (59 mg). NMR analysis of this crude product showed
quantitative formation of 6. Further purification was performed by washing with MeOH (2 x 20 mL),
affording the product as an off-white powder. Yield: 28 mg (51 %). 1H-NMR (400 MHz, D2O): 
(ppm) = 8.13 (m, 12H, o-Ar), 8.00 (s, 6H, p-Ar), 4.57 (s, 24H, CH2), 3.02 (s, 108H, N(CH3)3).
13

C{1H}-NMR (101 MHz, D2O):  (ppm) = 140.8 (s, m-Ar), 140.6 (s, p-Ar), 133.9 (pseudo t, JC,P =

22.0 Hz, i-Ar), 129.9 (pseudo t, JC,P = 4.5 Hz, o-Ar), 67.9 (s, CH2), 52.4 (s, N(CH3)3). 31P{1H}-NMR
(121 MHz, D2O):  (ppm) = 34.7 (d, 1JP,Rh = 131 Hz). IR: (cm-1) 1981 (C-O). HR-ESI MS: (m/z)
779.352 {[M-3BF4]3+, calc. 779.351}.
[RhCl(CO)(5)2][BF4]6 (7). To a solution of [5][BF4]6 (31.8 mg, 0.0430 mmol) in MeOH/H2O (4/1
(v/v), 5.0 mL) was added a solution of [RhCl(CO)2]2 (4.0 mg, 10 μmol, i.e. 21 μmol Rh) in MeOH (1.0
mL). The mixture was stirred for 16 h at room temperature and subsequently dried in vacuo, affording
the product as a yellow powder. Yield: 36 mg (quant.). 1H-NMR (300 MHz, CD3OD/D2O, 2/1 (v/v)): 
(ppm) = 7.92 (m, 12H, o-Ar), 7.72 (d, 3JH,H = 7.0 Hz, 12H, m-Ar), 4.58 (s, 12H, CH2), 3.13 (s, 54H,
N(CH3)3). 13C{1H}-NMR (101 MHz, CD3OD/D2O, 2/1 (v/v)):  (ppm) = 136.2 (pseudo t, JC,P = 6.6 Hz,
m-Ar), 135.3 (pseudo t, JC,P = 22.6 Hz, i-Ar), 134.0 (pseudo t, JC,P = 5.2 Hz, o-Ar), 131.6 (s, p-Ar), 69.7
(s, CH2), 53.5 (s, N(CH3)3). 31P{1H}-NMR (121 MHz, CD3OD/D2O, 2/1 (v/v)):  (ppm) = 30.7 (d, 1JP,Rh
= 126 Hz). IR: (cm-1) 1971 (C-O). HR-ESI MS: (m/z) 735.284 {[M-2BF4]2+, calc. 735.276}, 461.179
{[M-3BF4]3+, calc. 461.183}.
[Rh(cod)(MeCN)(1)][BF4]7 (8). To a solution of [Rh(cod)2][BF4] (15.0 mg, 0.0369 mmol) in MeCN
(5.0 mL) was added [1][BF4]6 (47.3 mg, 0.0389 mmol). The solution was stirred at room temperature
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for 2 h and subsequently dried in vacuo, yielding the product as a dark yellow powder. Yield: 57 mg
(quant.). 1H-NMR (300 MHz, D2O):  (ppm) = 8.06 (d, 6H, 3JH,P = 10.8 Hz, o-Ar), 8.04 (s, 3H, p-Ar),
5.5 (br. s, 4H, cod CH), 4.60 (s, 12H, CH2), 3.12 (s, 54H, N(CH3)3), 2.45 (br. s, 4H, cod CH2), 2.15 (br.
s, 4H, cod CH2), 2.01 (s, 3H, MeCN-Rh). 13C{1H}-NMR (101 MHz, CD3CN):  (ppm) = 141.4 (s, Ar),
141.3 (s, Ar), 138.9 (m, i-Ar), 131.0 (d, 2JC,P = 10.8 Hz, o-Ar), 68.5 (s, CH2), 53.3 (s, N(CH3)3), 31.3
(br. s, cod CH2) (cod CH and MeCN-Rh signals not resolved).

31

P{1H}-NMR (121 MHz, D2O): 

(ppm) = 32.1 (d, 1JP,Rh = 156 Hz). ESI MS: (m/z) 670.28 {[M-MeCN-2BF4]2+, calc. 670.30}, 417.85
{[M-MeCN-3BF4]3+, calc. 417.86}. Elem. anal. for C52H90B7F28N7PRh (1554.83): calc. (%) C 40.17, H
5.83, N 6.31, P 1.99; found C 40.72, H 6.43, N 6.07 P 1.91.

[Na][-Trisphat] (11). NaH (3.0 g, 65 % dispersion in mineral oil, 81 mmol) was washed with hexane
(3 x 50 mL) and subsequently suspended in CH2Cl2 (50 mL). To this suspension, a solution of
enantiomerically pure [cinchonidinium][-Trisphat] (1.42 g, 1.33 mmol) in CH2Cl2/MeCN (2/1 (v/v),
150 mL) was added dropwise in 30 min at room temperature. The white suspension was stirred at
room temperature for 3 h and then quenched by subsequent addition of EtOH and demineralized water.
The mixture was dried in vacuo and washed with demineralized water (5 x 30 mL) and CH2Cl2 (3 x 30
mL). The crude product was then purified by silica column chromatography using CH2Cl2/acetone as
eluent (gradient from 9/1 to 7/3 (v/v)), affording the product as a white powder. Yield: 0.91 g (86 %)
(Rf = 0.18, CH2Cl2/acetone, 7/3 (v/v)). 13C{1H}-NMR (101 MHz, (CD3)2CO):  (ppm) = 142.8 (d, 2JP,C
= 6.6 Hz), 122.9 (s), 114.3 (d, 3JP,C = 19.9 Hz). 31P{1H}-NMR (162 MHz, (CD3)2CO):  (ppm) = -79.5.
ESI MS: (m/z) 814.54 {[M+Na]+, calc. 814.54}. Elem. anal. for C18Cl12NaO6P (791.59): calc. (%) C
27.31, H 0.0, Cl 53.74; found C 27.38, H 0.14, Cl 53.58. []20D = -332 (c = 1.0 mM in MeCN), -363 (c
= 1.0 mM in CH2Cl2), -413 (c = 0.10 g/100 mL in EtOH, i.e. 1.26 mM). CD (MeCN, 5.0 x 10-5 M, 2
mm quartz cuvette, 20 °C)  () = 244 (-70), 220 (-297), 211 (+243).

[1][-Trisphat]6 (12). To a solution of [Na][-Trisphat] (0.280 g, 0.354 mmol) in dry MeCN (10 mL)
was added solid [1]Cl6 (53 mg, 0.059 mmol)33 and the mixture was stirred for 16 h. The suspension
was filtered over Celite and the filtrate was dried in vacuo, yielding the product as a white powder.
Yield: 281 mg (quant.). 1H-NMR (400 MHz, CD3CN):  (ppm) = 8.07 (d, 3JP,H = 7.2 Hz, 6H, o-Ar),
7.57 (s, 3H, p-Ar), 4.56 (s, 12H, CH2), 3.09 (s, 54H, N(CH3)3). 13C{1H}-NMR (101 MHz, CD3CN): 
(ppm) = 142.6 (d, 2JP,C = 7.0 Hz, Trisphat), 141.7 (d, 2JP,C = 21.1 Hz, o-Ar), 141.4 (d, 1JP,C = 14.2 Hz, iAr), 138.8 (s, p-Ar), 130.7 (d, 3JP,C = 7.0 Hz, m-Ar), 123.7 (s, Trisphat), 114.7 (d, 3JP,C = 19.8 Hz,
Trisphat), 68.4 (s, CH2), 53.6 (s, N(CH3)3). 31P{1H}-NMR (162 MHz, CD3CN):  (ppm) = -3.6 (PAr3),
-80.1 (Trisphat). ESI MS: (m/z) 1886.1 {[M-2Trisphat]2+, calc. 1884.7}, 1000.0 {[M-3Trisphat]3+, calc.
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1000.3}. Elem. anal. for C150H75Cl72N6O36P7 (5306.65): calc. (%) C 33.95, H 1.42, Cl 48.10, N 1.58, P
4.09; found C 34.10, H 1.38, Cl 47.89, N 1.62, P 3.92. []20D = -339 (c = 0.017 mM in MeCN, i.e. 1.0
mM -Trisphat). CD (c = 0.83 x 10-5 M in MeCN, i.e. 5.0 x 10-5 M -Trisphat, 2 mm quartz cuvette,
20 °C)  () = 244 (-72), 220 (-307), 211 (+253).

[3][-Trisphat]6 (13). To a solution of [3]Br6 (170 mg, 0.0587 mmol) in dry CH2Cl2 (10 mL) was
added a solution of [Na][-Trisphat] (0.280 g, 0.354 mmol) in dry MeCN (2 mL) and the mixture was
stirred for 16 h. The suspension was filtered over Celite and the filtrate was dried in vacuo, redissolved
in CH2Cl2 and filtered again over Celite. The filtrate was dried in vacuo, yielding the product as a light
yellow powder. Yield: 404 mg (quant.). 1H-NMR (400 MHz, CD3CN/CDCl3, 1/1 (v/v)):  (ppm) = 8.17.9 (br. m, 9H, o- and p-Ar), 7.4-7.1 (br. m, 60H, Ph), 6.8-6.6 (br. m, 18H, Ar’), 4.95 (br. s, 24H,
OCH2), 4.41 (br., 24H, NCH2), 2.93 (br. s, 36H, N(CH3)2). 13C{1H}-NMR (101 MHz, CD3CN/CDCl3,
1/1 (v/v)):  (ppm) = 160.7 (s, m-Ar’), 142.1 (d, 2JP,C = 6.6 Hz, Trisphat), 136.6 (s, o-Ar’), 128.9 (s,
Ph), 128.5 (s, Ph), 128.0 (s, Ph), 123.0 (s, Trisphat), 114.2 (d, 3JP,C = 19.5 Hz, Trisphat), 112.8 (s, pAr’), 104.1 (s, i-Ar’), 70.6 (s, OCH2), 68.0 (br. s, NCH2), 49.8 (s, N(CH3)2) (signals of Ar and i-Ph not
resolved).

31

P{1H}-NMR (162 MHz, CD3CN/CDCl3, 1/1 (v/v)):  (ppm) = -2.0 (PAr3), -80.0

(Trisphat). Elem. anal. for C270H171Cl72N6O48P7 (7036.69): calc. (%) C 46.09, H 2.45, Cl 36.28, N 1.19,
P 3.08; found C 45.65, H 2.40, Cl 36.25, N 1.28 P 2.85. []20D = -361 (c = 0.017 mM in CH2Cl2, i.e
1.0 mM -Trisphat). CD (c = 0.83 x 10-5 M in MeCN, i.e. 5.0 x 10-5 M -Trisphat, 2 mm quartz
cuvette, 20 °C)  () = 244 (-62), 220 (-262), 211 (+214).

[3][camphorsulfonate]6 (14). To a solution of [3][BF4]6 (0.55 g, 0.19 mmol) in CH2Cl2 (100 mL) was
added a solution of ammonium camphorsulphonate (0.8 M in demineralized water, 25 mL). The
mixture was vigorously stirred for 20 min. The layers were allowed to separate, the aqueous layer was
removed and the procedure was repeated twice with a fresh solution of ammonium
camphorsulphonate. The organic layer was subsequently washed with demineralized water (4 x 50
mL) and dried in vacuo, yielding the product as an off-white powder. Yield: 0.58 g (82 %). 1H-NMR
(400 MHz, CD3CN):  (ppm) = 8.12 (d, 3JP,H = 6.8 Hz, 6H, o-Ar), 7.97 (s, 3H, p-Ar), 7.38-7.23 (m,
60H, Ph), 6.89 (s, 12H, o-Ar’), 6.68 (s, 6H, p-Ar’), 5.03 (s, 24H, OCH2), 4.63 (s, 12H, NCH2Ar’), 4.53
(s, 12H, NCH2Ar), 3.01 (d, 6H, 2JH,H = 14.8 Hz, camph., CH2SO3), 2.92 (s, 36H, N(CH3)2), 2.63 (m,
6H, camph.), 2.51 (d, 6H, 2JH,H = 14.4 Hz, camph., CH2SO3), 2.13 (m, 6H, camph.), 1.89 (m, 6H,
camph.), 1.79 (m, 6H, camph.), 1.68 (d, 6H, JH,H = 18.0 Hz, camph.), 1.46 (m, 6H, camph.), 1.16 (m,
6H, camph.), 0.93 (s, 18H, camph., CH3), 0.66 (s, 18H, camph., CH3).

13

C{1H}-NMR (101 MHz,

CD3CN):  (ppm) = 217.5 (s, camph., C=O), 160.9 (s, m-Ar’), 141.3 (m, overlapping Ar), 140.0 (br. s,
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Ar), 137.8 (s, o-Ar’), 131.0 (s, i-Ph), 130.3 (d, 3JP,C = 7.0 Hz, m-Ar), 129.4 (s, Ph), 128.9 (s, Ph), 128.8
(s, Ph), 113.4 (s, p-Ar’), 104.7 (s, i-Ar’), 70.9 (s, OCH2), 68.4 (s, NCH2), 68.1 (s, NCH2), 59.3 (s,
camph.) 49.4 (s, N(CH3)2), 48.3 (s, camph.), 48.1 (s, camph.), 43.3 (s, camph.), 27.4 (s, camph.), 25.6
(s, camph.), 20.4 (s, camph.), 20.2 (s, camph.). 31P{1H}-NMR (162 MHz, CD3CN):  (ppm) = -2.2. ESI
MS: (m/z) 1674.3 {[M-2camph.]2+, calc. 1674.3}, 1039.2 {[M-3camph.]3+, calc. 1039.5}, 721.66 {[M4camph.]4+, calc. 721.85}. Elem. anal. for C222H261N6O36PS6 (3812.83): calc. (%) C 69.93, H 6.90, N
2.20, P 0.81; found C 70.10, H 6.97, N 2.23 P 0.80.

Procedure for titration of [Rh(cod)2][BF4] with [1][BF4]6, [3][BF4]6 and [5][BF4]3. A solution of
[Rh(cod)2][BF4] (5-10 mg) in CD3CN/CH3CN (2/8 (v/v), 0.5 mL) was placed in an NMR tube. To this
solution, portions of 0.1 mL of a stock solution of phosphine ligand (1.0 equiv. with respect to Rh per
0.1 mL) were added via syringe, shaken at room temperature for 1 min and analyzed.

General Procedure for catalytic experiments in AMTEC. Catalytic experiments were performed in
the parallel autoclave system AMTEC SPR16, equipped with pressure sensors and a mass-flow
controller suitable for monitoring and recording gas uptakes throughout the reactions. The stainless
steel autoclaves (8mL) of the AMTEC SPR16 were flushed automatically with argon 6 times to
remove oxygen traces. The reactors were charged with a solution of the precatalyst under argon. The
atmosphere was further exchanged with a 1/1 mixture of CO/H2 (gas exchange cycle 1) and the
reactors were heated and pressurised. In case of hydroformylation, the preformation of the catalyst
under the applied conditions (vide infra) was performed for 2 h. Subsequently, the substrate was
injected and the desired temperature as well as the final pressure was adjusted and kept constant
throughout the experiment. The uptake of synthesis gas was monitored and recorded automatically. At
the end of the catalysis experiments, the reactors were cooled to room temperature and the autoclave
contents were analysed by means of GC and chiral GC.

Procedure for catalytic hydroformylation reactions. Rh(acac)(CO)2 (3.0 mg, 0.012 mmol) and
phosphine ligand (0.023-0.047 mmol) were dissolved in MeCN or CH2Cl2 (6.0 mL for
hydroformylation of styrene, 5.3 mL for hydroformylation of 1-octene) and stirred for 5 min at room
temperature. The clear, light green solutions were then transferred via syringe into the AMTEC
parallel autoclaves. Catalyst preformation was carried out for 2 h at 50 °C under 20 bar CO/H2. The
substrate (for styrene, 2.0 mL (17 mmol), for 1-octene, 2.7 mL (17 mmol)) was subsequently added via
syringe and the hydroformylation was carried out for 24 h at 20 bar CO/H2 at 50 °C (styrene) or 80 °C
(1-octene).
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Procedure for catalytic hydrogenation reactions. [Rh(cod)2][BF4] (3.2 mg, 0.0079 mmol),
phosphine ligand (0.016 mmol) and dimethyl itaconate (0.63 g, 4.0 mmol) were dissolved in MeCN or
CH2Cl2 (8.0 mL) and stirred for 5 min at room temperature. The clear, light green solutions were
subsequently transferred via syringe into the AMTEC parallel autoclaves. The hydrogenation was then
carried out for 24 h at 10 bar H2 at 30 °C.
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Synthesis of Multimetallic Dendrimers through Non-Covalent Interactions

Hexa-ammonium functionalized Dendriphos ligands and mono-sulfonate functionalized transition
metal complexes have been used as building blocks for the preparation of multimetallic dendritic
assemblies containing discrete metal-ligand fragments, which have been assembled through noncovalent interactions. One homo-(Au/Au) and two hetero-(Pt/Au) multimetallic assemblies were
synthesized and characterized by NMR spectroscopy and ESI-MS. These metallodendrimers consist of
a single metal centre surrounded by an oligocationic dendritic shell formed by the coordinated
Dendriphos ligands and multiple (6-12) associated anionic organometallic guest complexes.
Dennis J. M. Snelders, Morgane A. N. Virboul, Robert Kreiter, Cees Versluis, Gerard van Koten and Robertus J.
M. Klein Gebbink.
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7.1 Introduction
Metallodendrimers are usually classified as structures that either contain metal complexes at
the periphery, at the core, or throughout the dendritic structure.1 Dendritic structures that
contain more than one type of organometallic fragment, especially when either the ligand
moieties or the metal ions are different, are less common.2 This is perhaps due to synthetic
difficulties and the limited stability associated with this kind of structures. Such heterometallic
dendrimers are nevertheless highly interesting, for example in the field of homogeneous
catalysis. When both types of metal-ligand fragments are catalytically active, applications
such as one-pot sequential or tandem catalysis3 become possible.
A very powerful method to synthesize metallodendritic structures is the use of building
blocks which self-assemble through non-covalent interactions.4 In this respect, the use of ionic
interactions has emerged as one of the most effective ways to immobilize organometallic
catalysts onto soluble or insoluble supports.5 We have recently reported on octacationic
dendrimers containing Fréchet-type dendrons6 and have applied these as noncovalent supports
for homogeneous catalysts.7a In analogy to these structures, hexacationic Dendriphos ligands8
([1]Cl6 and [2]Cl6, Scheme 1) were designed. In addition to six permanent cationic charges,
these structures contain a single phosphine functionality located at the core of the dendrimer.
The use of phosphines as building blocks in coordination-based self-assembly has recently
been reviewed.9 In view of the bifunctional character of Dendriphos ligands, we envisaged the
use of 1 as 2 as building blocks to construct metallodendritic assemblies. Multiple anionic
organometallic guest complexes can be associated to Dendriphos ligands through electrostatic
interactions with the cationic ammonium groups, while the remaining phosphine functionality
allows the formation of a discrete metal-ligand fragment at the core of the dendrimer.
7.2 Results and Discussion
The synthesis of multimetallic dendritic assemblies was performed according to a stepwise
procedure. First, [1]Cl6 and [2]Cl6 were reacted with either one equivalent of AuCl(tht) or 0.5
equivalent of PtCl2(cod) in CH2Cl2 and stirred for 1 h at reflux temperature (Scheme 1). After
evaporation of the solvent and removal of residual tht or cod, respectively, the products were
isolated and fully characterized. Analysis of the products by 31P-NMR showed one singlet
resonance in all cases, indicating quantitative formation of the corresponding phosphine
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coordination complexes AuCl(L) (3 and 4) and PtCl2(L)2 (5 and 6; L = [1]Cl6, [2]Cl6). In the
latter case, 1JP,Pt coupling constants of 2655 and 2661 Hz, respectively, were observed by 31PNMR. The magnitudes of these coupling constants are consistent with the simultaneous
coordination of two equivalents of [1]6+ and [2]6+, respectively, to the Pt(II) centre, with a
trans configuration.10 Analysis by ESI-MS of the complexes 3 and 5 showed signals
corresponding to the ions [Au(1)]Cl(7-n)n+ (n = 2, 3) and [Pt(1)2]Cl(14-n)n+ (n = 3-6) (Table 1,
entries 1 and 2 and Figure 1 for 5) and confirm the assigned structures. These compounds can
be classified as metallodendrimers consisting of a single metal centre surrounded by a
dendritic shell formed by the coordinated Dendriphos ligands.
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Scheme 1: Au(I) and Pt(II) complexes containing first and second generation Dendriphos as ligands.
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Figure 1. ESI-MS spectrum of 5.

In a second step, the metallodendrimers [AuCl(1)]Cl6 (3) and [PtCl2(1)2]Cl12 (5) were used as
hosts for respectively six or twelve equivalents of an organometallic guest molecule
containing a single sulfonate functionality. Homo-multimetallic assembly [AuCl(1)][8]6 (10,
Scheme 2) was synthesized according to a one-pot transmetalation/immobilization procedure
which has previously been developed in our group.11 In this one-pot procedure, the ionic
dendrimer serves both as supporting agent and as halide source for carbene metal halide
complexes. Starting from the Ag-carbene zwitterion 7, reaction with both a stoichiometric
amount of AuCl(tht) as well as one sixth of an equivalent of 3 in CH2Cl2, led to the
quantitative formation of the anionic carbene-Au complex [8]- and its concomitant
immobilization on [AuCl(1)]6+, along with precipitation of AgCl. After filtration, the resulting
clear solution contained [AuCl(1)][8]6 (10) in quantitative yield.
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Scheme 2: One pot transmetalation/immobilization procedure leading to homo-multimetallic assembly
[AuCl(1)][8]6 (10).

Analysis by ESI-MS led to the detection of ions corresponding to 10 minus two or three
equivalents of 8, i.e. [AuCl(1)][8]6-nn+ (n = 2, 3) (Table 1, entry 3) and confirms the association
of multiple guest molecules to the dendritic framework. The dissociation of n equivalents of
the guest is assumed to occur during the ESI-MS measurement, which is generally observed
for this type of non-covalent assemblies.6,7,11
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Table 1. Major ions observed by ESI-MS analysis of Dendriphos metal complexes and multimetallic
assemblies.
Entry

Structure

Major ions observed

Calcd. (m/z)

Found (m/z)

1

[AuCl(1)]Cl6 (3)

[Au(1)]Cl52+

1399.5

1399.5

[Au(1)]Cl43+

921.04

921.01

[Pt(1)]Cl113+

1811.8

1811.6

[Pt(1)]Cl104+

1350.0

1349.9

[Pt(1)]Cl95+

1072.9

1072.9

[Pt(1)]Cl86+

888.17

888.22

[AuCl(1)][8]42+

2436.5

2436.7

[AuCl(1)][8]33+

1439.7

1439.8

[PtCl2(1)2][8]93+

3366.9

3367.5

[PtCl2(1)2][8]84+

2386.7

2387.2

[PtCl2(1)2][9]93+

3426.7

3427.2

[PtCl2(1)2][9]84+

2426.6

2427.1

2

3

4

5

[PtCl2(1)2]Cl12 (5)

[AuCl(1)][8]6 (10)

[PtCl2(1)2][8]12 (11)

[PtCl2(1)2][9]12 (12)

The 1H-NMR spectrum of 10, measured in CD2Cl2, shows signals of both the hexacationic
dendritic phosphine gold halide and the assembled gold-carbene sulphonate anions (Figure 2).
A calculation of the number of [8]- molecules per dendritic host, using peak integration values
for the ammonium methyl (e) and guest methylene (o, m, l) signals, yields a ratio of 6.1 guest
molecules per host. The spectrum furthermore shows a considerable sharpening of the signals
attributed to the dendritic framework of the assembly [AuCl(1)][8]6 (10) in comparison with
[AuCl(1)]Cl6 (3) (Figure 2). Significant changes in the chemical shifts were observed for
several of the protons of the dendritic backbone (e, f, g, Figure 2). The signals for the benzylic
protons, which coalesce into one broad peak for 3, were observed as three discrete sharp
singlets (c, d, h) for 10. The signals attributed to the anionic guest also shifted slightly
compared to [NBu4][8],11 with e.g. -0.23 ppm and -0.11 ppm for the two N-heterocyclic ring
protons. In the

13

C-NMR spectrum, the signals attributed to the [AuCl(1)]6+ framework

slightly shifted in 10 in comparison with 3; the largest shifts amounting to +0.26 ppm for the
meta carbon and -0.23 ppm for the para carbon of the ammoniomethyl-substituted aromatic
ring. The largest shifts of signals attributed to the guest were observed for the two carbon
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nuclei in the backbone of the N-heterocyclic ring, amounting to +0.20 ppm and -0.32 ppm,
compared to [NBu4][8]. A characteristic signal at 170.9 ppm was observed, which is attributed
to the carbenic carbon coordinated to Au.11 The signal of the carbenic carbon in 7 had
disapppeared, indicating that complete transmetalation from Ag to Au had occurred. The 31PNMR spectrum of 10 showed a single peak at 36.8 ppm and confirms the integrity of the
Dendriphos-Au-Cl moiety. These observations indicate that six equivalents of the anionic
guest have been incorporated into the voids of the cationic dendrimer and that the guest
molecules stay associated with the host in dichloromethane solution.

Figure 2. 1H-NMR spectra of [AuCl(1)]X6 (X = Cl, [8]) in CD2Cl2 with peak assignments and
integration values.

In a first attempt to prepare a hetero-multimetallic assembly, the procedure outlined in
Scheme 2 was carried out using [RhCl(cod)]2 instead of AuCl(tht) as the metal precursor for
reaction with transmetalation agent 7. Unfortunately, 31P-NMR of the product indicated that
the Dendriphos-Au-Cl moiety had not stayed intact during this procedure and instead had
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completely transformed into a Dendriphos-Rh complex. When the dendritic host was changed
from [AuCl(1)]Cl6 (3) to [PtCl2(1)2]Cl12 (5) while keeping AuCl(tht) as the metal precursor,
13

C-NMR indicated that transmetalation from Ag to Au was not complete, possibly due to an

interfering reaction with the Pt centre. A different strategy was thus required for the synthesis
of hetero-multimetallic assemblies. Therefore, twelve equivalents of pre-synthesized Aucarbene complex [NBu4][8] were combined with one equivalent of 5. Removal of [NBu4]Cl
was achieved by passive dialysis (see Experimental Section), leading to hetero-multimetallic
assembly [PtCl2(1)2][8]12 (11). In addition, employing a slightly different immobilization
strategy, twelve equivalents of TPPMS-Au complex Na[9] (TPPMS = monosulfonated
triphenylphosphine) were combined with host 5 in dry CH2Cl2, which led to precipitation of
NaCl, affording the assembly [PtCl2(1)2][9]12 (12), without the need for dialysis (Scheme 3).
For both these hetero-multimetallic assemblies, 31P-NMR exclusively showed DendriphosPt(II) coordination (see Experimental Section). The observed chemical shifts as well as the
1

JP,Pt coupling constants were very similar and did not change significantly compared to

[PtCl2(1)2]Cl12 (5). The Dendriphos-platinum cores had thus in each case remained intact
during the synthesis procedure, despite the presence of a twelve-fold excess of respectively
Au-carbene or Au-phosphine complexes. For 12, the

31

P-NMR spectrum shows a second

signal, corresponding to the TPPMS phosphine functionality coordinated to gold. No
additional signals were observed. The Dendriphos phosphorus signal appears as a broad
singlet, while the TPPMS phosphorus signal appears as a sharp, very intense singlet.
Therefore the two different phosphorus nuclei can be easily distinguished, confirming discrete
Dendriphos-Pt and TPPMS-Au coordination after the synthetic procedure. Analysis by ESIMS led to the detection of signals corresponding to the ions [PtCl2(1)2]X12-nn+ (X = 8, 9; n = 3,
4, see Table 1, entries 4 and 5 and Figure 3 for X = 8) and is consistent with the association of
the guests [8]- and [9]-, respectively, to the dendritic host [PtCl2(1)2]12+. In the 1H-NMR
spectra, a sharpening of the signals, similar to that observed for 10 (Figure 2), was observed
for 11. This effect was less pronounced for 12. A calculation of the guest/host ratios by
specific peak integration in 1H-NMR yielded a ratio of 10.6 for 11. The deviation from the
expected ratio of 12 suggests that a slightly lower number of guests have been incorporated
into the dendritic host. Most likely this is a consequence of the employed passive dialysis step,
in which a small quantity of [NBu4][8] might pass through the membrane, resulting in a lower
guest/host ratio in 11.
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Scheme 3: Synthesis of Pt/Au heterometallic assemblies.

For 12, a reliable calculation of the guest/host ratio based upon integration of signals in 1HNMR was made impossible due to overlap of signals. However, elemental analysis was
consistent with quantitative functionalization for 12, i.e. a guest/host ratio of 12 (see
Experimental Section). The

13

C-NMR spectrum of 11 showed no [NBu4]Cl after dialysis.

Furthermore, the integrity of the carbene-Au fragments in 11 was confirmed by the presence
of a single peak in the carbenic carbon region of the

13

C-NMR spectrum, at 170.8 ppm.

Similar shifts as those observed for 10 (vide supra) were observed for the carbon nuclei of the
dendritic framework for 11 compared to 5. In contrast, smaller shifts were observed for 12
(typically less than 0.10 ppm), suggesting that the guests are located less deeply inside the
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dendritic structure for 12 compared to 11. This could be due to the absence of an aliphatic (CH2)4- tether in [9]-. After the hetero-multimetallic assemblies had been allowed to stand in
solution in CD2Cl2 for one week at room temperature,

31

P-NMR showed that considerable

metal-ligand exchange had occurred during this period. In both cases, approximately 20 % of
Dendriphos-Au coordination was observed (indicated by a singlet at 37 ppm). This indicates
the limited kinetic stability of these assemblies, which most likely are dynamic systems in
solution. A metal-ligand exchange equilibrium, in which Dendriphos-Pt species undergo
transmetalation to Dendriphos-Au species, most likely exists and may slowly shift to the
thermodynamic most stable state. The kinetics of this exchange are expected to depend on the
nature of the metal ions, the ligand fragments and the solvent.

Figure 3. ESI-MS spectrum of 11.

7.3 Conclusions
Hexa-ammonium functionalized Dendriphos ligands [1]6+ and [2]6+ and mono-sulfonate
functionalized carbene and phosphine-Au complexes [8]- and [9]- have been used as building
blocks to construct multimetallic dendritic assemblies through non-covalent interactions. One
homo-(Au/Au) and two hetero-(Pt/Au) multimetallic assemblies were synthesized and fully
characterized. The employed stepwise synthetic strategy allows facile preparation of
metallodendrimers containing discrete metal-ligand fragments, in very high yields. This
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strategy may be extended towards a range of combinations of transition metal complexes. Of
particular interest is the incorporation of two discrete catalytically active transition metal
complexes within the same metallodendrimer. Such assemblies could potentially find
applications in tandem or sequential catalysis and given their very large molecular weight,
may furthermore be easily recycled through nanofiltration.
7.4 Experimental Section
General Remarks. Experiments involving free phosphines were performed under an inert N2
atmosphere using standard Schlenk techniques and deoxygenated solvents. CH2Cl2 was dried over
CaH2 and distilled before use. Passive dialysis was performed using benzoylated cellulose membrane
tubing (Aldrich) with a molecular weight cut-off of 1200.7 [1]Br6,8 [2]Br6,8 7,11 [NBu4][8]11 and Na[9]12
were synthesized according to previously reported procedures. NMR spectra were recorded on a
Varian Inova 300 or a Varian AS 400 spectrometer at 25 °C. 1H and 13C {1H} spectra were referenced
to residual solvent signals. Elemental analyses were carried out by Dornis & Kolbe, Mikroanalytisches
Laboratorium, Müllheim a/d Ruhr, Germany. Time-of-flight electrospray ionization mass spectra (ESIMS) were measured by the Biomolecular Mass Spectrometry and Proteomics Group, Utrecht
University, on a Micromass LC-T mass spectrometer (Waters, Manchester, UK), operating in positive
ion mode. Samples were introduced at concentrations of 20-50 μM. The nanospray needle potential
was typically set to 1300 V and the cone voltage to 20-60 V. The source block temperature was set to
80 °C.

Synthesis of Dendriphos ligands [1]Cl6 and [2]Cl6. Exchange of the bromide counterions of [1]Br6
and [2]Br6 to chloride was performed using a biphasic mixture of DCM (300 mL) and a solution of
LiCl in demineralized water (1 M, 3 x 150 mL), under a N2 atmosphere. After separation of the layers,
the organic layer was washed twice with demineralized water (150 mL) and evaporated to dryness,
affording the products in 80-85 % yield on a 2-gram scale.
[1]Cl6. 1H-NMR (400 MHz, CDCl3/CD3OD, 9/1 (v/v)):  (ppm) = 8.17 (d, 3JP,H = 6.8 Hz, 6H, o-Ar),
8.00 (s, 3H, p-Ar), 7.24-7.10 (m, 60H, Ph), 6.84 (s, 12H, o-Ar’), 6.57 (s, 6H, p-Ar’), 4.88 (s, 24H,
OCH2), 4.61 (s, 12H, den-CH2N), 4.47 (s, 12H, den-NCH2), 2.85 (s, 36H, N(CH3)2). 13C{1H}-NMR
(100 MHz, CDCl3/CD3OD, 9/1 (v/v)):  (ppm) = 159.9 (s, m-Ar’), 140.8 (m, overlapping i- and o-Ar),
139.0 (s, p-Ar), 136.1 (s, o-Ar’), 129.2 (d, 3JP,C = 7.0 Hz, m-Ar), 129.0 (s, Ph), 128.3 (s, Ph), 127.9 (s,
Ph), 127.5 (s, Ph), 112.2 (s, p-Ar’), 104.0 (s, i-Ar’), 70.0 (s, OCH2), 67.5 (s, NCH2), 67.0 (s, NCH2),
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48.4 (s, N(CH3)2). 31P{1H}-NMR (162 MHz, CDCl3):  (ppm) = -3.2. HR-ESI MS: (m/z) 623.307 {[M4Cl]4+, calc. 623.302}.
[2]Cl6. 1H-NMR (200 MHz, CDCl3):  (ppm) = 8.25 (br. s, 6H, o-Ar), 7.8-7.0 (m, 123H, Ph and p-Ar),
6.91, 6.58, 6.41 (br. m, 54H, overlapping Ar’) 5.0-4.5 (br. m, 96H, overlapping CH2), 2.97 (br. s, 36H,
N(CH3)2). 13C{1H}-NMR (50 MHz, CDCl3):  (ppm) = 160.2, 160.0, 138.9, 136.8, 128.7, 128.1, 127.8,
112.5, 106.8, 101.8, 70.2, 67.7, 49.2. 31P{1H}-NMR (81 MHz, CDCl3):  (ppm) = -3.5. ESI MS: (m/z)
1699.4 {[M+O-3Cl]3+, calc. 1698.2}, 1265.3 {[M+O-4Cl]4+, calc. 1264.8}. Elem. anal. for
C330H315Cl6N6O36P (5184.84): calc. (%) C 76.45, H 6.12, Cl 4.10, N 1.62, P 0.60; found C 76.37, H
6.18, Cl 3.96, N 1.57, P 0.58.

[AuCl(1)]Cl6 (3). To a solution of [1]Cl6 (246 mg, 0.0930 mmol) in CH2Cl2 (5 mL) was added
AuCl(tht) (30 mg, 0.094 mmol). The solution was heated at reflux temperature for 1 h, and
subsequently dried in vacuo. The product was precipitated twice from CH2Cl2 by addition of Et2O,
yielding the product as a white powder (260 mg, quant.). 1H-NMR (300 MHz, CDCl3/CD3OD, 3/1
(v/v)):  (ppm) = 8.62 (d, 3JP,H = 12.0 Hz, 6H, o-Ar), 8.44 (s, 3H, p-Ar), 7.4-7.1 (m, 60H, Ph), 6.87 (s,
12H, o-Ar’), 6.65 (s, 6H, p-Ar’), 4.98 (s, 24H, OCH2), 4.83 (s, 12H, den-CH2N), 4.64 (s, 12H, denNCH2), 2.99 (br. s, 36H, N(CH3)2). 13C{1H}-NMR (100 MHz, CD2Cl2):  (ppm) = 159.9 (s, m-Ar’),
142.9 (br. s, overlapping Ar), 141.2 (br. s, Ar), 136.6 (s, o-Ar’), 131.3 (br. s, Ar), 129.8 (s, Ph), 128.5
(s, Ph), 128.1 (s, Ph), 127.9 (s, Ph), 112.8 (s, p-Ar’), 104.0 (s, i-Ar’), 70.2 (s, OCH2), 67.0 (br. s,
NCH2), 66.0 (br. s, NCH2), 48.9 (s, N(CH3)2). 31P{1H}-NMR (121 MHz, CDCl3/CD3OD, 3/1 (v/v)): 
(ppm) = 37.6. ESI MS: (m/z) 1399.5 {[M-2Cl]2+, calc. 1399.5}, 921.01 {[M-3Cl]3+, calc. 921.04}.
Elem. anal. for C162H171AuCl7N6O12P (2865.01): calc. (%) C 67.69, H 6.01, Cl 8.65, N 2.93, P 1.08;
found C 67.65, H 5.94, Cl 8.43, N 2.79, P 1.11.

[AuCl(2)]Cl6 (4). Starting from [2]Cl6 and AuCl(tht), an analogous procedure as described for
[AuCl(1)]Cl6 was followed, affording the product in quantitative yield. 1H-NMR (200 MHz, CDCl3): 
(ppm) = 8.86 (br. s, 6H, o-Ar), 7.8-7.0 (m, 123H, Ph and p-Ar), 6.86, 6.59, (br. m, 54H, overlapping
Ar’) 5.2-4.4 (br. m, 96H, overlapping CH2), 2.96 (br. s, 36H, N(CH3)2).

13

C{1H}-NMR (50 MHz,

CDCl3):  (ppm) = 160.2, 138.8, 136.9, 128.8, 128.2, 127.8, 112.5, 106.7, 104.4, 101.8, 70.2, 49.3.
31

P{1H}-NMR (81 MHz, CDCl3):  (ppm) = 36.7. Elem. anal. for C330H315AuCl7N6O36P (5381.81):

calc. (%) C 73.17, H 5.86, Cl 4.58, N 1.55, P 0.57; found C 73.05, H 5.92, Cl 4.47, N 1.53, P 0.59.

[PtCl2(1)2]Cl12 (5). To a solution of [1]Cl6 (530 mg, 0.201 mmol) in CH2Cl2 (5 mL) was added
PtCl2(cod) (37 mg, 0.099 mmol). The solution was heated at reflux temperature for 1 h, and
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subsequently dried in vacuo. The product was precipitated twice from CH2Cl2 by addition of Et2O,
yielding the product as a light yellow powder (550 mg, quant.). 1H-NMR (400 MHz, CDCl3/CD3OD,
3/1 (v/v)):  (ppm) = 8.1 (br. s, 9H, Ar), 7.4-7.1 (m, 120H, Ph), 6.77 (br. s, 24H, o-Ar’), 6.59 (br. s,
12H, p-Ar’), 4.89 (s, 48H, OCH2), 4.62 (br. s, 48H, NCH2), 2.78 (br. s, 72H, N(CH3)2). 13C{1H}-NMR
(100 MHz, CDCl3/CD3OD, 3/1 (v/v)):  (ppm) = 159.8 (s, m-Ar’), 140.8 (br. s, Ar), 136.0 (s, o-Ar’),
128.8 (br. s, Ar), 128.2 (s, Ph), 127.9 (s, Ph), 127.8 (s, Ph), 127.4 (s, Ph), 112.3 (s, p-Ar’), 103.2 (s, iAr’), 69.9 (s, OCH2), 66.9 (br. s, NCH2), 49.1 (s, N(CH3)2). 31P{1H}-NMR (162 MHz, CDCl3/CD3OD,
3/1 (v/v)):  (ppm) = 25.4 (br. s, 1JP,Pt = 2655 Hz). ESI MS: (m/z) 1811.6 {[M-3Cl]3+, calc. 1811.8},
1349.9 {[M-4Cl]4+, calc. 1350.0}, 1072.9 {[M-5Cl]5+, calc. 1072.9}, 888.22 {[M-6Cl]6+, calc. 888.17}.
Elem. anal. for C324H342Cl14N12O24P2Pt (5541.71): calc. (%) C 70.22, H 6.22, Cl 8.96, N 3.03, P 1.12;
found C 69.85, H 6.20, Cl 8.87, N 2.94, P 1.15.

[PtCl2(2)2]Cl12 (6). Starting from [2]Cl6 and PtCl2(cod), an analogous procedure as described for
[PtCl2(1)2]Cl12 was followed, affording the product in quantitative yield. 1H-NMR (400 MHz,
CDCl3/CD3OD, 3/1 (v/v)):  (ppm) = 8.1 (br. s, Ar), 7.4-7.1 (br. m, 240H, Ph), 7.0-6.6 (br. m, 108H,
Ar’) 4.8-5.2 (br. s, 192H, CH2), 3.2-2.6 (br. s, 72H, N(CH3)2).

13

C{1H}-NMR (100 MHz,

CDCl3/CD3OD, 3/1 (v/v)):  (ppm) = 159.8, 142-138 (br. overlapping signals), 136.1, 136.0, 128.3,
127.9, 127.4, 112.3, 104.2, 104-102 (br. overlapping signals), 70.0, 66.9, 49.4.

31

P{1H}-NMR (162

MHz, CDCl3/CD3OD, 3/1 (v/v)):  (ppm) = 27.0 (br. s, 1JP,Pt = 2661 Hz). Elem. anal. for
C660H630Cl14N12O72P2Pt (10635.67): calc. (%) C 74.53, H 5.97, Cl 4.67, N 1.58, P 0.58; found C 74.44,
H 6.05, Cl 4.73, N 1.54, P 0.55.

[AuCl(1)][8]6 (10). To a solution of 7 (77.0 mg, 0.0895 mmol, i.e. 0.179 mmol Ag) in CH2Cl2 (5 mL)
were subsequently added AuCl(tht) (58.3 mg, 0.182 mmol) and 3 (85.7 mg, 0.0299 mmol), both as
solids and in one portion. The mixture was stirred at room temperature for 16 h under an inert
atmosphere, filtered over Celite and subsequently dried in vacuo, yielding the product as a white
powder (0.188 g, quant.) The product was precipitated twice from CH2Cl2 by addition of Et2O, in order
to remove residual tetrahydrothiophene. Yield: 0.156 g (87 %). 1H-NMR (400 MHz, CD2Cl2):  (ppm)
= 8.54 (s, 6H, o-Ar), 8.50 (s, 3H, p-Ar), 7.4-7.2 (m, 60H, Ph), 7.12 (s, 6H, NCH), 6.90 (br. s, 24H,
overlapping o-Ar’ and Mes-ArH), 6.76 (s, 6H, CHN), 6.66 (s, 6H, p-Ar’), 5.02 (s, 24H, OCH2), 4.86
(s, 12H, den-CH2N), 4.65 (s, 12H, den-NCH2), 4.09 (t, 3JH,H = 6.2 Hz, 12H, NCH2CH2), 3.01 (s, 36H,
N(CH3)2), 2.70 (br. s, 12H, CH2CH2SO3), 2.27 (s, 18H, Mes-p-CH3), 1.88 (br. s, 48H, overlapping
Mes-o-CH3 and NCH2CH2), 1.72 (m, 12H, CH2CH2SO3). 13C{1H}-NMR (100 MHz, CD2Cl2):  (ppm)
= 170.9 (s, NHC-Au), 160.2 (s, m-Ar’), 142.4 (s, Ar), 140.7 (br. s, overlapping Ar), 139.7 (s, Mes),
136.7 (s, o-Ar’), 135.0 (s, Mes) 135.0 (s, Mes), 130.6 (d, 3JC,P = 12.1 Hz, m-Ar), 129.6 (s, Ph), 129.2 (s,
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Mes), 128.6 (s, Ph), 128.1 (s, Ph), 127.9 (s, Ph), 122.3 (s, NCH), 121.0 (s, NCH), 112.5 (s, p-Ar’),
104.2 (s, i-Ar’), 70.3 (s, OCH2), 67.5 (NCH2), 51.2 and 50.9 (s, NCH2CH3 and CH2CH3SO3), 49.0 (s,
N(CH3)2), 30.1 (s, NCH2CH3), 22.5 (s, CH2CH3SO3), 20.9 (s, Mes-p-CH3), 17.2 (s, Mes-o-CH3).
31

P{1H}-NMR (121 MHz, CD2Cl2):  (ppm) = 36.8. ESI MS: (m/z) 2436.7 {[M-2[8]]2+, calc. 2436.5},

1439.8 {[M-3[8]]3+, calc. 1439.7}.

[PtCl2(1)2][8]12 (11). To a solution of [NBu4][8] (84 mg, 0.11 mmol) and 5 (48 mg, 8.7 μmol) in
CH2Cl2 (30 mL) was added demineralized water (20 mL). The mixture was stirred at room temperature
for 16 h, the organic layer was separated, concentrated and purified by dialysis, using CH2Cl2/acetone
(2/1 (v/v)) as solvent, at room temperature (3 x 5 h). The product was precipitated twice from CH2Cl2
by addition of Et2O. Yield: 65 mg (80 %). 1H-NMR (400 MHz, CD2Cl2):  (ppm) = 8.4 (br. s, 18H,
Ar), 7.4-7.2 (m, 120H, Ph), 7.07 (s, 12H, NCH), 6.87 (s, 24H, Mes-ArH), 6.9 (br. m, 24H, o-Ar’) 6.69
(s, 12H, CHN), 6.7 (br. m, 12H, p-Ar’) 5.1-4.6 (br. m, 96H, OCH2 and NCH2), 3.97 (br. s, 24H,
NCH2CH2), 2.95 (br. s, 72H, N(CH3)2), 2.68 (br. s, 12H, CH2CH2SO3), 2.25 (s, 36H, Mes-p-CH3), 1.84
(s, 96H, overlapping Mes-o-CH3 and NCH2CH2), 1.67 (m, 12H, CH2CH2SO3). 13C{1H}-NMR (100
MHz, CD2Cl2):  (ppm) = 170.8 (s, NHC-Au), 160.2 (s, m-Ar’), 139.7 (s, Mes), 136.7 (s, o-Ar’), 135.0
(s, Mes) and 134.9 (s, Mes), 129.8 (s, Ph), 129.2 (s, Mes), 128.6 (s, Ph), 127.9 (s, Ph), 127.8 (s, Ph),
122.1 (s, NCH), 121.2 (s, NCH), 112.5 (s, p-Ar’), 103.6 (br. s, i-Ar’), 70.3 (s, OCH2), 67.6 (br.,
overlapping NCH2), 51.2 and 50.9 (s, NCH2CH3 and CH2CH3SO3), 49.1 (s, N(CH3)2), 30.2 (s,
NCH2CH3), 22.5 (s, CH2CH3SO3), 20.9 (s, Mes-p-CH3), 17.6 (s, Mes-o-CH3) (signals for Ar not
resolved). 31P{1H}-NMR (121 MHz, CD2Cl2):  (ppm) = 25.1 (1JP,Pt = 2680 Hz). ESI MS: (m/z) 3367.5
{[M-3[8]]3+, calc. 3366.9}, 2387.2 {[M-4[8]]4+, calc. 2386.7}.

[PtCl2(1)2][9]12 (12). To a solution of 5 (43.2 mg, 7.80 μmol), in dry CH2Cl2 (5 mL) was added Na[9]
(56.0 mg, 0.0938 mmol) as a solid, in one portion. The mixture was stirred at room temperature for 16
h, filtered over Celite and subsequently dried in vacuo, yielding the product as a white powder (92 mg,
quant.). 1H-NMR (300 MHz, CD2Cl2):  (ppm) = 9.3 (br. s, Ar), 8.3 (br. s, Ar), 8.01 (d, JH,P = 13.5 Hz,
12H, tppms-AuCl), 7.93 (br. s, 12H, tppms-AuCl) 7.4-6.9 (br. m, 264H, overlapping Ph and tppmsAuCl), 6.8-6.4 (br. m, 36H, Ar’), 4.9-4.3 (br. m, 96H, OCH2 and NCH2), 3.0-2.4 (br. s, 72H, N(CH3)2).
13

C{1H}-NMR (100 MHz, CD2Cl2):  (ppm) = 160.0 (s, m-Ar’), 148.2 (d, JC,P = 12.1 Hz, tppmsAuCl),

136.6 (s, o-Ar’), 134.4 (d, JC,P = 11.1 Hz, tppmsAuCl), 134.0 (d, JC,P = 13.7 Hz, tppmsAuCl), 132.1 (s,
tppmsAuCl), 131.6 (d, JC,P = 16.6 Hz, tppmsAuCl), 129.7 (br. s, overlapping tppmsAuCl and Ph),
129.3 (d, JC,P = 12.1 Hz, tppmsAuCl), 128.5 (s, Ph) 127.9 (s, Ph), 127.8 (s, Ph), 112.4 (br. s, p-Ar’),
104.2 (br. s, i-Ar’), 70.1 (s, OCH2), 67.6 (br., NCH2), 49.1 (s, N(CH3)2).

31

P{1H}-NMR (121 MHz,

CD2Cl2):  (ppm) = 34.4 (tppmsAuCl), 25.1 (Dendriphos, 1JP,Pt = 2700 Hz). ESI MS: (m/z) 3427.2
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{[M-3[9]]3+,

calc.

3426.7},

2427.1

{[M-4[9]]4+,

calc.

2426.6}.

Elem.

anal.

for

C540H510Au12Cl14N12O60P14PtS12 (12001.30): calc. (%) C 54.04, H 4.28, N 1.40, P 3.61; found C 54.00,
H 4.34, N 1.37, P 3.52.
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Summary
The synthesis and application of phosphine ligands containing ionic functionalities has almost
invariably been motivated by the water solubility of the phosphine ligand that these highly
polar substituents bring about. The use of such water-soluble ligands allows transition metalcatalyzed reactions to take place in aqueous-organic biphasic systems, in which the catalyst
resides in the aqueous phase, while the reactants reside in the organic phase. In such systems,
a simple phase separation allows isolation of the products, and possibly recovery of the
catalyst after the reaction. An aqueous-organic biphasic setup is thus a powerful strategy
towards transformation of transition metal-catalyzed reactions into sustainable processes.
Apart from changes in the solubility properties of the ligand, the functionalization of
phosphine ligands with ionic groups may have profound effects on the coordination chemistry
of these ligands with respect to a transition metal. It is known that the steric and electronic
properties of phosphine ligands may be strongly affected by such functionalization.
Furthermore, ionic phosphine ligands may exhibit effects that occur through supramolecular
inter-ligand interactions, which can alter their catalytic behavior to a great extent. These latter
interactions have, until now, only scarcely been investigated.
This thesis describes the coordination chemistry and application in homogeneous catalysis
of hexacationic Dendriphos ligands 1-4, their oligocationic derivatives 5-11 and neutral
analogues 12 and 13 (Figure 1). Apart from the presence of multiple cationic substituents,
another characterizing feature of Dendriphos ligands is their large steric demand. Through
variation of the substituents at each of the six ammonium groups, these ligands vary in size
from small molecular, methyl- or benzyl- substituted 1 and 2 to macromolecular, dendritic
ligands 3 and 4. The combination of these dendritic ligands with a suitable metal precursor
leads to in situ formation of core-functionalized dendritic homogeneous catalysts. Compared
to the relatively unexplored effects of ionic functionalities in phosphine ligands on their
coordination chemistry and catalytic behavior, the effects of steric bulk have been extensively
investigated. For example, interest in dendrimers containing a single phosphine functionality
at their core has been motivated by the potential of such systems to control the local
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environment of the catalytic site. This may lead to advantages such as an improved stability,
activity or selectivity of the catalyst.
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Figure 1. Hexacationic Dendriphos ligands and oligocationic and neutral derivatives.

In Chapter 1, the current knowledge of the coordination chemistry of existing phosphine
ligands containing ionic substituents is reviewed. Emphasis is placed on secondary effects that
go beyond the steric or electronic properties of these phosphines. Of most significance are two
phenomena, which act as opposing forces. Coulombic repulsion between charged groups of
the same sign lead to inter-ligand repulsion forces in transition metal complexes derived from
these ionic phophine ligands. Secondly, hydrogen bonding between ionic functionalities and
solvent molecules, as well as charge shielding through solution ionic strength, act as
attractive, stabilizing forces. These phenomena may have dramatic effects on phosphine-metal
association/dissociation equilibria, ligand substitution rates and stereoisomerism in phosphinemetal complexes.
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In Chapter 2, the first investigations are presented regarding the use of 2 as a ligand in the
Suzuki-Miyaura cross-coupling reaction, in which two aryl fragments are coupled via
formation of a new sp2C-sp2C bond (see for example reactions 1 and 2). Under non-optimized
reaction conditions, the use of 2 leads to a remarkable rate enhancement compared to both
neutral 12 and triphenylphosphine (PPh3) in the coupling reaction of the activated substrate
methyl 4-bromobenzoate with 4-tolylboronic acid. These observations have led to the
motivation to extend this research to the catalytic conversion of more challenging substrates,
such as aryl chlorides, which are cheaper, but much less reactive compared to aryl bromides.
Chapter 3 describes a thorough investigation of the use of 2, as well as of the dendritic
ligands 3 and 4, as ligands in the Pd-catalyzed Suzuki-Miyaura reaction. After optimization of
the reaction conditions, it was found that challenging aryl bromides as well as activated aryl
chlorides can be coupled in high yields at a low Pd loading (0.1 mol %).
Pd2(dba)3.CHCl3
2, 3, or 4 (L : Pd = 2.5)
O2N

Cl + (HO)2B

O2N

(1)

CsF, Dioxane, 70 °C

Figure 2. A positive dendritic effect in Suzuki-Miyaura reaction 1 upon the use of Dendriphos ligands.

Through control and poisoning experiments, it was concluded that a homogeneous Pd(0)Dendriphos complex is the active species in this catalytic system. The observed activity of the
system, in particular in the coupling reactions of aryl chlorides, is dramatically higher than
that of conventional Pd catalysts employing triarylphosphine ligands, but is surpassed by
systems employing bulky, strongly electron donating ligands such as Sphos and CataCXium
A. Furthermore, in the coupling reactions of activated aryl chlorides, a positive dendritic
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kinetic effect was observed among the different Dendriphos generations 2-4 (Figure 2),
indicating an increased ability of the higher ligand generations to stabilize the active species
due to steric effects. For aryl bromides, no dendritic effect was observed due to a shift in the
rate determining step in the catalytic cycle, from oxidative addition for aryl chlorides, to
transmetalation for aryl bromides.
Chapter 4 describes further investigations that were aimed at establishing structure-activity
relations among the class of Dendriphos ligands. This was envisaged through the comparison
of a series of new ligands (5-13) that contain a varying number of cationic or neutral
substituents. The substitution of a triarylphosphine core with multiple cationic metaammoniomethyl substituents, such as in Dendriphos, stepwise increases the steric demand of
the phosphine and decreases its -donation strength. Within this class of ligands, hexacationic
1-4 have the largest size, as well as the lowest -donating strength. These ligands also lead to
the highest catalytic activity (Figure 3).
Pd2(dba)3.CHCl3
Ligand (L : Pd = 2.5)
Br +

(2)

(HO)2B
NaOH, aq. MeOH,
Reflux, 3 h.

Figure 3. Trends in the catalytic activity in Suzuki-Miyaura reaction 2 among oligocationic
ammoniomethyl-substituted triarylphosphine ligands.

Through further comparisons, the catalytic activity in Suzuki-Miyaura reaction 2 was found
to increase upon increasing the number of ammoniomethyl substituents, rather than the size of
the dendrons in the ligand structure. The Coulombic inter-ligand repulsion that originates from
these charged groups leads to an increased tendency towards formation of coordinatively
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unsaturated complexes with palladium, which facilitates the formation of the catalytically
active species and leads to a higher observed activity.
In Chapter 5, a fundamental study of the platinum(II)-coordination chemistry of Dendriphos
ligands is presented. Complexes of the type PtX2L2 (X = Cl, I; L = 1, 2, 5, 8, 11, 13) have been
isolated and characterized. For L = 1 and 2, two ligands exclusively occupy a transconfiguration with respect to each other, while for L = 11, the cis/trans ratio is dependent on
the ionic strength of the solution. This behavior was not observed for neutral analogues 12 and
13, which indicates that Coulombic inter-ligand repulsion effects play a dominant role in the
coordination chemistry of this class of phosphine ligands.
In Chapter 6, the coordination chemistry with respect to rhodium(I) and the application in
Rh-catalyzed hydroformylation reactions of Dendriphos ligands is described. These studies
show a tendency towards formation of Rh species with a low coordination number.
Furthermore, Dendriphos ligands are classified as more weakly -donating and/or more
strongly -accepting ligands compared to PPh3. This is consistent with the coordination
behavior of these ligands with respect to palladium(0) and platinum(II).
O

0.067 mol % Rh(acac)(CO)2
2-4 eq. Ligand, 20 bar CO / H2
MeCN, 50 °C, 24 h

(3)
(b)

O

(l)

Figure 4. Trends in the catalytic activity in hydroformylation reaction 3 among hexacationic
Dendriphos ligands.

In the hydroformylation of styrene (reaction 3), decreases in the both reaction rate and the
branched to linear product regioselectivity were observed compared to PPh3 (Figure 4). These
effects gradually increase with higher ligand generations. A possible explanation for these
observations is an increased steric hindrance around the catalytic site due to the sterically
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demanding dendrons. The possibility of obtaining enantioselective catalysts by employing
chiral counterions in the structure of Dendriphos ligands has also been explored. Exchanging
the anions in 1 and 3 from BF4- to camphorsulfonate and -Trisphat, led to small changes in
the hydroformylation regioselectivity. Unfortunately, no significant enantioselectivity was
observed, either in the hydroformylation of styrene or in the hydrogenation of dimethyl
itaconate.
In Chapter 7, Dendriphos ligands 3 and 4, in combination with anion-tagged transition
metal complexes, have been used as building blocks to construct multimetallic dendritic
assemblies through non-covalent interactions. One homo-(Au/Au) and two hetero-(Pt/Au)
multimetallic assemblies (Figure 5) containing discrete metal-ligand moieties were
synthesized and fully characterized. A straightforward stepwise synthetic strategy has been
demonstrated, which consists of initial formation of the Dendriphos-metal complex
framework, followed by exchange of the anions in the Dendriphos structure for the aniontagged metal complexes.
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Figure 5. Heterometallic assemblies using Dendriphos ligand 3 as building block.
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General conclusions and perspective.
The work described in this thesis has led to a thorough characterization of hexacationic
Dendriphos ligands as well as of their oligocationic and neutral derivatives, in terms of their
steric and electronic properties, their coordination chemistry with respect to transition metals
and their performance in transition metal-catalyzed reactions. By varying the number of
ammoniomethyl groups in the ligand structure, as well as the size of the substituents at the
ammoniomethyl groups, the steric and electronic properties of these ligands can be fine-tuned.
Importantly, the presence of multiple permanent cationic charges in the ligand structure leads
to a Coulombic repulsion between ligand molecules. The consequences of these effects on the
behavior of these ligands in two synthetically highly important catalytic reactions, i.e. the Pdcatalyzed Suzuki-Miyaura cross-coupling reaction and the Rh-catalyzed hydroformylation
reaction, have been investigated. The structure-activity relations with respect to this family of
ligands that have been established, may be extended to other ligand systems, and as such this
work contributes to the knowledge available to the chemical community concerning the
rational design of new ligand systems for homogeneous catalysis.
This study has primarily been focused on investigating, optimizing and rationalizing the
intrinsic activities of homogeneous catalytic systems that result from the combination of
Dendriphos ligands with transition metal precursors. An aspect of these systems that has
remained less exploited is the supramolecular chemistry of these systems. The potential of this
class of cationic ligands to form supramolecular ionic interactions with anionic chiral
auxiliaries as well as anion-tagged transition metal complexes has been briefly addressed in
this thesis, and especially the latter has yielded some promising results. Dendriphos ligands
seem to have a high potential as building blocks in the construction of multimetallic dendritic
assemblies, which could find applications in the field of sequential or tandem catalysis in
organic synthesis. The work described in this thesis might therefore prove to be a fertile
ground for future research in this area.

183

184

Graphical Abstract
Chapters 2, 3, 4

X = Cl, Y = NO2

Br

R
NM e 2

Y

GC Yield (%)

L=
(HO) 2 B

X

Br

P

Pd / L
Y

NM e 2
R

3

80
70
60
50
40
30
20
10
0

R = G2

R = G1
R = Bn

0

30

60

90

120

150

180

t (min)
X = Br, Y = Me
Br

GC Yield (%)

L=

100
90
80
70
60
50
40
30
20
10
0
n=

R
NM e 2
Br

P
3-n

NM e 2
R

n

0.1 mol % Pd
1 mol % Pd

0

1
Bn

R=

Chapter 7

Chapter 5
NRM e 2

Cl 12

NRM e 2

Me 2RN

3
G1

3
2
Bn
G1
1 mol % Pd

2
Bn

1
G1

2L
+ PtCl2 (cod)

NRMe 2

O

O

O

O

O

O
X
X

P
M e 2 RN

NRM e 2
Cl

M e 2 RN

Pt

NRMe

O

NRMe

Cl

3

Me 2RN

NRMe 2
NRM e 2

NRM e 2

Cl Pt

R = Me, Bn

Me2
N

O

O

P

Cl

NRM e

3

P

N
Me2
X

O

O

N
Me2
X

Me2 N

O

O

NMe2
O

NMe2 Me2 N
O

Chapter 6

O
X

Cl Pt Cl

X

O

X

Me2
N

P

NRM e

P

O
NMe2

X

NRM e 2

P

NMe2 Me2 N

Me2 N

O

X

X

X

X

O

O

O

O

O

O
Rh / L
H 2 / CO

O

X=

300
L=

P

BF 4
NM e 2
R

L:Rh =2
L:Rh =4

250

R
NM e 2

TOF (h-1)

BF 4

3

200

N

N

SO 3

Au
Cl

150
100

Cl

50

Au
P

SO 3

0
PPh3 R = Me

Bn

G1

G2

185

186

Samenvatting
Fosfineliganden met ionische substituenten zijn tot op heden vrijwel uitsluitend onderzocht
vanwege hun oplosbaarheid in water. Zulke liganden worden voornamelijk gebruikt om
metaal-gekatalyseerde reacties plaats te laten vinden in een twee-fasensysteem, bestaande uit
een organische laag en een waterlaag, waarbij de katalysator zich in de waterlaag bevindt en
de reactanten en producten in de organische laag. Dergelijke systemen zijn interessant als
duurzame alternatieven voor klassieke chemische processen vanwege de makkelijke scheiding
van katalysator en reactieproduct en de mogelijkheid tot het hergebruik van de katalysator.
Naast veranderingen in de oplosbaarheidseigenschappen van het ligand, kan het aanbrengen
van ionische substituenten in fosfineliganden vergaande consequenties hebben voor de
coördinatiechemie van de betreffende liganden ten opzichte van overgangsmetalen. Het is
bekend dat de sterische en electronische eigenschappen van een fosfineligand kunnen
veranderen door aanwezigheid van ionische groepen. Tevens kunnen er effecten optreden als
gevolg van supramoleculaire interacties tussen de ionische liganden onderling. Deze laatste
categorie van effecten is tot op heden nauwelijks onderzocht.
Dit proefschrift beschrijft de coördinatiechemie van hexakationische Dendriphosfosfineliganden 1-4, hun oligokationische en neutrale varianten 5-13 (Figuur 1) en de
toepassing van deze serie liganden in homogene katalyse. Naast de aanwezigheid van zes
permanente, positief geladen ammoniomethyl-substituenten, is de grootte van Dendriphosliganden hun tweede karakteristieke aspect. Al naar gelang de grootte van de dendrons in de
ligandstructuur, kan een serie liganden worden verkregen variërend van de laag-moleculaire
verbindingen 1 en 2 tot macromoleculaire, dendritische liganden 3 en 4. Wanneer de
dendritische liganden worden gecombineerd met een geschikte metaalprecursor, ontstaat er in
situ een dendritische katalysator, waarvan het katalytisch actieve centrum zich in de kern van
het dendrimeer bevindt. In vergelijking tot het beperkte begrip van de effecten van ionische
substituenten op het gedrag van de liganden, zijn de effecten van sterische hindering in zulke
liganden grondig onderzocht. Dendrimeren die een katalytisch centrum in hun kern bevatten
zijn interessant bijvoorbeeld vanwege de mogelijkheid tot het sturen van de micro-omgeving
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rondom het katalytische centrum. Dit kan leiden tot een toename in stabiliteit, activiteit en/of
selectiviteit van de katalysator.
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Figuur 1. Hexakationische Dendriphos-liganden en hun oligokationische en neutrale varianten.

In Hoofdstuk 1 wordt een overzicht gegeven van de huidige kennis van de
coördinatiechemie van bekende fosfines met ionische substituenten. In het bijzonder worden
secundaire effecten besproken, die niet simpelweg kunnen worden toegeschreven aan
sterische

of

electronische

eigenschappen.

Het

meest

voorkomend

in

overgangsmetaalcomplexen van dergelijke fosfines zijn twee verschijnselen die echter een
tegengestelde uitwerking hebben. Ten eerste kan er Coulombische repulsie optreden tussen de
liganden onderling, wanneer deze geladen groepen van hetzelfde teken bevatten. Ten tweede,
en dit in tegenstelling tot de genoemde afstotende, destabiliserende werking, kan een dergelijk
systeem gestabiliseerd worden door vorming van waterstofbruggen tussen de ionische groepen
en oplosmiddelmoleculen, of door de aanwezigheid van een zekere ionsterkte in het medium,
wat zorgt voor afscherming van de ladingen.
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In Hoofdstuk 2 worden de eerste resultaten besproken van de toepassing van 2 als ligand in
de Suzuki-Miyaura reactie, waarin twee arylfragmenten worden gekoppeld door de vorming
van een nieuwe sp2C-sp2C-binding (zie bijv. reacties 1 en 2). Onder nog niet geoptimaliseerde
reactiecondities gaf 2 een opvallende reactieversnelling in vergelijking tot zowel het neutrale
ligand 12 als trifenylfosfine (PPh3) zelf. In dit onderzoek werd voornamelijk gekeken naar de
koppeling van geactiveerde substraten, maar de resultaten geven aanleiding tot verder
onderzoek naar het gebruik van minder reactieve substraten. Een voorbeeld daarvan zijn
arylchlorides, die goedkoper, maar veel minder reactief zijn dan arylbromides.
Hoofdstuk 3 beschrijft een onderzoek naar de activiteit van zowel 2 als de dendritische
liganden 3 en 4, in combinatie met Pd2(dba)3.CHCl3, in de Suzuki-Miyaura koppelingsreactie.
Na een optimalisatie van de reactiecondities werd een reeks van substraten getest en hieruit
bleek dat zowel gedeactiveerde arylbromides, als geactiveerde arylchlorides gekoppeld
kunnen worden met goede opbrengsten, terwijl slechts een kleine hoeveelheid palladium (0.1
mol %) nodig is.
Pd2(dba)3.CHCl3
2, 3, or 4 (L : Pd = 2.5)
O2N

Cl + (HO)2B

O2N

(1)

CsF, Dioxane, 70 °C

Figuur 2. Een positief dendritisch kinetisch effect in Suzuki-Miyaura reactie 1 door het gebruik van
Dendriphos-liganden.

Onderzoek naar het actieve deeltje in dit katalytische systeem wees op een homogeen Pd(0)Dendriphos complex. De activiteit van dit systeem, met name in koppelingsreacties van
arylchlorides, is veel hoger dan die van klassieke katalysatoren waarbij een combinatie van
palladium met triarylfosfineliganden wordt gebruikt, maar lager dan die van de combinatie
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van palladium met sterisch gehinderde en sterk donerende fosfineliganden zoals Sphos en
CataCXium A. In de koppelingsreacties van arylchlorides trad bovendien een positief
dendritisch kinetisch effect op, afhankelijk van generaties 2-4 van het gebruikte Dendriphos
ligand (Figuur 2). Dit wijst erop, dat de hogere ligandgeneraties een verhoogde stabilisatie van
het actieve deeltje teweeg brengen door sterische effecten. In het geval van arylbromides werd
geen dendritisch effect gevonden door een verschuiving van de snelheidsbepalende stap in de
katalytische cyclus, van de oxidatieve additie voor arylchlorides, naar de transmetallering voor
arylbromides.
In Hoofdstuk 4 wordt in detail ingegaan op de studie van de structuur-activiteitsrelaties van
Dendriphos-liganden in de Suzuki-Miyaura reactie, door het vergelijken van een serie nieuwe
liganden (5-13), die een verschillend aantal kationische of neutrale substituenten bevatten. Het
functionaliseren van een triarylfosfine met meerdere meta-ammoniomethyl-substituenten,
zoals in Dendriphos, verhoogt stapsgewijs de sterische hindering en verlaagt stapsgewijs de electron-donatiesterkte van het ligand. In deze serie geven de hexakationische liganden 1-4 de
grootste sterische hindering, terwijl ze de zwakste -donors zijn. Tevens geven deze liganden
de hoogste activiteit (Figuur 3).
Pd2(dba)3.CHCl3
Ligand (L : Pd = 2.5)
Br +

(2)

(HO)2B
NaOH, aq. MeOH,
Reflux, 3 h.

Figuur 3. Trends in de katalytische

activiteit in Suzuki-Miyaura reactie 2 bij het gebruik van

ammoniomethyl-gesubstitueerde triarylfosfineliganden.
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Door verdere vergelijkingsstudies werd duidelijk dat de katalytische activiteit in SuzukiMiyaura reactie 2 voornamelijk afhangt van het aantal ammoniomethylsubstituenten, en niet
zozeer van de grootte of de donatiesterkte van het ligand. De Coulombische repulsie tussen de
kationische liganden onderling zorgt namelijk voor een snellere vorming van coördinatief
onverzadigde en katalytisch actieve Dendriphos-palladium complexen, wat de reactiesnelheid
doet toenemen.
In Hoofdstuk 5 wordt een fundamentele studie gepresenteerd naar de platina(II)coördinatiechemie van Dendriphos-liganden. De complexen PtX2L2 (X = Cl, I; L = 1, 2, 5, 8,
11, 13) werden gesynthetiseerd en gekarakteriseerd. Voor L = 1 en 2 bezetten de twee
fosfineliganden onder alle omstandigheden een trans-configuratie in deze complexen. Voor L
= 11 werd een mengsel van cis- en trans-complexen gevonden en de cis/trans-verhouding
bleek afhankelijk van de ionsterkte van het medium. De neutrale liganden 12 en 13 vertonen
dit gedrag niet; zij vormen uitsluitend of voornamelijk de cis-complexen. Hieruit blijkt dat de
Coulombische repulsie tussen de kationische liganden de dominantere rol speelt in hun
coördinatiechemie.
In Hoofdstuk 6 wordt de rhodium(I)-coördinatiechemie van 1, 3 en 11 en tevens de
applicatie van 1-4 in de Rh-gekatalyseerde hydroformyleringsreactie beschreven. Uit de
coördinatiestudies blijkt ten eerste, dat Dendriphos-liganden de neiging hebben Rh(I)complexen met een laag coördinatiegetal te vormen en ten tweede, dat ze in vergelijking tot
trifenylfosfine geclassificieerd kunnen worden als liganden met een zwakkere -donatie en/of
sterkere -acceptatie. Dit is in overeenstemming met de coördinatiechemie van deze liganden
ten opzichte van de overgangsmetalen palladium(0) en platina(II).
In de hydroformylering van styreen (reactie 3) werd bij het gebruik van Dendriphosliganden zowel een lagere reactiesnelheid, als een lagere productselectiviteit gevonden in
vergelijking tot PPh3 (Figuur 4). Deze effecten worden geleidelijk sterker met toenemende
ligandgeneratie. Een plausibele verklaring voor deze effecten is de toename in sterische
hindering rondom het katalytische centrum door de grote, dendritische schillen van de
Dendriphos-liganden.
Verder werd de mogelijkheid onderzocht om enantioselectiviteit te introduceren door de
anionen in de structuur van Dendriphos-liganden te vervangen door de chirale anionen
kamfersulfonaat en -Trisphat. Dit leidde tot kleine verschillen in de regioselectiviteit van de
hydroformyleringsreactie, maar helaas werd geen enantioselectiviteit verkregen.
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Figuur 4. Trends in de katalytische activiteit in hydroformyleringsreactie 3 bij het gebruik van
hexakationische Dendriphos-liganden.

In Hoofdstuk 7 worden Dendriphos-liganden 3 en 4, in combinatie met aniongefunctionaliseerde goud(I)-complexen 14 en 15, gebruikt als bouwstenen in multimetallische,
dendritische assemblages. Door het gebruiken van niet-covalente interacties tussen de
bouwstenen werden zowel een homo-(Au/Au) als twee hetero-(Pt/Au) multimetallische
assemblages gesynthetiseerd en gekarakteriseerd (Figuur 5). De assemblages werden volgens
een stapsgewijze methode geconstrueerd, waarbij eerst het Dendriphos-metaalcomplex werd
gevormd, gevolgd door anionuitwisseling van de chlorides met de anion-gefunctionaliseerde
goud(I)-complexen.
Algemene conclusies en perspectief.
Het in dit proefschrift beschreven onderzoek heeft geleid tot een grondige karakterisatie van
hexakationische Dendriphos-liganden en hun oligokationische en neutrale varianten, voor wat
betreft hun sterische en electronische eigenschappen, coördinatiechemie en toepassing in
homogene katalyse. Door het aantal ammoniomethyl-substituenten en de grootte van de
dendrons in de ligandstructuur te variëren, kunnen de sterische en electronische
eigenschappen van deze liganden worden aangepast. Een belangrijk aspect van deze serie
liganden is de Coulombische repulsie tussen ligandmoleculen onderling, die veroorzaakt
wordt door de aanwezigheid van meerdere permanent geladen groepen in de ligandstructuur.
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Figuur 5. Heterometallische assemblages met Dendriphos ligand 3 als bouwsteen.

De invloed hiervan op de katalytische activiteit van de resulterende katalysatoren in twee
veelvuldig toegepaste reacties, namelijk de Pd-gekatalyseerde Suzuki-Miyaura koppeling en
de Rh-gekatalyseerde hydroformyleringsreactie, zijn onderzocht. De resultaten van dit
onderzoek op het gebied van structuur-activiteitsrelaties dragen bij aan het algemeen
chemische inzicht op het gebied van het rationeel ontwerpen en verbeteren van nieuwe
ligandsystemen voor toepassing in homogene katalyse.
De nadruk in dit onderzoek lag op het optimaliseren en verklaren van de activiteit van
homogeen katalytische systemen bestaande uit de nieuwe Dendriphos-liganden in combinatie
met overgangsmetalen. Een aspect dat enigszins onderbelicht is gebleven, is de
supramoleculaire chemie van deze Dendriphos-liganden zelf. De potentie van de positief
geladen liganden om ionische interacties aan te gaan met negatief geladen, chirale groepen en
negatief geladen overgangsmetaalcomplexen is kort aan bod gekomen in dit proefschrift en
heeft tot enkele aansprekende resultaten geleid. Deze voorbeelden laten de grote potentie van
Dendriphos-liganden zien voor het construeren van nieuwe (multi)metallische dendritische
systemen die interessant zijn voor toepassingen in selectieve, seriële of tandem-katalyse in
organische synthese en nodigen dringend tot verder onderzoek uit.
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