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B3LYP Becke’s 3 parameter hybrid functional using the Lee-Yang-
Parr correlation functional 

Boc t-Butyloxycarbonyl 
CB Chair-boat
CC Chair-chair
DFT Density functional theory 
DMSO Dimethyl sulfoxide 
HPLC High-performance liquid chromatography 
IEF-PCM Integral-equation-formalism polarizable continuum model 
L Ligand 
M Metal 
MW Microwave assisted heating 
NMR Nuclear magnetic resonance 
NOE Nuclear Overhauser effect 
NPA Natural population analysis 
ORTEP Oak Ridge thermal ellipsoid plot 
PA Proton affinity 
Ref. Reference 
ROESY Rotating frame Overhauser effect spectroscopy 
r.t. Room temperature (20-25 °C) 
Ts Toluenesulfonyl 
UV-vis Ultraviolet-visible 
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1 Introduction

One of the most important recent developments in modern chemistry is that 
the focus of research has been extended from studies of single molecules 
towards molecular interactions (Figure 1). The goal of this extension is to 
understand and mimic what is going on in the “real world” of biological 
systems (as opposed to the laboratory) and to develop, as well as utilize, 
large molecular systems with new or improved properties. This has grown 
into a very interdisciplinary field - supramolecular chemistry, bearing on 
organized entities that result from the association of two or more chemical 
species.1 To approach these goals we need to utilize the interactions between 
separate molecules. Several forces are involved in these intermolecular 
interactions, most importantly: 

hydrogen bonding, 
electrostatic interactions, 

-  stacking interactions, 
van der Waals interactions. 

These are the fundamental interactions we can work with, and several of 
them are utilized in the work described in this thesis. 

Isolated 
molecules 

Solvated 
molecules 

Molecules with 
specific interactions 

Interacting molecules 
forming new 

structures 

    

In gas phase 
or in vacuum

Molecules 
in solution

Molecule as part 
of a complex, 

molecule binding 
to a receptor

Molecular aggregates, 
supramolecular 

chemistry

Figure 1. Increasing levels of complexity in the molecular world. 
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1.1 Acid-Base Interactions 
A concept that approaches some of these interactions is the acid-base theory. 
In its more general form it is described by the Lewis electronic theory of 
acids and bases, where an acid - defined to be any species that accepts lone 
pair electrons - is interacting with a Lewis base - any species that donates 
lone pair electrons.2 When dealing with organometallic chemistry, a Lewis 
base can also be named a ligand, i.e., a unit that can attach to a metal center 
to form an aggregate known as a complex. Ligand structures have a 
determinant effect on the complex structures, they can stabilize metal 
centers, influence the reactivity and selectivity of metal complexes and 
determine the mechanism and rate of a reaction. Stronger bonds between the 
metal center and the ligands reduce the abilities of the complexes to 
isomerize or to decompose. 

The degree of conformational freedom of the ligands is reduced some-
what during complex formation, resulting in a higher order of the system. 
The two parts of the system are both forced into a smaller number of 
possible conformations, making structural characterization simpler. 

The Brønsted-Lowry theory deals with a narrower field of the same type - 
just proton abstraction and donation.3 Since the correlation between metal 
ion complex stability and ligand basicity is well established,4 Brønsted 
basicities are studied in the present thesis. Base strength is also related to 
hydrogen bonding, which is important in drug discovery. However, hydro-
gen bond acceptor strength (proton sharing) and basicity (proton transfer) are 
not directly related.5

1.2 Bidentate Lewis Bases as Ligands 
One simple way to increase the binding strength of ligands, and the 
structural rigidity of complexes, is the use of bidentate, chelating ligands. A 
bidentate ligand has two binding sites. Upon binding to a metal ion, the 
chelate effect is observed (i.e., a metal has a higher affinity towards one 
chelating ligand than towards two monodentate ligands): 

M
L'

L'
+  2LML2  +  L'    L'

Scheme 1. Replacement of two monodentate ligands by a chelating ligand. 

The chelating effect is particularly large when the chelating ligand is 
preorganized, i.e., its conformation prior to binding is similar to its 
conformation in the complex. The increased stability of complexes with bi-
dentate ligands is often attributed to entropy, which is related to the number 
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of detached and attached ligands.6 Chelation is generally more effective than 
is expected from the simple additivity of free energies, since translational 
entropy does not have to be paid twice in the bidentate case.7 However, it has 
been shown that the chelate effect depends not only on the entropy term but 
also on the enthalpy contribution to the Gibbs free energy, which might be 
strong enough to obscure the chelate effect. If we look for complexation, we 
want to improve the binding constant. This enthalpy contribution is related 
to ligand reorganization. To give an example, it has been shown8 that the 
large reorganization energy of 2,2’-bipyridine ligand 1 obscures the chelate 
effect. A similar conclusion holds for other ligands, which undergo signifi-
cant reorganization upon complex formation. For example, 1,10-phenanthro-
line 2 does not have such a large reorganization energy since it can be 
regarded to be preorganized. Therefore, its complexes are more stable than 
are the corresponding complexes with 2,2’-bipyridine. 

N N N N

1 2
Figure 2. 2,2’-Bipyridine (1) and 1,10-phenanthroline (2) type bidentate ligands. 

Important parameters for bidentate ligands are the flexibility of their 
structure, the volume of their binding site and interactions in the complex 
involving substituents close to the binding site. In general, complexes 
involving chelating ligands are much less flexible than complexes with the 
corresponding monodentate ligands. 

An effective measure of the steric demands of a ligand is the cone angle 
of the ligand,9 which is an indication of the approximate amount of space 
that the ligand occupies around the metal. Such steric requirements are at 
least as important as electronic effects of the ligands and in terms of the 
stability of complexes, steric effects can even be dominant. Steric repulsion 
diminishes the strength of interaction, as two components of a complex 
cannot occupy the same space. 

The distance between the chelating atoms of a ligand characterizes the 
bond angle involving the two binding sites and the metal. For optimal 
binding, a good alignment between binding metal orbitals and ligand orbitals 
in an unstrained ligand conformation is required.10 

Ligands containing phosphorous atoms are able to form stable complexes 
with transition metals with low oxidation states (e.g. Pd0). The combination 
of bonding and back-bonding creates a strong bond between the ligand and 
the metal. Ligands containing nitrogen as the donor atom have proved to be 
highly useful, since such ligands are often efficient in metal catalysis 
involving metals with higher oxidation states (e.g. PdII) and are relatively 
stable and easier to synthesize compared to the corresponding phosphorus 
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ligands.11 Pyridine-type ligands (Figure 2) have sp2-hybridized N-atoms and 
may be both -bases and -acids. In contrast, ligands containing sp3-
hybridized nitrogen atoms (aliphatic amines) are purely -donor ligands.12

Complexes of chelating nitrogen ligands have been involved in the 
elucidation of structural features of ( -allyl)palladium complexes. In 1990 
Pregosin and co-workers came up with the “reporter ligand” concept.13 It 
involved incorporating a chelating ligand into a ( -allyl)Pd complex in such 
a way that several of its protons come close enough to different sections of 
the -allyl moiety to afford measurable nuclear Overhauser effects (NOEs). 
If properly positioned, the protons of the chelating ligand then “report” 
positions of hydrogen atoms via interligand NOEs. If there are sufficiently 
many NOEs one can triangulate specific -allyl ligand protons and thus re-
construct a 3-dimensional picture of that ligand in solution.14 The initially 
used ligands, 2,2’-bipyridine 1 and 1,10-phenanthroline 2 are flat structures 
and had only weak steric interligand interactions, resulting in a small number 
of NOEs (Figure 3).13

N N
H HPd+

H

HH

H
NOE

Figure 3. ( -Allyl)palladium(II) complex with 2,2’-bipyridine 1.

Bipyridine-type ligands with larger substituents forced the Pd atom out 
from the bidentate coordination plane in order to minimize steric inter-
actions.15 The concept was later applied to structural work on a variety of 
( -allyl)Pd complexes.16,17a,18-20 

1.2.1 Bispidines for Structural Analysis 
The bipyridine-type ligands were not sufficiently pre-organized, resulting in 
weak binding, or in only a few interligand steric interactions. Therefore, 
research in this field moved on to aliphatic amines (Figure 4). 

NN

M

L
3·ML

Flexible ligands, 
not pre-organized16

N PhPh
N

M

L
4·ML

Still too flexible, 
somewhat pre-organized21

NN

M

L
5·ML
Rigid,

pre-organized22

Figure 4. Development of aliphatic amines as ligands (L = -allyl).
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Flexibility of a ligand is unfavorable when structural characterization is 
the purpose of the complexation, as it can give rise to conformationally 
averaged parameters (e.g. NOEs and vicinal coupling constants). 

Tetramethylethylenediamine 3 and N,N’-diphenyldiazacyclooctane 4
showed dynamic processes at all accessible temperatures.16,21 However, for 
4, phenyl substituents had strong steric interactions with a -allyl ligand. 

The first rigid preorganized bidentate amine studied22 in this concept was 
( )-sparteine 5, but as it is not symmetric, it gave a complicated NMR 
spectrum that was not well suited for structural work. Also, (–)-sparteine is 
not easily modified synthetically. Therefore, a different kind of bidentate 
amine ligands was introduced: bispidines (Figure 5). 

The skeleton of 3,7-diazabicyclo[3.3.1]nonane (bispidine)23 constitutes 
the central rings of a variety of lupanine alkaloids, e.g., (–)-sparteine 5.24 

Molecules having a bispidine skeleton are interesting in several aspects, 
the cavity between the nitrogen atoms has a limited size and the two sp3-
hybridized nitrogen atoms are well positioned in the bicyclic structure for 
chelation to a Lewis acid center (e.g., a metal ion). Metal ion coordination 
gives a well-defined complex structure, resembling the rigid adamantane 
(tricyclo[3.3.1.13,7]decane) molecule. 

R
NN

R R
NN

R

O

6 7

NH
7

8

1
9

5

64 2
NH
3

3,7-diazabicyclo[3.3.1]nonane

Figure 5. The 3,7-diazabicyclo[3.3.1]nonane is the skeleton of bispidines (6) and 
bispidinones (7).

Compounds with the bispidine ring system have also been the subject of 
considerable interest in other fields. For instance antiarrhythmic properties 
have been demonstrated for bispidine derivatives.25 Furthermore, they have 
passed preliminary studies as opioid receptor ligands.26 Bispidine as well as 
sparteine derivatives have been employed in synthesis as ligands for organo-
metallic compounds.27 
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1.2.2 Previous Structural Characterization Work with 
Bispidinones and Bispidines 

During the process of improving reporter ligands, some bispidine derivatives 
(Figure 6) were prepared and studied by Axén et al.21,28,29

Bn
NN

Bn

MeMe
O

M

L
8·ML

No effects 

Ph
NN

Ph

MeMe
O

M

L
9·ML

Anisotropy and 
steric effects 

NN
Ph

Me

Ph
M

L
Me

10·ML
Steric effects, 

chiral
Figure 6. Structures for selected bispidine-derived reporter ligands and their inter-
actions with a ( -allyl)palladium ligand. 

All these ligands formed stable complexes with ( -allyl)palladium 
species. For example, a -pinene derived ( -allyl)Pd complex was formed 
with N,N’-diphenyl-1,5-dimethylbispidinone 9 (Figure 7a), and large NMR 
chemical shift effects were obtained for the protons closest to the aromatic 
rings.21

NN

O
MeMe

Pd+

MeO

NN

O
MeMe

Pd+

NN
Ph

Me

Ph
Pd+

Me

 (a) (b) (c) 
Figure 7. (a) -Pinene derived ( -allyl)Pd complex with a bispidinone derivative. 
(b) A ( -allyl)palladium complex with hindered rotation about a C-C bond. (c) A 
complex between -pinene derived ( -allyl)Pd and (S,S)-3,7-diphenethylbispidine. 

The same bispidinone ligand 9 hindered the rotation around C-C single 
bonds and thereby locked the substrate into one conformer (Figure 7b).28

The third example is a chiral ligand 10 (Figure 6), which gives the possi-
bility of forming diastereomeric complexes or complexes only with certain 
enantiomers (Figure 7c). Interligand NOEs allowed the absolute stereo-
chemistry of the ( -allyl)palladium complex to be determined quickly and 
unambiguously.29
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Also, larger -allyl ligands were tested, but they did not fit sufficiently 
well into the cavity provided by the reporter ligand.28

Only ( -allyl)Pd species could be bound, however, binding strength and 
further complexation related properties of these ligands were not well 
understood. Bispidinone derivatives were found to have different complex 
formation abilities compared to bispidines. Also, the relatively poor stability 
of some palladium complexes with bispidinones was observed. Both for 
mechanistic understanding and for structural characterization, a variety of 
dynamic processes in these complexes have to be considered (Scheme 2). 
The most important process for reorientation of different ligands on the 
metal is the so called apparent -allyl rotation (Scheme 2a). Previously, it 
has been shown that the dynamics of chelating dinitrogen ligands in this 
process involves Pd-N bond breakage. This might be accompanied by 
association of an auxiliary ligand (e.g., solvent), or is of dissociative 
character.16,17,20 

a)
N*

Pd

R1R

N N*

PdPd

R1R

N N*

Pd

N

N*

R1R

+ + + +

R1R

N

b)

R1R

Pd

R1R

N N*

Pd

N N*

Pd

N N*

Pd

N N*

R1

R

+ + + +
R1

R

Scheme 2. Dynamic processes in ( -allyl)Pd complexes. (a) Mechanism for the 
apparent -allyl rotation; (b) syn-anti equilibrium. 

In conclusion, the reported N,N’-diphenylbispidinone derivatives were 
found to have the strongest steric interactions with the ( -allyl)palladium 
ligands compared to the N,N’-dibenzyl- and N,N’-diphenethylbispidine 
derivatives (Figure 6).21,29 The reason for this difference was that the phenyl 
ring of a benzyl group was the largest substituent and was rotated away from 
the -allyl ligand. 
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1.3 Aims of the Present Study 
The study presented in this thesis is a continuation of the projects conducted 
previously in our research group by Andreas Axén30 and Charlotte 
Johansson.31

At the outset of this project, we aimed at the synthesis of bispidine 
derivatives which might provide stronger steric effects with bound metals 
and their ligands. In particular, the following topics were to be investigated 
more closely: 

development of an improved bispidine synthesis; 
rationalization of the binding properties of bispidines; 
characterization of the effects of tighter steric interactions in the 
complexes; 
devising of a ligand with large binding cavity; 
investigation of interactions with other Lewis acids. 
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2 Synthesis of Substituted Bispidines and 
Bispidinones

Depending upon the substitution pattern of bispidine derivatives, several 
synthetic approaches are possible. Typically, bispidinone derivatives are 
obtained via a Mannich reaction (Scheme 3),32,33 where a ketone, having 
acidic -hydrogens, a primary amine and an aldehyde are reacted under 
acidic conditions. 

NN
R2R2

O
R1R1

O
R1R1 R2 NH2 +

H

O

H
+ H+

2 4

Scheme 3. Synthesis of substituted bispidinones by the Mannich reaction. 

Generally, it is easy to scale up the reaction and there are good possibili-
ties to vary the substituents at many positions of the bispidinone skeleton. 
The yields vary from very good (e.g., 85%25a for N,N’-dibenzylbispidinone) 
to only 3-10%34,35 for N,N’-dimethylbispidinone. Non-symmetric bispidi-
nones can be synthesized by the Mannich reaction as well, starting from a 4-
piperidinone derivative (Scheme 4).36 Even acid-labile substrates can be 
included, if weaker acids are used.37

N

O

i-Pr

BnNH2, (CH2O)n

AcOH, HCl, 
MeOH, 

i-Pr
NN

Bn

O

57%

Scheme 4. Synthesis of bispidinones by the Mannich reaction starting from a 
4-piperidinone. 

Difficulties are sometimes encountered with purification due to possible 
formation of over-alkylated side-products.35,38

Other methods for the production of compounds having the bispidine 
skeleton are used less often, due to longer synthetic sequences, or because of 
the limitations to introduce different substituents into the molecule. How-
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ever, a number of examples can be found in the literature, e.g., starting from 
pyridine,39 piperidine40 derivatives, or from acyclic precursors (e.g., as used 
in Chapter 2.2).41,42

The main disadvantage of the Mannich approach is that it always gives a 
carbonyl group at the C-9 position which might induce some unfavorable 
properties relative to the corresponding bispidine. Reduction of the keto 
group is almost exclusively achieved by the Wolff-Kishner method.43 The 
reported yields in this step are generally fair to good, e.g., N,N’-dimethylbis-
pidine (60%),34 N,N’-di-iso-propylbispidine (38%),27c N,N’-dibutylbispidine 
(49%)27b and N,N’-dibenzylbispidine (94%)44 have been prepared. However, 
the requirement to use hydrazine is a considerable disadvantage, since it is 
highly toxic, flammable, and a strong mutagen, thus requiring special pre-
cautions, or preventing its use entirely. 

Alternatively, in a few examples, bispidinones were reduced to the corres-
ponding bispidines via the tosylhydrazone, with varying yields (19%45 to 
85%37 over two steps). However, in our hands, this method did not give 
satisfactory results. 

2.1 Microwave-Assisted Preparation of N,N’-Dialkyl-
bispidines from a Bispidinone Thioketal (I)

The problems mentioned above with the reduction of bispidinones to the 
corresponding bispidines initiated us to develop an alternative synthetic 
method, which avoids the use of hydrazine. Since it is known that dithio-
acetals can be reductively converted to the corresponding methylene com-
pound by active Raney nickel catalyst, we converted the N,N’-dibenzyl-
bispidinone 11 into the dithiolane 12, which was then subjected to reduction 
(Scheme 5). Initial studies showed that the reaction was best carried out in a 
primary alcohol solvent (Table 1). 

Bn
NN

Bn

S S

Raney-Ni
ROH, MW

R
NN

RBn
NN

Bn

O

HSCH2CH2SH
p-TsOH

74% 53-71%

 11 12 13a-i 
Scheme 5. Synthetic sequence for N,N’-dialkylbispidines (13). 

In addition to the thioacetal reduction, the starting material is simul-
taneously debenzylated. This generates a secondary amine, which is alky-
lated by the solvent, probably following the mechanism that was suggested 
by Rice and Kohn (Scheme 6).46
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RR'CH-OH RR'C(OH)-NHR''RR'C=O
R''NH2

H2

-H2O
-H2O

Raney Ni

-H2

RR'C=NR''RR'CH-NHR''
H2

R, R' – H, alkyl, aryl
R'' – alkyl, aryl

Scheme 6. The reductive alkylation of amines with alcohols in the presence of 
Raney nickel. 

With conventional heating at reflux temperature, reaction times of more 
than 2 days were required for the full consumption of the dithiolane substrate 
12, we therefore turned to microwave heating. The combination of Raney 
nickel and microwave irradiation has not been used very extensively, one of 
the few examples is the N-alkylation of anilines with alcohols.47

Microwave irradiation reduced the time until full conversion to between 
60 and 90 minutes, producing the bispidines in moderate to good yields. In 
some cases, the reaction was found to be essentially completed already after 
30 minutes, although reproducibility was lower in this case. 

The reasons for including an array of unbranched primary alkyl alcohols 
were: a) to investigate how the boiling point and increasing viscosity of the 
solvent would affect the reaction; b) the N,N’-dialkylbispidines might have 
interesting applications (e.g. pharmaceutical); c) to prepare a series of bispi-
dine derivatives for further studies regarding the pKa-structure relationships 
of these compounds; d) to obtain a series of bispidine salts having longer 
alkyl chains and investigate their properties as amphiphilic compounds with 
unconventional structures. 

Table 1. Synthesis of N,N’-dialkylbispidines 13a-i by using controlled microwave 
heating at 155-160 °C. 

Solvent Time (min) Yield (%) Purity (%) Product 
Methanol 120 61 86 13a
Ethanol 60 71 71 13b
1-Propanol 60 66 84 13c
1-Butanol 90 55 68 13d
iso-Butanol 55 65 84 13e
1-Pentanol 90 53 87 13f
1-Hexanol 90 59 73 13g
1-Octanol 90 58 92 13h
2-Methoxyethanol 60 65 87 13i

Although the suggested mechanism (Scheme 6) involves the conversion 
of a primary or secondary alcohol into a carbonyl compound, the reaction so 
far is limited to primary alcohols. Surprisingly, 3-furylmethanol resulted in 
partial reduction of only the dithiolane, but not the benzyl groups, thus 
providing access to N,N’-dibenzylbispidine, which could not be obtained 
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with benzyl alcohol as solvent. Several other primary alcohols, e.g.,
myrtanol, 2-pyridylmethanol, 2-(dimethylamino)ethanol and allyl alcohol, 
did not support the reaction. 2-Propanol allowed isolation of a trace amount 
of product after using HPLC purification. Use of t-BuOH, water or other 
non-alcoholic solvents did not yield the desired unsubstituted bispidine, but 
resulted in decomposition or partial recovery of the substrate. 

In conclusion: a) an efficient, rapid method to prepare N,N’-dialkylbispi-
dines was developed; b) different products are accessible from the same, 
readily prepared starting material; c) the method avoids the use of hydrazine 
and is thus environmentally friendly; d) there is room for optimization with 
other alcohols. 

2.2 Synthesis of N,N’-Dibenzhydrylbispidine (II)

The synthetic method presented in this chapter was used in preparation of 
several bispidine derivatives, it is here exemplified for compound 14.

The goal of this project was to synthesize and study a bispidine derivative 
having large benzhydryl substituents. It was expected to provide a larger, 
extended cavity compared to the N,N’-diphenyl analogue 9 discussed in 
Chapter 1.2.2, but still with strong steric interactions, because at least one of 
the phenyl rings had to stay close to the -allyl ligand and to the metal 
coordination plane. The benzylic CH proton would serve as usable sensor for 
the -allyl ligand, with a 1H NMR chemical shift in a region (4-6 ppm) with 
few other signals. The ligand would also have a high degree of symmetry to 
produce a reasonably simple 1H NMR spectrum. 

The bispidine derivative 14 was obtained by a condensation method: 

I

I I

I
NN

Ph

Ph

Ph

Ph
Ph2CHNH2

PhMe, 

45%

14
Scheme 7. Synthesis of N,N’-dibenzhydrylbispidine 14.

A large excess of the amine was required in order to bind the HI formed 
in the reaction, but the amine could be easily recovered during the work-up. 
The reaction required very long reaction times (more than 2-3 days) and 
inert atmosphere. Initial experiments with conventional refluxing always 
gave a complicated product mixture, since it was difficult to keep the system 
hermetically tight for that long time. Therefore, a sealed ampoule method 
was introduced, allowing the use of higher temperatures than the boiling 
point of the solvent, and a completely isolated reaction mixture. 
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Another advantage of the ampoule modification was that the separation of 
the main product was very simple in some cases - the bispidine 14 formed as 
a crystalline ammonium salt that could be easily separated from the by-
products remaining in solution. 

Later studies using controlled microwave heating in a closed reaction 
vessel at much higher temperatures (more than 170 °C) and polar aprotic 
solvent (MeCN) showed that the condensation reaction could be finished 
within 1-2 hours. Being a much faster method compared to the conventional 
heating technique, however, problems were encountered with a more 
complicated purification due to decomposition of the substrates at higher 
temperature. 

Table 2. Comparison of different reaction conditions for the synthesis of 14.
Reaction conditions Time Yield Remarks 

Reflux, 110 °C 3 days 29% Complex mixture 
Ampoule, 125 °C 2-3 days 45% Easier workup, less by-products 
Microwave heating, >170 °C 1-2 hours 40% Fast, complex mixture 

Some of the reduced yield is due to the occurrence of elimination 
reactions. The substitution:elimination ratio depended strongly on the 
basicity of the amine. -Elimination is quite easy to occur, especially in 
strongly basic conditions and at higher temperatures. In less basic conditions 
(e.g., when aniline was used as the amine), N-alkylation dominated and there 
were less unsaturated by-products. Furthermore, as the starting iodo-
compound has two prochiral centers, the first ring-closure can result in cis-
or trans-substituted piperidine derivatives, which then react further. 
Assuming that there is no preference in the formation of the cis- or trans-
intermediate, statistically only 50% of the starting iodo-compound can be 
transformed into the bispidine-type product, limiting the obtainable 
maximum yield to 50%. Thus, the formation of the target product and by-
products can be depicted in the following scheme:
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Scheme 8. Suggestion for the formation of the desired bispidine product and 
by-products. 
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2.3 Synthesis of N,N’-Dibenzhydrylbispidinone (II)

In addition to the bispidine derivative 14, the corresponding bispidinone 
derivative 18 was synthesized. This compound was required for the later, 
comparative investigation of bispidine vs. bispidinone derivatives. 

For this synthesis, a longer reaction sequence was developed than 
generally necessary for the synthesis of symmetric bispidinone derivatives. 
The piperidinone-route described above (Scheme 4) was chosen for entirely 
pragmatic reasons - although the corresponding N-benzhydryl-4-piperidi-
none was not available at that time, the synthesis of a similar bispidinone 
derivative, starting from N-Boc-4-piperidinone 15, had already been 
reported.37a

NN

O

Ph

Ph

Ph

PhN

O

Boc

NN

O

Ph

PhBoc
NN

O

Ph

PhH

(a) (b) (c)

15 16 17 18
Scheme 9. (a) Ph2CHNH2, (CH2O)n, AcOH, MeOH, , 62%; (b) ZnBr2, CH2Cl2,
84%; (c) Ph2CHBr, KOH, K2CO3, Bu4NBr, CH2Cl2/H2O, 97%. 

Formation of by-products in the first step was greatly reduced when a 
modification in the reported experimental procedure37a was made. Namely, a 
suspension of paraformaldehyde in MeOH was added to the reaction 
mixture, instead of adding the piperidinone to the formaldehyde suspension. 
This kept the concentration of the formaldehyde low and prevented over-
alkylation of the already formed product. The same modification of the 
procedure was also used for the synthesis of other bispidinones. 

Unexpected difficulties were encountered with the removal of the t-butyl-
oxycarbonyl (Boc) protecting group. The use of common CF3COOH/CH2Cl2
method48 resulted in decomposition even with short reaction times. How-
ever, this deprotection method worked well for the analogous Boc-protected 
N-benzylbispidinone derivative. 

Anhydrous ZnBr2 in CH2Cl2 appeared to be a convenient reagent for the 
removal of the Boc group.49 The deprotected product 17 was found to be 
unstable on silica and neutral alumina, therefore it was used without further 
purifications directly in the next step. The phase-transfer catalytic N-alky-
lation with benzhydryl bromide in the last step worked very well. 
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3 Interactions with Brønsted Acids 

The binding abilities of aliphatic amine ligands to metal ions can be directly 
related to their pKa values.12 This parameter gives information about the -
donating properties of the nitrogen atom. Bidentate sp3-hybridized nitrogen 
ligands with higher base strengths will presumably also form more stable 
transition metal complexes. A linear relationship between the equilibrium 
constants for protonation and metal complexation can be expected within a 
series of structurally related ligands,4 i.e.
 logKM/ML = a × pKBH+ + b (1)  

However, as solvation effects may mask true electronic contributions, 
comparisons between ligands have to be applied with caution. 

3.1 Protonation of Bispidines 
Protonation studies can be used as a simple method to see how a ligand 
might behave as a base. In order to obtain information about the protonation 
behavior of our bispidine ligand, qualitative NMR titration experiments were 
carried out. Small volumes of MeSO3H solution were added to a solution of 
bispidine and 1H NMR spectra were recorded after each addition. 

NN

Ph

Ph

Ph

Ph
N+N

Ph

Ph

Ph

Ph H

H+
H+

N+

Ph

PhH

N+

Ph

Ph
H

14 (CC) 14·H+ (CC) 14·2H+ (CB) 
Scheme 10. Protonation observed during titration of the bispidine 14 with MeSO3H. 
The chair-chair conformation for 14·H+ and the chair-boat conformation for 14·2H+

were deduced from NMR studies. 

The first protonation step was found to be as expected. The favored 
conformation in solution for 14 and 14·H+ was when the phenyl groups of 
the benzhydryl substituents were pointing towards the base of the bispidine 
skeleton, as indicated by NOEs, which were considerably stronger between 
Ph2CH and axial bispidine protons on C-2,4,6,8 than between Ph2CH and the 
corresponding equatorial protons. A 1H NMR spectrum (Figure 8b) indicated 
that the symmetry of the di-amine ligand 14 was preserved at room 
temperature for the first protonation step. The positive charge seemed to be 
distributed equally over the two N atoms, resulting in an adamantane-like 
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structure, as proposed for monocationic 3,7-diazabicyclo[3.3.1]nonanes by 
Douglass and Ratliff.33 However, the C2v symmetry observed on the NMR 
timescale in solution could also be explained by rapid proton hopping 
between the two nitrogen atoms.50 Cooling of the solution did not show any 
splitting or broadening of the signals. 

a)

b)

Figure 8. 1H NMR spectra for (a) N,N’-dibenzhydrylbispidine 14, and (b) the mono-
protonated species 14·MeSO3H at r.t. in CDCl3 solution. 

The solid-state structures of the ligand 14 and its monoprotonated form 
14·H+ were also investigated by X-ray crystallography.51 ORTEP pre-
sentation of the structures are shown in Figure 9. 

a) b)

Figure 9. ORTEP view of (a) N,N’-dibenzhydrylbispidine 14, and (b) the cation 
14·H+ (counterion CF3SO3̄ not shown). 

The benzylic CH protons in 14 and 14·H+ were oriented towards the 
exterior of the molecule. Free base 14 showed C2 symmetry, not C2v
symmetry as in solution due to some distortions caused by the substituents 
and neighboring molecules in the crystal cell. The monoprotonated bispidine 
14·H+ is not symmetric in the solid state (C1). The largest effect of the proto-
nation is observed for the C-N bond lengths. As electron density is diverted 
from the nitrogen atom to the N-H bond, the electron density of the N-C 
bonds decreases, resulting in weaker and longer N-C bonds. The N-C bond 
lengths involving N-7, which is not protonated, are also longer, but less so 
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than for bonds to N-3. For N-7, the decrease of C-N bond length is ca. two 
times smaller. The fact that the N-3···N-7 distance is smaller for the 
protonated compound than for the bispidine 14 indicates also that there is 
hydrogen-bonding. 

R
NN+

R HR
NN

R

H+

Figure 10. Changes in bond lengths for bispidine 14 upon protonation as observed 
by X-ray crystallography. R = Ph2CH.  = longer bond;  = shorter bond. 

Bispidines are di-basic Brønsted bases that can bind two protons. How-
ever, there are a very limited number of examples in the literature, where 
double-protonated bispidine derivatives have been observed. One of the 
examples is the antiarrhythmic agent Tedisamil dihydrochloride.52 Tedisamil 
dihydrochloride adopts a highly flattened chair-chair (CC) conformation for 
its bicyclic skeleton, indicated by larger distance between the nitrogen atoms 
of the bicyclic system (Table 3). The CC conformation is stabilized by a pair 
of hydrogen bonds formed by a chloride ion with both of the nitrogen 
atoms.53

Table 3. Comparison of N-3···N-7 distances of some bispidine derivatives having a 
chair-chair conformation in the solid state. 

Bispidine Derivative d(N···N), 
Å Ref.

N,N’-Diphenylbispidine (22) 3.072 54 
N,N’-Dibenzhydrylbispidine (14) 2.854 II 
2,2-Dimethyl-5,7-diphenyl-1,3-diazaadamantane 2.436 55 
N,N’-Dibenzhydryl-7-aza-3-azoniabicyclo[3.3.1]nonane trifluoromethyl-

sulfonate (14·H+)
2.727 II,IV 

N,N’-Dimethyl-1,5-diphenyl-7-aza-3-azoniabicyclo[3.3.1]nonane-9-one 
hydrogen sulfate 

2.670 56 

Tedisamil dihydrochloride 3.15 53 
N,N’-Di-i-propyl-3,7-diazabicyclo[3.3.1]nonan-9,9-diol dihydrochloride 3.203 53 

For bispidine 14 in CDCl3, the second protonation step took place only in 
the presence of an excess of acid. The 1H NMR spectrum indicated that the 
structure was clearly not symmetric any more (Figure 11). 

Figure 11. 1H NMR spectrum for the di-protonated species 14·2H+ at r.t. in CDCl3
solution. MeSO3H taken in excess. 
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All of the aliphatic signals were assigned and the chair-boat conformation 
was confirmed by an NMR study for the diprotonated species 14·2H+. Also, 
it was found that the double-protonation could not be obtained in DMSO-d6
solution. This is likely to be due to the solvation of the acid in this solvent. 

3.2 Protonation of Bispidinones 
Bispidinones behaved differently than bispidines upon protonation under 
similar conditions. For example, the bispidinone 18 formed a mixture of two 
monoprotonated species. The ratio between these species depended on the 
amount of moisture in the sample. A more close study indicated that the two 
species were the protonated bispidine, i.e., 18·H+, and the corresponding 
hydrate, 18’·H+.
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Ph H
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H+, H2O

 18 18·H+ 18’·H+

Figure 12. Protonation of a bispidinone 18 with MeSO3H in CDCl3 solution in the 
presence of moisture gave a mixture of two compounds. 

Hydrates of aldehydes and ketones have long been known, but the 
specific cases described in the literature revealed that such hydrates have 
powerful electronegative groups (usually halogens) very close to the carbo-
nyl group. Chloral, hexachloroacetone and hexafluoroacetone are classical 
examples of carbonyl compounds that form stable hydrates. Hydrogen 
bonding is one explanation to account for stabilization of these hydrates. 
Intermolecular hydrogen bonding occurs between one oxygen atom of a diol 
group in one molecule and a hydrogen atom of a hydroxyl group of a diol 
group in a second molecule.53

The formation of such diols may occur via a protonation of the carbonyl 
oxygen atom, followed by a nucleophilic addition of a water molecule to the 
activated carbonyl carbon atom to produce the diols. Another conceivable 
mechanism could involve initial protonation of N-3, which in turn could 
increase the electron deficit at the carbon of the C=O group (via an inductive 
effect).57 After initial protonation of the oxygen atom of the C=O group, a 
fast nucleophilic addition of water to the cation could occur to generate the 
9,9-diols.53 A similar hydrate formation has been reported upon metal 
complexation of a bispidinone derivative.21

This phenomenon can partly be the reason why bispidinones were not as 
good ligands as bispidines. 
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3.3 Basicity of Bispidines and Bispidinones (II)

3.3.1 Measured Basicity Values 
In the present work, a UV-vis spectrophotometric titration technique for 
measurement of relative acidities ( pKa) in MeCN was used.58 The pKMeCN

a
values were determined for the conjugate acid forms of ten bispidines and 
are summarized in Table 4. 

The pKMeCN
a  values for the bispidine derivatives span a range of over 13 

orders of magnitude. A cursory overview of the relative basicities shows the 
lowering effect of electron-withdrawing substituents on the nitrogen atoms. 
A carbonyl group in position 9 of the bispidine skeleton decreases the 
basicity. Carboxymethyl substituents in the bridgehead positions also 
decrease the basicity. Sparteine 5 has the highest basicity because it lacks 
any electron withdrawing substituents. 

Table 4. Observed pKa values for 3,7-diazabicyclo[3.3.1]nonanes, determined as 
pKBH+ for the conjugated acid, spectrophotometrically in MeCN solution. 
# Compound pKa # Compound pKa
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The basicity is also linearly related to the number of phenyl groups in 
-position on the carbon substituent in both primary amines and bispidines, 

Table 5.59

Table 5. pKMeCN
a  values for series of primary amines59 and bispidines. 

Amine pKMeCN
a Bispidine pKMeCN

a

CH3NH2 18.37 N,N’-Dimethylbispidine 22.7460

PhCH2NH2 16.76 21 21.25   
Ph2CHNH2 14.91 14 17.79   
Ph3CNH2 13.40 

The slightly less linear correlation between the pKMeCN
a  values of bispi-

dines as compared to primary amines (Figure 13) might be due to flattening 
effects in the bicyclic system. In general, the basicity of aliphatic amines is 
determined by inductive effects of the groups bound to nitrogen. Steric 
effects are less important, in cases of heavy crowding, however, significant 
base-weakening steric effects have been observed.59,61

13

15

17

19

21

23

0 1 2 3n

pKa

Figure 13. Correlation between the pKMeCN
a  values and the number of phenyl groups. 

, N,N’-di(PhnCH3-n)bispidine, pKMeCN
a  = -2.47·n + 23.07, r2 = 0.950. 

, PhnCH3-nNH2, pKMeCN
a  = -1.68·n + 18.37, r2 = 0.999. 

3.3.2 Calculated pKa Values and Correlation with Measured 
pKa Values 

Calculated pKa values were obtained from quantum chemical calculations62

with the Gaussian03 program package using the B3LYP hybrid density 
functional theory (DFT) method.63 Results are summarized in Figure 14 and 
Table 6. 
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Table 6. Selected results from the quantum-chemical calculations, including proton 
affinities in MeCN. 
# pKMeCN

a
a PAb q(N)c d(N···N)d d(N···N+)e d(N–H)f

19 8.13 276.3 -0.506 2.829 2.668 1.809 
18 13.48 282.9 -0.549 2.958 2.731 1.917 
20 13.81 285.6 -0.542 2.884 2.715 1.935 
22 13.97 285.5 -0.507 2.979 2.692 1.835 
11 16.93 288.7 -0.552 2.937 2.709 1.897 
8 17.48 290.2 -0.545 2.932 2.705 1.906 

14 17.79 292.2 -0.555 2.978 2.761 1.977 
21 21.25 295.3 -0.555 2.973 2.717 1.903 
10 21.38 297.3 -0.554 3.005 2.743 1.925 
5 21.66 298.1 -0.56 3.004 2.723 1.896 

a Experimental values, this work. b Calculated proton affinities (kcal·mol-1), at IEF-
PCM/B3LYP/6-31+G(d)//B3LYP/6-31G(d) level using  = acetonitrile = 36.64, given as energy 
differences between the protonated molecule and the free base. c Atomic charges at the N 
atoms calculated by natural population analysis given in e. The average q(N) of the two N 
atoms in one molecule is tabulated. d N···N distance (Å) in free base. e N···N distance (Å) in 
protonated species. f N–H bond length (Å) in protonated species. 

There is an excellent agreement between calculated proton affinities and 
observed basicities, Figure 14. 

r2 = 0.981
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(kcal·mol-1)

Figure 14. Correlation between measured pKMeCN
a  values and calculated proton 

affinities. 

To find an explanation for the observed variation of basicity, several 
parameter correlations have been investigated. A linear correlation with r2 = 
0.67 exists between the calculated N···N distance in the neutral species and 
the measured pKMeCN

a  values. Among the investigated bispidines, those with 
a bridging carbonyl group had shorter N···N distances and lower pKMeCN

a  as 
compared to those with methylene bridges. Whereas the carbonyl group 



28

would be expected to flatten the six-membered ring, and thus move the two 
N atoms farther apart, the opposite seems to be the case. The correlation 
between pKMeCN

a  and N···N distance was only moderate, but increased when 
10, 14, 18 and 22 were excluded. These are the species with the bulkiest N-
substituents. Compound 19, which also has Ph substituents, fits in well, 
though. A similar pattern was obtained when the atomic charges at the N 
atoms were correlated against the experimental pKMeCN

a  values. Again, 
correlation improved, when 10, 14, 18 and 22 were excluded. 

These findings indicate that the basicity is dependent on both electronic 
and steric factors. Initially, high electron density on the N atoms increases 
the pKMeCN

a . The presence of a second nitrogen atom is responsible for much 
higher values than would be expected for corresponding monoamines - a 
result of the chelate effect. However, the presence of bulky substituents 
might disfavor the hydrogen bond formation of N-H+ with the second nitro-
gen atom, or decrease the population of chair-chair conformers in which 
hydrogen bonding can occur without an extra entropy penalty. Protonation of 
chair-boat conformers might also involve solvation of the N-H+ species, 
which would require desolvation prior to chelation. 

Other parameters, such as hydrogen bond length in the protonated 
species, or the degree of pyramidalization of N, as measured by the sum of 
valence angles at N atoms ( (N)), show only poor correlation to the pKMeCN

a
values.

3.3.3 15N NMR Chemical Shifts 
15N NMR chemical shifts provide valuable information about the shielding 
of the nitrogen atoms.64 Lower chemical shift indicates higher electron 
density around the nucleus, which in turn should be an indicator for its 
electron donor capability and hence, its basicity. This has also been exploited 
for a variety of simple organic molecules. Thus, the relationships between 
15N NMR chemical shifts and the pKa values of 2,4-dinitroanilinium salts 
were found to be linear, indicating that these properties are influenced by the 
same factors.65 Correlation between basicity and calculated 15N NMR chemi-
cal shifts has been established for iminoamines and other compounds.66

However, these usually are calculations for isolated molecules in the gas 
phase.

For the bispidine derivatives studied here (for chemical shifts, see paper 
II), substitution on the nitrogen atoms with groups having stronger electron 
withdrawing effect resulted in deshielding. A carbonyl group in position C-9 
resulted in shielding, which is the opposite of what should result from 
entirely electronic effects. In conclusion, the 15N chemical shifts did not 
provide a simple indicator for the basicity of the bispidine derivatives, and in 
particular, there was no correlation between pKMeCN

a  and (15N). Furthermore, 
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the 15N chemical shift values did not show any general correlation with the 
calculated NPA charges either. The reasons are most likely contributions of 
conformational effects and solvation effects, indicating that several, 
counteracting factors might have been involved. 

3.3.4 Structure-Property Relationship 
A model developed by Taft, divides substituent effects on basicity into 
different contributions, i.e., electronic and steric effects.67 In the Taft 
equation (eq 2), the two last terms express the independent contributions 
from inductive and steric effects, respectively. 
 pKa = pKa

0 + · I + ·Es (2) 

Parameter sets for the bispidine substituents (in the case of 1,5-disubsti-
tuted-3,7-dibenzylbispidinones 8, 11 and 20) are collected in Table 7. The 

I-values measure the polar effects of substituents. A large positive I-value
implies high electron-withdrawing power by inductive and/or resonance 
effect, relative to H; a large negative I-value implies high electron-releasing 
power relative to H. The parameter I is supposedly free of steric influences 
and dependent on only electronic factors. This allows an estimation of 
basicity for the given set of substituents. 

Table 7. Selected Taft's I values67 and the measured pKMeCN
a  values. 

Compound R pKMeCN
a I

20 CO2Me 13.81  0.31 
11 H 16.93  0.00 

Bn
NN

Bn

RR
O

8 Me 17.48 -0.05 

The correlation appears to be rather good (Figure 15) for this group of 
compounds (1,5-disubstituted-N,N’-dibenzylbispidinones) without including 
the steric parameters into the Taft equation. In particular, it should be 
possible to propose further derivatives of these bispidinones with lower or 
higher basicity by using 1,5-substituents with higher or lower I values, 
respectively. 

13
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Figure 15. Correlation between Taft parameter I and pKMeCN
a  for 1,5-disubstituted-

N,N’-dibenzylbispidinones 8, 11 and 20. pKa = 16.95 - 10.15· I, r2 = 0.9999. 
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For the second group of bispidine derivatives (10, 14, 21 and 22), where 
only the substituents on the nitrogen atoms were varied, the Taft’s steric 
constant Es was also included to describe substituents effects on the basicity 
(Table 8). However, multivariable regression analysis to fit the data into the 
Taft equation (eq 2) did not improve the correlation between the sum of the 
electronic and steric effects, and the measured pKMeCN

a  values, indicating that 
protonation is not directly dependant on steric effects, but also on other 
factors. Such factors might involve, e.g., conformational changes of the 
bispidine bicycle. 

Table 8. Selected Taft's I and Es values67 and the measured pKMeCN
a  values for the 

bispidine derivatives 10, 14, 21 and 22.

Using the results from the correlations between structure and basicity, we 
are now able to design new bispidines with a range of pKa values, in par-
ticular bispidines with pKa’s outside the present range. A few examples are 
shown in Figure 16. The most basic bispidines and bispidinones, i.e., 10, 11,
14 and 21, and the proposed derivatives b, c and d, would constitute 
interesting examples of the group of neutral, very basic organic molecules 
that are commonly classified as “proton sponges”.68 

a)

Bn
NN

Bn

NO2O2N
O

b)

Bn
NN

Bn

SiMe3Si
O

Me3

c)

Me
NN

Me

MeMe
d)

t-Bu
NN

t-Bu

pKa = 9.24 pKa = 18.27 pKa = 21.33 pKa = 23.19 

Figure 16. Suggestions for bispidines and bispidinones with different basicity. 
Using the derived Taft equation (Figure 15): 
 (a) I(NO2) = 0.76, pKa = 16.95 - 10.15·0.76 = 9.24; 
 (b) I(SiMe3) = -0.13, pKa = 16.95 - 10.15·(-0.13) = 18.27. 
Using computations62 and PA-pKa correlation (Figure 14): 
 (c) PA = 296.67 kcal·mol-1, pKa = 21.33; 
 (d) PA = 299.67 kcal·mol-1, pKa = 23.19. 

Compound R pKMeCN
a I Es

22 Ph 13.97 0.10 2.31 
14 Ph2CH 17.79 0.07 1.50 
21 Bn 21.25 0.04 0.39 R

NN
R

10 Ph(Me)CH 21.38 0.07 1.19 
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4 Transition Metal Complexes (III)

In this chapter, a complex with sterically congested ligands is described, 
where the steric interaction between the chelating dinitrogen ligand N,N’-di-
benzhydrylbispidine 14 and the ( -allyl)Pd ligand would not allow for 
apparent -allyl rotation without Pd-N bond breaking. 

4.1 Conformation of a ( -Allyl)Pd Complex, and 
Dynamics in Solution 

The ( -allyl)Pd complex 23 was prepared by treating bis[(1,3- 3-propenyl)-
palladium chloride] with two equivalents of the bispidine 14, followed by 
addition of two equivalents of AgCF3SO3 to remove Cl¯ ions. 

NN Ph

Ph

Ph

Ph

NN Ph

Ph

Ph

Ph

AgCF3SO3

Acetone, CDCl3
0 °C

PdCl 2

Pd+

CF3SO3

14 23
Scheme 11. Synthesis of the ( -allyl)palladium complex 23.

The observed 1H NMR spectra showed broad signals at room temperature 
indicating exchange processes (Figure 17a, next page). Cooling the sample 
below -50 °C stopped these processes, except for the rotation of phenyl 
rings.

Two diastereomeric isomers of the complex 23 were present in the so-
lution (23-major and 23-minor), as well as free bispidine 14 and its proto-
nated form 14·H+. The ROESY spectrum at -30 °C showed intense exchange 
cross-peaks between the two different diastereomers (23-major and 
23-minor) and smaller exchange cross-peaks between the two identical 
forms of each of the isomers, i.e., between 23-major and 23-major , and 
between 23-minor and 23-minor  (Scheme 12). 
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Figure 17. Variable temperature 1H NMR (500 MHz) spectra for the complex 23 in 
acetone-d6. (a) +25 °C, (b) -70 °C. 

The two isomers of complex 23 exhibit different orientations of the benz-
hydryl substituents with respect to the -allyl ligand, Scheme 12. Some inter-
ligand NOEs that were crucial in the assignments are indicated in that figure. 
The steric interaction between the two ligands on palladium is different in 
the two isomers, resulting in different energies and different populations 
(major and minor). Apparent -allyl rotation (Scheme 2) in each of the iso-
mers results in mutual exchange between the two halves of the bispidine 
with respect to the -allyl ligand, resulting in complexes 23-major and 
23-major , and in 23-minor and 23-minor .

Chemical shift anisotropy effects of aromatic rings69 (Figure 18) are 
another possibility to determine the position in space of protons, relative to 
these rings. Protons that are located above the face of a phenyl ring are ex-
posed to strong shielding, i.e.,  < 0 if compared to a reference compound 
without these effects. Protons that are close to a phenyl ring but situated in 
its plane are deshielded (  is positive). 

Figure 18. Local magnetic field produced by the aromatic ring current and the 
resulting chemical shift anisotropy effects (illustrated schematically for an isolated 
benzene ring with  electron cloud). B0 indicates the outer magnetic field lines. 

a

b
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Induced magnetic field 
lines due to the circulation 
of the -electrons in the 
aromatic ring

Increased chemical shift 
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Values for the isomers of complex 23 and for a previously studied 
complex of bispidine 9, are shown in Table 9. Thus, the -allyl anti protons 
in 23-minor are situated above a phenyl ring. For the 23-major isomer, the 
syn protons are in a corresponding position instead. Finally, the -allyl syn
protons in 23-minor are also in a position above a phenyl ring, whereas in 
the 23-major isomer, the H-2 proton is in a similar position. The magnitude 
of these effects are similar to those observed in the complex of 9, where the 
positions of -allyl protons, deduced from their anisotropy effects, were 
verified by X-ray crystallography data. This proves the tight steric inter-
actions in complex 23.

Table 9. 1H NMR chemical shifts of -allyl ligand protons, 
 = (complex) – ([( -allyl)PdCl]2).

Complex (H-syn) (H-anti) (H-2) 
[( -allyl)PdCl]2 4.02  3.04  5.59  

-allyl in 23-major 2.43 =-1.59 3.29 =0.25  4.84 =-0.75 
-allyl in 23-minor 3.51 =-0.51 1.41 =-1.63 5.72 =0.13
-allyl in (9)( -allyl)Pd21,a 2.22 =-1.89 3.07 =0.03  5.60 =0.14

a CDCl3 solution, compared to ([( -allyl)PdCl]2) in CDCl3 solution 

 23-major 23-minor 
Figure 19. Space-filling models for the 23-major and 23-minor isomers, view from 
the base of the bispidine skeleton. The -allyl unit is rotated in 23-minor compared 
to 23-major, with the -allyl H-2 pointing out of the cavity for 23-minor, and 
towards it for 23-major. 

Anisotropy effects were also observed for the bispidine protons on 
carbons C-2,4,6,8. Here, the protons that were on the bispidine side facing a 
phenyl ring (C-4,6 for 23-major, and C-2,8 for 23-minor) had lower chemi-
cal shifts when these two diastereomers were compared. 

A comparison of the structure of the bispidine ligand in the complex 23
derived from NMR, with the solid state structures (Figure 9) of both free 
base 14 and protonated species 14·H+ shows that the orientation of the benz-
hydryl groups changes upon complexation. In the solid state, both phenyl 
groups of the benzhydryl substituents are pointing towards the base of the 
bispidine skeleton, whereas in the complex one of the phenyl groups is 
rotated towards the top of the bispidine skeleton. The reason is most likely 

Allyl H-synAllyl H-synAllyl H-2 

Allyl H-2 
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the tight steric interaction with the -allyl ligand. In the major isomer, these 
steric interactions are somewhat weaker than in the minor isomer. This is 
summarized in Scheme 12.

A further indication to the extent of this steric interaction might be the 
observation that complexes corresponding to 23, but with larger -allyl 
ligands (e.g. bis[(1,3- 3-butenyl)palladium chloride]), could not be formed. 

The exchange between the diastereomeric 23-major and 23-minor, as well 
as the mutual exchange within each of these isomers can be explained by a 
combination of two processes: (a) apparent -allyl rotation, and (b) benz-
hydryl rotation about the C-N bond (Scheme 12). Because of the steric 
relationships between these isomers, and the resulting chemical shifts, it is 
not possible to separate the NMR parameters for these two processes. 

Pd+

HaxHax

C-4
Heq

Ph

H

C-2
Heq

Hsyn

Hanti
H

HaxHax
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H

C-2
Heq

Hsyn

Hanti

Pd+NOE
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C-4
Heq
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C-2
Heq

Hsyn
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Pd+
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Major'Minor'

Minor

NOE

NN Ph

Ph

Ph

PhPd+

CF3SO3

Scheme 12. Relationship between the observed isomers of 23 in terms of the 
dynamic processes. The orientations of the -allyl and benzhydryl groups and 
transformations are shown. a = Apparent -allyl rotation; b = benzhydryl C-N 
rotation. 

Combined exchange rates (eqs 3-5) for the dynamic processes were 
obtained via line-shape analysis70 from 1H NMR spectra recorded at different 
temperatures (203-298 K): 
Rotation of the bispidine bicycle: 
 kobs1 = A · ka + B · kb (3) 
Mutual rotation of the bispidine bicycle: 
 kobs2 = C · (ka + kb)  (4) 
Apparent -allyl rotation: 
 kobs3 = kobs1 + kobs2 (5) 
where A, B and C are constants, ka = rate of -allyl rotation; kb = rate of 
benzhydryl C-N rotation. 
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The activation parameters (Table 10) were determined from an Eyring 
plot (eq 6) of ln(k/T) versus 1/T,70 where the slope gives the enthalpy of acti-
vation and the intercept gives the entropy. 

h
k

R
S

RT
H

T
k bobs lnln

‡‡

 (6) 

Table 10. The calculated activation parameters for the dynamic processes of 23.
H‡, kJ·mol-1 S‡, J·K-1·mol-1 G‡

-20 °C, kJ·mol-1

kobs1 41.3 ± 0.6 –41.0 ± 3.6 51.6 ± 0.3 
kobs2 37.0 ± 0.3 –73.9 ± 4.5 55.7 ± 0.9 
kobs3 40.2 ± 1.3 –44.5 ± 5.5 51.4 ± 0.1 

The current investigation is quite in line with previous data (Table 11),21

although the thermodynamic parameters for 23 can not be obtained for the 
individual dynamic processes. However, the G‡ depends mostly on the step 
with the highest activation energy (the rate determining step), which 
previously has been shown to be the breaking of a Pd-N bond.16 This is 
confirmed by the observation that ligands with higher pKa of their conju-
gated acid have higher activation energies for the apparent -allyl rotation 
due to the stronger nitrogen-palladium bond. Ligand 14, which has the 
highest basicity (pKMeCN

a = 17.79), has a G‡ value slightly lower than that 
for the ligand 8 with pKMeCN

a  = 17.48. This is likely to be a result of the tight 
steric interactions in the complex, which should weaken the Pd-N bonds. 

Table 11. Previously reported G‡ values for the apparent -allyl rotation 
at coalescence temperature21 and the pKMeCN

a  values of the bispidinones.

Complex pKMeCN
a G‡, kJ·mol-1

[(19)( -allyl)Pd]CF3SO3 8.13 40 
[(20)( -allyl)Pd]CF3SO3 13.81 52.7 
[(8)( -allyl)Pd]CF3SO3 17.48 57.5 

The bispidinone analogue of the bispidine 14, N,N’-dibenzhydrylbispidi-
none 18 did not give complexes under similar conditions, which fits with 
previous observations, i.e., bispidinones coordinate more weakly than bispi-
dines.21

4.2 A New Type of ( -Allyl)Pd Cluster (IV)

In an attempt to grow crystals suitable for X-ray crystallographic analysis for 
at least one of the isomers of ( -allyl)palladium complex 23, initial 
formation of colorless, needle-shaped crystals of the protonated ligand salt, 
14·CF3SO3H (Figure 9b) was observed, followed by the appearance of 
yellow, rhomboid crystals. The presence of small amounts of water proved 
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to be crucial for the formation of the latter crystals. Under dry conditions, 
only Pd black precipitated. 

X-ray crystallographic analysis51 identified the yellow crystals as a 
previously unreported type of ( -allyl)palladium hydroxo cluster 24. In this 
cluster, Pd and O atoms are arranged in a distorted adamantanoid geometry 
(Figure 20). The dicationic clusters are grouped into pairs, linked by two 
CF3SO3̄ ions that are hydrogen-bonded to the hydroxy ligands. These pairs 
are then linked into double strands of clusters by two more CF3SO3̄ ions. 
Thus, each cluster is surrounded by four shared anions (Figure 21). It should 
be noted that ligand 14 is required for the formation of cluster 24, although it 
is not part of it. Attempts to obtain clusters in the presence of other bispidine 
ligands were unsuccessful. We believe the reason to be both the basicity of 
14, which generates hydroxy ions, and its strong steric interaction with the 
( 3-propenyl)Pd ligand in complex 23, which favors for the replacement of 
the chelating nitrogen ligand by hydroxy ligands.71

Figure 20. Molecular structure of cluster 24.

Figure 21. The crystal lattice shows clusters 24 linked into double strands by 
hydrogen bonds via bridging counterions. 

It is tempting to suggest possible applications for these new clusters. For 
example, clusters might be deposited on a surface, which would leave, after 
decomposition, small groups of only six Pd atoms. These could then be used 
for catalytic applications, where it has been shown that catalytic processes 
involving Pd particles depend on the exact particle structure.72
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5 Conclusions

The conclusions from this work can be summarized as follows: 

A more efficient synthesis of N,N’-dibenzhydrylbispidine was de-
veloped.
A general, hydrazine-free synthetic methodology for N,N’-di-
alkylbispidines from a common precursor via bispidinone thio-
ketal has been developed, making use of rapid microwave 
supported syntheses. 
A correlation between molecular structure of bispidine deriva-
tives and their basicity has been found. The pKa values of the 
conjugate acids in acetonitrile were measured and possible new 
bispidines with enhanced basicity have been suggested. 
The solution structure and dynamics of the sterically congested 
complex between N,N’-dibenzhydrylbispidine and (1,3- 3-prope-
nyl)palladium have been fully characterized. 
A new type of ( -allyl)palladium complexes, i.e., the hydroxo 
cluster compound, has been discovered. 

Future developments in this project might cover the following topics: 

Extend the synthesis of N,N’-dialkylbispidines towards species 
with substituted side chains and cyclic derivatives. Find a method 
to use inert solvent as well as co-reactants for the reductive 
amination step. 
Investigate the properties of the N,N’-dialkylbispidines, such as 
the amphiphilic properties of their protonated forms. 
Extend the scope of the bispidine ligands towards other metals 
and complex types, such as ( 2-alkene)platinum complexes. 
Develop a method to solubilize the hydroxopalladium cluster, 
then spread it out on a surface and study the catalytic properties 
of that surface assembly. 
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6 Bispidinderivat: Syntes och interaktioner 
med Lewis-syror 

Avhandlingen behandlar tillverkning och studier av en liten grupp ligander 
för t.ex. strukturbestämning. Projekten tillhör det enorma området supra-
molekylär kemi. 

Supramolekylär kemi inriktar sig mot system bestående av molekylära 
komponenter som är länkade till varandra på ett sådant sätt att individuella 
egenskaper behålls samtidigt som nya funktioner kan uppstå som en följd av 
sammanlänkningen med ickekovalenta bindningar. Exempel på sådana 
bindningar är vätebindningar, elektrostatiska interaktioner mellan polära 
grupper och London-krafter mellan opolära grupper. De nya funktionerna 
kan användas till exempelvis strukturbestämning. 

Molekyler i gasfas Molekyler i lösning Molekylkomplex Supramolekylära aggregat 

Bild: Ökande komplexitet för molekyler, från enskilda molekyler till supra-
molekyler. 

Bispidinderivat eller 3,7-diazabicyklo[3.3.1]nonandervat är strukturellt 
besläktade med de naturligt förekommande lupaninalkaloiderna, vars mest 
kända företrädare är spartein. Flera bispidinderivat har farmakologiskt 
intressanta egenskaper, framförallt som antiarrhytmiska ämnen. Andra 
bispidinderivat kan användas som baser och ligander i organisk-kemiska 
reaktioner eller som byggstenar i supramolekylär kemi. De kemiska 
egenskaperna hos bispidinerna beror på den rigida strukturen och de två 
kväveatomer som har rätt position för att kunna bilda komplex med Lewis-
syror, t.ex metallkatjoner eller protoner. 

N RR
N

M

L

N RR
N

ML

Bild: Ett bispidinderivat bildar komplex med en metallorganisk förening. 
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En ny syntesmetod har utvecklats i vilken bispidiner kan tillverkas via 
reduktion av bispidinoner. Den nya metoden skiljer sig från de etablerade 
syntesvägarna genom att undvika användandet av det miljö- och hälsofarliga 
ämnet hydrazin, vilket är en nyckelkomponent i nästan alla tidigare 
publicerade synteser. Den förbättrade syntesen bygger på omvandling av en 
lättillgänglig bispidinon till en tioketal, som sedan reduceras med Raney-
nickel i alkohollösning med mikrovågsuppvärmning. Reaktionen blir då 
också snabbare än med vanlig uppvärmning. 

Bn
NN

Bn

S S

Raney-Ni
ROH, MW

R
NN

RBn
NN

Bn

O

HSCH2CH2SH
p-TsOH

74% 53-71%

Bild: En ny snabb och flexibel metod för att tillverka bispidinderivat. 

Strukturen av ett antal bispidinderivat och deras korresponderande syror 
har bestämts i fast fas genom röntgenkristallografi, och i lösning med mag-
netisk kärnresonansspektroskopi (NMR). Struktur och dynamik i steriskt 
hindrade ( -allyl)palladium komplex med en skrymmande bispidinligand har 
också undersökts med NMR. Resultaten ger värdefull information rörande 
dynamiska processer i komplexen. De är stabila i lösning men, i en jämvikts-
reaktion mellan den starkt basiska bispidinliganden och spår av fukt bildades 
ett tidigare okänt palladiumkomplex, det adamantanoida hydroxoklustret 
[{( 3-propenyl)Pd}6( 3-OH)4]. Bispidinliganden har en ovanlig roll i 
bildandet av klustret, då den är en nödvändig komponent vid bildandet utan 
att bli en del av själva slutstrukturen. 

Bispidinderivaten tillhör en typ av neutrala organiska baser som kallas för 
”protonsvampar” pga deras förmåga att ta protoner från andra organiska 
molekyler. En serie av bispidinderivat har karaktäriserats med avseende på 
deras basicitet, vilken spänner över tretton storleksordningar. Det finns 
korrelationer mellan struktur och basicitet. Utgående från empiriska model-
ler och beräknade elektroniska och geometriska molekylära egenskaper 
föreslås ett antal nya derivat som kan ha ännu högre basicitet.  

N RR
N

H
N RR

N
HA

+

A-

Bild: Protonering och deprotonering av ett bispidinderivat. 
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