Thesis for the degree of Doctor of Philosophy

Synthesis and Application of Novel Homochiral

Imidazolium Salts

Nameer A. Alhashimy, B.Sc.

At Dublin City University, School of Chemical Sciences

DCU

Under The Supervision of Dr. Kieran Nolan

and (in part) Dr. Joshua Howarth

2004



Declaration

I hereby certify that this material, which | now submit for assessment on the
programme of study leading to the award of Doctor of Philosophy is entirely my
own work and has not been taken from the work of others save and to the extent
that such work has been cited and acknowledged within the text of my work.

id no, W W rO W

Nameer Alhashimy

Date: >/ 0% !



DNA
ATP
DM SO-d6
CDjCN
NMR
M
Cp2Xo4
K

bpy

mV
CDC1,
de

ee

THF
mol
ppm
t-BuOK
cat.

cq.
c6bd,,
d2o
n-BuLi
Ph

OAc
Me
EtCN
MeCN
DCM
PTC
DCE

ABBREVIATIONS

Deoxyribonucleic acid
Adenosine triphosphate
Deuterated dimethyl sulfoxide
Deuterated acetonitrile
Nuclear magnetic resonance
Molarity

Cobaltecenium eyclopentadiene
Association constant
Bi-pyridinyl

Millivolt

Deuterated chloroform
Diastereomer

Enantiomeric cxcess
Tetrahydrofuran

Mole

Parts per million

Potassium tertiary butoxide
Catalyst

Equivalent

Deuterated benzene
Deuterated water

Normal butyl lithium
Phenyl

Acetate

Methyl

Propionitrile

Acetonitrile
Dichloromethane

Phase transfer catalyst

Dichloroethane



A Molecular sieves

M-C Metal-carbene

Min Minutes

Cu(OTf2 Copper triflate

LAC Ligand accelerated catalyst
DMF ANV-Dimethyl formam ide

L Ligand

1R Infrared

h Hour(s)

HMQC Heteronuclear multiple quantum coherence
pg Microgram

TLC Thin layer chromatography
NHC iV-Heterocyclic carbene
b.p. Boiling point

m.p. Melting point

CHO Carboxyaldehyde

[a]250 Specific rotation

8 Chemical shift

Y Frequency

wiv Weight per volume

Calcd. Calculated

St. Stoichiometry

J Coupling constant

rt. Room temperature

CD Circular dichrosim



Publications

The following paper was published as a part of the work contained within this

thesis:

1-

A homochiral tripodal receptor with selectivity for sodium (R)-amino

propionate over sodium (S)-aminopropionate:

J. Howarth, N.A. Alhashimy, Tetrahedron Lett., 42, 2001, 5777.

The following presentations were presented as part of the work contained within

this thesis:

2-

Oral presentation at Dublin City University/ Ireland:

The synthesis and application of novel homochiral tripodal azolium
salts.

Poster presentation at Lisbon/ Portugal, International conference on the
synthetic receptors, October 2003, N.A. Alhashimy, J. Howarth, D.
Brougham, K. Nolan.

The synthesis and application of novel homochiral tripodal anion

receptors.



ABSTRACT

Synthesis and Application of Novel Homochiral Imidazolium Salts

Nameer A. Alhashimy, B.Sc.

Imidazolium salts derived from azolium systems have diverse applications in a
wide range of areas within chemistry and biology. Of particular interest is the
application of imidazolium salts as potential anion and small molecule receptors.
Recent work has demonstrated the potential of arranging imidazolium salts
around a benzene scaffold. These new tripodal receptors demonstrated excellent
selectivities and strong binding constants for halide anions. We believed that this
work could be further developed to expand the range of binding capabilities for
this new class of tripodal receptor. The objectives of this research was to prepare
a new series of enantioselective homochiral tripodal receptors using a benzene
ring scaffold.

Herein we report the synthesis of 1,3,5-tris[N-((-)-cis-myrtanylimidazolium)
methyl]2,4,6,-trimethylbenzene tri(hexafluorophosphate) (156a), 1,3,5-tris[((R)-
3-methyl-2-butylimidazolium)methyl]2,4,5-trimethylbenzene tri(hexafluoro-
osphate) (156b), 1,3,5-tris[((S)-I-(2-phenyl)ethylimidazolium)methyl]2,4,6-
trimethylbenzene tri(hexafluorophosphate) (156¢), 1,3,5-tris[((S)-1-(2-Naphthyl)
ethylimidazolium)methyl]2,4,6-trimethylbenzene tri(hexafluorophosphate)
(156d).

All receptors were completely characterised. These new receptors were fully
investigated for both anion recognition and as enantioselective anion receptors. It
was found by 1U NMR studies that these new chiral receptors can selectively
bind chloride and bromide with high binding constants. Further 'H NMR studies
revealed that receptor (156a) is able to enantioselectively discriminate between
the enantiomers of sodium 2-aminopropionate salts.

These new homochiral imidazolium receptors were also converted to their
respective silver carbenes and their potential as ligands in the catalysis of 1,4
conjugate addition reactions was explored. It was found that the carbene
derivatives of these tripodal receptors were inefficient as ligands, perhaps due to
the small size of the receptor cavities. All of the homochiral receptors that were
prepared were investigated for possible biological activity against P. aeruginosa
and C. albicans.

Also reported is the preparation of a new 1,3-7V-heterocyclic silver carbene
complex which was studied as a potential ligand for 1,4 conjugate additions. This
ligand was also successfully converted to its palladium complex and was
explored as a potential catalyst in the Heck reaction.
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Chapter 1

Literature Survey



1.1 Introduction

1.1.1 Imidazole

Imidazole (1) was first discovered in 1858 by DeBus who synthesised it from
glyoxal and ammonia [1]. Initially, it was named as glyoxaline, but was later
renamed imidazole by Hantzsch [2], Imidazole is a five membered heterocyclic
ring containing three carbons and two nitrogen atoms in the positions-1 and 3
(Fig.1.1). One of the annular nitrogens (N-I) is bound to a hydrogen atom which
is similar to that found in pyrrole (2), the second nitrogen (N-3) corresponds to
the nitrogen found in pyridine (3). Imidazole has aromatic character, 'H NMR
spectra of imidazole has proton resonances at 7.20-7.70 ppm which is in the

aromatic region.

., F—f 725ppm 7 25 ppm
pyrrole-like pyridine-like |2
nitrogen nitrogen H
7.86 ppm
(1a) (1b)
O N N
H

Figure 1.1. (la) The distribution of electron density in the unsubstituted

imidazole, (Ib) tH NMR chemical shift of imidazole.

The resonance structures of the imidazole ring are shown in Scheme 1.1.
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Scheme 1.1. Delocalised system of imidazole ring.

The imidazole ring system has amphoteric character which is based on a proton
transfer equilibria, which allows the imidazole ring to function both as a base or
as an acid. The free imidazole is a moderately strong organic base (pKa 14.50),
but it can also act as a weak acid (pKa 7.01). Both the cationic and anionic

structures are symmetrical and delocalised, Figure 1.2.

pka= 14.5 pka= 7.0

Figure 1.2. Proton transfer equilibria of imidazole.

1.1.2 Quaternization reaction

Imidazoles can undergo a quaternization reaction, quaternization of imidazole
derivatives was first observed by Wyss [3] in 1877, where he generated a series
of 1,3-disubstituted imidazolium salts (4), as shown in Figure 1.3. The
quaternization of imidazole occurs on the annular nitrogen atom since its lone

pair of electrons are not conjugated with the n orbital of the imidazole rings.



R = Alkyl/Aryl group
X = Counter anion

4

Figure 1.3. 1,3-Disubstituted imidazolium salts based on quaternization system.

These electrons are available to undergo Sn2 type reactions with a variety of

alkyl halides (Scheme 1.2).

Scheme 1.2. The quarternization of imidazole.

1.1.3 Application of imidazoles

Imidazoles have diverse applications; (1) Imidazole can form stable salts with a
variety of organic and inorganic acids (2) Imidazole can also form complexes

with a variety of metals such as cobalt, copper and mercury, Figure 1.4.

Figure 1.4. The possibility of imidazoles to complex with a variety of metals.



(3) The imidazole and imidazolium system are present in many active sites in
enzymes. An example, histidine (6) is found in the active sites of ribonuclease.
Its function appears to be the catalysis of proton transfer as outlined in Fig. 1.2.
(4) Also, imidazole is present in many drug structures such as the antibiotic 2-
nitro-imidazole(azomycin) [4] (7). Metronidazole (8) is used as a radiosensitizer
in X-ray therapy, other imidazoles have found use as antifungal agents such as

bifonazole (9) and clotrimazole(10).

Figure 1.5. Different type of imidazoles, present in different applications.



1.2 Anion recognition

The development of artificial hosts for anion recognition has recently become a
major area of interest. The first synthetic anion host receptors were developed in
the 1960s [5,6], It is perhaps surprising that the area of anion recognition has
been slow to develop considering their importance in medicine and the
environment. Anions play a vital role both environmentally and biologically,
making their selective detection a critical research goal for modern sensor
development. Various roles that anions are involved in are outlined below:

* Anions function as catalysts, bases, redox mediators.

« Anions are of great important in disease pathways. Cystic fibrosis is caused
by misregulation of chloride channels [7] and Alzheimer’s has been linked to
anion-binding enzymes [8], so there is a real need for selective halide
detection.

* Adenosine triphosphate (ATP), is an anion involved in many metabolic
functions, DNA a polyphosphate anion, and the majority of enzyme
substrates and cofactors are anionic.

* Anions pose a large pollution problem, particularly nitrate and phosphate,

which can cause the eutrophication of rivers and lakes.

To design molecular receptors for anion detection many factors have to be
considered concerning the physiochemical properties of anions which are
outlined below :

« Charge: anions are larger than isoelectronic cations, and therefore have a
lower charge to radius ratio. This decreases the effectiveness of electrostatic
binding.

 Shape: anions species have a wide range of geometries, and therefore, a
higher degree of receptor design may be required for host : guest
complementarity.

* pH dependency: anions are sensitive to pH conditions, and so receptors must

function within a pH window of the target anion.



e Solvation: solvent effects are a crucial consideration, since anions are often
highly solvated. Potential receptors are in effect competing with solvation

[9,10],

There have been common transduction modes used for molecular recognition of
anions: electrochemical, optical, photo induced electron transfer and competition
methods [11]. Of these the electrochemical and optical methods have been the

most widely investigated.

1.2.1 Receptors based on electrostatic attraction

A number of receptors have been prepared that are able to bind anions via
electrostatic attraction such as crown ethers containing Lewis acid centres [12],
ammonium quaternary salts [13] and guanidines [14], Macrocyclic molecules
based on polyamines such as compound (11) and (12) were first reported by

Dietrich et al. [15], Figure 1.6.

11 12

Figure 1.6. Macrocyclic receptors that bind anions via electrostatic attraction.

These receptors were found to exhibit strong binding properties for anions
through electrostatic interactions (host-guest) by protonation of the amino

groups.



Electrostatic receptors have been further developed to incorporate transition

metals such as cobalt in compound (13) [16], Figure 1.7.

13

Figure 1.7. The development of electrostatic receptor by incorporating cobalt

metals as in compound (13).

This receptor was found to show that the cobaltocenium moiety was interacting
electrostatically with bromide anion, producing the cathodic wave shift of the

cobaltocene/cobaltocenium electro-couple.

1.2.2 Cobaltocenium based anion receptors

After the development of electrostatic attraction receptors (13), work began to
focus on the development of new receptors containing both H-bonding moieties
and electrostatic moieties. Beer et al. developed a new class of inorganic anion
receptors (14) and (15) in which hydrogen bonding was employed as a functional

mode for anion-coordination [18], Figure 1.8.



\ /
N

Co+

14 15

Figure 1.8. Inorganic anion receptors (14) and (15) containing H-bonding and

electrostatic moiety as a functional site to anion binding.

IH NMR anion titration studies showed considerable downfield shifts,
particularly for the amide protons, indicative of a strong hydrogen bonding. A
considerable degree of hydrogen bond formation was even observed in polar

aprotic solvents such as acetonitrile and DMSO.

The stability constants for these receptors (14,15) showed differences between

different anions. The stability constant of receptor (14) was 1200 and 100 M1 for

H2PO4 and CI', respectively, whereas (15) was 320 and 35 M 1 for H2PO4' and
CI' [18]. These receptors are also capable of electrochemically recognising
anions. Addition of an anionic guest stabilises the positive cobalt centre,
resulting in substantial cathodic shifts of the reversible Cp2Co+Cp2Co redox

couple.

The importance of hydrogen bonding was further investigated by Beer et al. [19].
Receptors (16a-c) indicated that the strength of chloride ion binding is enhanced
when additional interactions of amine-halide hydrogen bonding are sterically

accessible, as it is in the case of (16a) and (16b) but not (16c), Figure 1.9.



ortho 16a
meta 16b

nh2 Ppara 16c

Figure 1.9. The substituent amine in receptor (16a-c) would bind efficiently at

an ortho position and less with meta and lesser in para position.

Aza-crown substituted cobaltocenium (17) has been prepared, an investigation
was focused on the electrostatic effect on cobaltocenium in the presence of alkali
metal guest within the crown ether rings for anion binding process [20], Figure

1.10.

17

Figure 1.10. Crown ether moiety would enhance anion binding in receptor (17)

in addition of electrostatic effect (cobaltocenium).

Uno et al. followed these preliminary results by preparing a chiral secondary
amide possessing a cobaltocenium moiety (18) [21], Figure 1.11. IH NMR of this
receptor revealed it could bind anions enantioselectivity, but only to a small
degree (estimated at 10%) for one chiral form of the optically active camphor-

10-sulfonate anion.



18

Figure 1.11. The ability of receptor (18) to bind anions enantioselectively.

A series of bis cobaltocenium systems (19) and (20) containing a
cobaltocenium*arm’ have been prepared [18], Figurel.12. These receptors impart

further selectivity and enhance binding stability.

0 )
Cot+ _Co+

2PF6

19
(CH22 20a
«(ch23_ 20b
-(CH24 20c

Co+ H H -£°

2PF6 20d
20e

Figurel.12. Receptor (19) shows different result in terms of selectivity and

binding by the effect of alkyl chain length and the type of amino spacer.

'H NMR studies showed 1:1 complexes with halide anions for the alkyl-linked
derivatives (20a-c). Stability constants showed decreasing values when the
length of the alkyl chain increased and the selectivity was for chloride over
bromide and iodide. Larger aryl or alkyl amino spacers 20d-c afforded 2:1

stoichiometry between halide anion and receptor.

10



The macrocyelic effect has been investigated with receptors (21) and (22) [22],
Stability constants determined from 'H NMR titration studies with chloride anion
in DMSO-i/e gives values of 250 and 20 M '1for the cyclic and acyclic analogues,

respectively, thus showing its selectivity based on the “macrocyclic effect”,

Figure 1.13.
@)
OMe
Co+ 3
OMe
PF, pf., 0
21 22

Figure 1.13. Different selectivity between receptor (21) and (22) and that due to

macrocyclic effect.

Another macrocyclic receptor (23) has been prepared. This receptor acts as a

switchable cobaltocenium based chloride binding host [23], Figure 1.14.

pf6 o

23

Figure 1.14. Switchable anion sensing present by (23) with inclusion of

cobaltocenium into a crown-ether framework.

The free receptor was abled to bind chloride anions, but by adding potassium
ions, the binding system was switched off and that presumably is due to a

sandwich complex between a single potassium ion and the two crown ether



substituents which has an effect on the conformation of the amide groups,

Figurel.15.

Figure 1.15. Addition of potassium anion into receptor (23) would produce

sandwich complex and consequently will switch off the binding system.

A novel cobaltocenium porphyrin receptor (24a) has been synthesised [24], in
which four metallocenes are appended to the meso carbons of porphyrin. The cis-
ela,a-atropisomer exhibits the following selectivity trend CI' > Br' » NQfT,
Figure 1.16. The observation from NMR titrations in acetonitrile shows shifts
of up to 0.70 ppm for the amide, Cp and pyrrole protons upon addition of halide
anions. The stable complex was in a 111 stoichiometry and gave stability
constants of 860 and 820 M'] respectively, whereas nitrate exhibited weaker
binding with K = 90 M 'L In contrast the (24b) and (24c) atropisomers show less
selectivity with the following binding selectivity NCV > Br' > CF, indicating

binding is atropisomer dependent Figure 1.17.

12



Figure 1.16. Cobaltocenium porphyrin receptor (24a) revealed selectivity for

halide over nitrate anions.

Figure 1.17. Receptors (24b,24c) show lower selectivity for anions compared to

(24a).

13



Calixarcne framework (25) incorporated with aditopic cobaltocenium moieties
has also been prepared [18,25], Figure 1.18. 'H NMR spectroscopy showed

stable 1:1 anion complexes in DMSO and acetone.

25

Figure 1.18. Aditopic cobaltocenium moieties (25) is including calixarene

framework showing a selectivity with two anions.

This receptor displayed selectivity for chloride over dihydrogen phosphate which
is uncommon. Changing the functionality on the lower rim of this receptor,
altered the anion coordination properties. For example, receptor (26) showed a
reverse trend of selectivity toward dihydrogen phosphate over chloride [26] and
that presumably is due to the bulky tosyl groups which may alter the topology of

the upper rim anion binding site, Figure 1.19.

14



Figure 1.19. Receptors (26) bearing two tosyl groups which would effect upper

rim topology, leading to a change in binding.

1.2.3 Ferrocene-based anion receptors

Ferrocene has also been incorporated into anion receptors, but the neutrality was
one of the significant differences for the ferrocene analogues compared to the
cobaltocenium systems, and therefore, the ferrocene derivatives possess no
inherent electrostatic interaction. The ferrocene could not interact with anions
until it was oxidized, thus ferrocene can be switched on for electrostatic
interaction by oxidation [27]. Ferrocene units appended with secondary amides
have also been employed for anion recognition and a series of simple amide-
functionalised ferrocene derivatives (27-30) were prepared and investigated for

their anion recognition properties by Beer et al. [28,29], Figure 1.20.

15



N
Fe Fe
27 28
H NH2
Fe Fe
O
29 30

Figure 1.20. Receptors (27-30) based on amide-functionalised ferrocene

showing different affinity for anions.

These receptors have been developed and utilized as hydrogen bond donors to
introduce anion selectivity which is analogous to that of enzymes. The neutral
secondary amine groups were incorporated in to this system to act as both
hydrogen bond donors and acceptors (difunctional character), subsequently,
enhancing the anion recognition process and selectivity. The potential for these
novel receptors is for use in electrochemical anion selective redox sensors.
Thioamide receptor (28) was found to bind halide anions more effectively than
(27) whereas receptor (29) proved to be the most efficient. The example of a
difunctional receptor is (30) which possesses improved selectivity as determined
by :H NMR and electrochemical detection toward hydrogen sulphate anion. This
selectivity is attributed to the presence of the basic amine which is protonated by
the hydrogen sulphate anion, therefore, the protonated receptor shows a high
binding affinity for sulphate anion. It is argued that two different modes of
anion binding are possible. Mode (A) was operating for non-acidic guests and
relies on the receptor donating hydrogen bonds from the amide, Figure 1.21.
Mode (B) was operating for acidic guests where a proton is transferred from the

guest anion to the receptor, followed by hydrogen bonding and electrostatic

16



interaction. Receptor (30) binds moderately to dihydrogen phosphate and it is
believed that the binding mode is intermediate between the two modes of
binding, therefore, the amine group would enhance the selectivity for acidic

anion guests.

Mode A: Hydrogen bonded only. Mode B: Electrostatic and hydrogen
bonding.

Figure 1.21 The two different modes of anion binding of receptor (30)

In an attempt to mimic nature, anion receptors such as (31) and (32) with three
dimensional arrangements of hydrogen bond donating groups were developed
[30], Figure 1.22. Electrochemical experiments showed detection of H2PO4'
anion in the presences of a ten-fold excess of HS(V and CF ions, where the
selectivity was found to be H2PO4' > HS04> CF in a 1.1 receptor: anion

stoichoimetry for all three anions.

32

Figure 1.22. Anion receptors (31,32) showing selectivity for hydrogen phosphate

even in the presence of a ten-fold of HSCV and CF ions.

17



Ferrocenyl groups were introduced onto the lower rim of the Calixarene [31,32],
Receptor (33) was able to bind and complex anions with a 1:1 receptor:anion
stoichiometry. CI', H2s04 and H2P04 showed the largest positive shift of the

ferrocene/ferrocenium redox couple, Figure 1.23.

33

Figure 1.23. Calixarene receptor (33) with attaching ferrocenyl moiety in the

lower rim enhance the complexation with anion.

Phosphine functionalities have also been introduced into ferrocene-based
systems containing amide functionalities [32], Incorporation of the phosphines to
a transition metal enhances the strength of anion binding (34-36), Figure 1.24.
These receptors show anion recognition, in 1:1 acetonitrile/dichloromethane, via
significant cathodic perturbations based on the ferrocene and transition metal
oxidation wave. The greatest strength of anion binding was with Ru-(bpy)-

substituted receptor (36).

18
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Figure 1.24. Amide-ferrocene reccptors (34-36) with appending phosphine

moiety enhance anion binding particularly with (36)

Recently Beer et al. have been able to prepare a new water soluble polyaza
ferrocene macrocyclic ligand that can bind and electrochemically sense
phosphate and sulphate anions [33,34], These amino ferrocenyl compounds were
able to detect both transition metal cations and anions, while the selectivity
depended on pH conditions. This functionality results in the so-called dual
purpose sensor which are, pH dependent, showing potential as prototype

amperometric sensors such as (37), Scheme 1.3.

Scheme 1.3. The dual function of receptor (37), presenting its potential as a

prototype amperometric sensor.

19



Receptors (38), (39) and (40) were able to complex adenosine triphosphate and
hydrogen phosphate in water at pH 6.50, where at least two of the nitrogen atoms
are protonated, 1:1 complexes were formed, Figure 1.25. Electrochemical studies

at the same pH showed 60-80 mV cathodic shifts with phosphate anions.

n=1
38 n=2 40
Figure 1.25. Receptors (38-40) are able to bind ATP and H2P(V in water at pH
6.50.

A new class of anion receptor possessing ferrocenyl imidazolium salts have been
synthesised by Howarth and co-workers [35a], Figure 1.26. They designed
receptor (45) based on the ferrocenyl moiety as a redox site, with the added
combination of a hydrogen bond on the electron deficient C-2 carbon atom of the
imidazolium ring. It was found that the C-H— X' hydrogen bonding enhanced
anion recognition. This receptor was able to detect anions such as CI', Br*, I,
NO3 and HsO4 in cDc13, whereas the H-2 proton of the imidazolium ring
revealed significant shifts accompanied by signal broadening, with a 1:2
receptor:halide binding stoichiometry, and 1:1 with nitrate and sulphate.
Electrochemical studies of receptors (41-45) showed that the oxidation potential
shifted anodically with increasing substituent size. When five equivalents of a
particular counter ion was added, the anodic wave was observed to shift to more
negative potentials, excluding bromide salt which gave a positive shift and in
each case the largest negative shift achieved when five equivalents of the Hs0 4

ion were added,
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43 R=Pr
44 R=Bu
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Figure 1.26. Receptors (41-45) based on imidazolium ring and ferrocene.

Later on Howarth and co-workers (Dallas) [35b] developed series of anion

receptors, based on azolium and ferrocene moieties, to be investigated for anion

recognition, see Figure 1.27.

Az

Bzim

Fe Bzim
X' Bzim

Bzim

Bzim

2I
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CH2 52
C2H9 53

R X

CH2C6H5 ClI 46
ch3i 1 a7
C2Hs 1 48
C3H7 1 49
C4H9 1 50
CH2C6H5 Cl 51

Az

Im 54
Bzim 55

Figure 1.27. New classes of azolium ferrocene receptors (46-55).

1.2.4 Imidazolium tripodal based anion receptors

21

More recently, the tripodal imidazolium derivative (56) has been described as a

new anion receptor with C—H— X' hydrogen on the electron deficient C-2

carbon atom of the imidazolium ring and guest anions such as C1°, Br', and I'

[36], Figure 1.28.
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It has been demonstrated that the imidazolium based tripodal receptor (56) has
considerable affinity for halide anions in polar solvent through electrostatic
interactions and C—H—X" hydrogen bonds. *H NMR studies revealed
significant large downfield shifts (5>1.30ppm) with concomitant broadening in
the signal of the C-2— H of imidazolium moieties until 1 equivalent of CI' was

added. The same was observed for Br' and I".

SP%

Figure 1.28. Receptor (56) based on tripodal imidazolium ligand, showing the
ability to bind halide anions according to hydrogen bonding and electrostatic

force.

Further evidence for the complexation of the halide anion via hydrogen bonding
was obtained from association constants and binding free energies which were
determined, from their titration curves by using a non-linear least-squares curve-
fitting program [37]. The association constants are fairly large for halide anions
(75000-7200 M"D), and the magnitude of the chemical shift changes and
association constants decrease in the order CI' >Br' > I', consistent with their
relative hydrogen- bonding abilities and surface charge density [38]. Sato and
co-workers have also prepared two more receptors (57) and (58) for comparison
purposes and have shown the same result in the case of titration, but obtained
different association constants which were relatively small compared to that of

(56).
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In receptor (57), the absence of the methyl groups at the ortho position resulted
in a 50-times smaller association constant compared to that of (56) for chloride.
Presumably, this difference is a result of conformational flexibility of (57)

compared to (56) [39-41], Figure 1.29.

n-Bu

Figure 1.29. Receptors (57,58) show smaller association constants than (56).

A similar tendency was observed in bidentate receptor (58), in which one of the
imidazolium methyl units was removed. Therefore, both the three imidazolium
methyl groups at the positions-1,3,5 and the 2,4,6-substituents are believed to
provide a favourable environment for the formation of a stable complex with
halide anions. On the basis of this data they proposed a possible structure of the

complex between (56) and halide ion in a syn conformation, Figure 1.30.

Figure 1.30. A possible structure of (56) with halide anions.
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Other imidazolium tripodal receptors have been synthesised by Anslyn et al.,
[39] Figure 1.31, presenting an interesting complexation between tripodal
receptors (59-61) and various biologically active anions: e.g. (phosphate and

carboxylate) [42],

59

Figure 1.31. Receptors (59-61) target biological anions.

The complexation of several anionic guests by (59) was studied by ‘H NMR
spectroscopy. Binding constants were obtained by 'H NMR titration techniques
[43]. Citrate and tricarballate (1,2,3-propanetricarboxylate, a citrate analogue
lacking the OH) yield binding constants near 7><103 M '1in pure water. Although,
ATP'4 has greater charge, it did not result in a stronger complexation, indicating
the complementarity between receptor (59) and the anion. Smaller binding
constants for succinate and glutarate were found (both near 2x102 M']). Acetate
showed very weak binding (estimated to be<10 M'1), but the binding isotherm
indicated equilibria beyond simple one to one association. Receptor (59) is also
capable of binding citrate in a crude extract of orange juice at pH 7.40,
remarkably with a binding constant of 4.60><103 M'Ll The influence of other
carboxylates in orange juice (e.g. maleate, ascorbate, and succinate) [44], ionic

strength, and other compounds such as organic, inorganic phosphates as well as
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sugars is small, emphasizing the selectivity of (59). They were examined by
verifying that guanidinium groups are important in the carboxylate recognition,
the result of that shows the binding constant in pure water equals 3><103 M '], less
than half the binding constant of (59). Since ammonium cations in other hosts are
typically better receptors for carboxylates in water [45], this led to the
conclusion, that when extensive hydrogen bonding, and not just charge pairing is
involved in the host/guest complex guanidinium groups are better receptors for
carboxylate. Furthermore, they verified the advantages to binding imparted by
the preorganization of (59). The analogue (60), which lacks steric
preorganization, yielded a binding constant of only 2.4><103 M'l with citrate.
Therefore, host (59) is indeed quite complementary to citrate and possesses good
selectivity for citrate-like structures.

Recently Steed and co-workers have synthesised a series of “ venus flytrap”
anion receptors. These receptors were based on podands with a hexa-substituted
core and functionalised with hydrogen-bonding and cationic pyridinium groups,
in which a ferrocenyl group was attached to the pyridinum (62) [46], Figure 1.32.
The host is preorganised in a cone conformation and shows considerable binding
for halides, particularly chloride. The complexation-induced chemical shifts was
up to 1.54 ppm for the NH protons in c D scN, where the selectivity trend is c 1>
Br>T, and some selectivity is also shown for acetate. Preliminary
electrochemical studies revealed a relatively poor coupling between binding and

signalling moieties, but the observed selectivity sequence was in a agreement

with that obtained by NMR.
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Fe

62

Figure 1.32. New tripodal anién receptor (62) based on ferrocenyl pyridines.
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1.3 Enantiomeric discrimination

One of the great problems faced by the pharmaceutical industry involves the
qguantitation of undesired enantiomers in drug raw material. Quite often only one
enantiomer of a chiral compound is actually a bioactive therapeutic, the other
enantiomer in some cases is non-bioactive or if bioactive it may cause
undesirable side effects. It is therefore essential that the final product be properly
analysed for enantiomeric purity.

In order to determine enantiomeric purity, it has become desirable to create a
specific host molecule which could act as a molecular sensor, with the capability
to differentiate enantiomers. Such molecular sensors would afford rapid and fast
effective analysis for enantiomeric materials.

To design any molecular sensor, the main issues to be addressed are; (1)
recognition of the target species; (2) transduction of the binding event; (3)

immobilization or controlled localization.

An excellent example of such a system is Rebeck’s and co-workers receptors

(63a,b), which contains self-complementary [47,48] glycoluril and cyclic

sulfamide functionalities [49], Figure 1.33.
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Figure 1.33. (a) The chemical structure of achiral (63a) and chiral (63b)
tetramer subunits, (b) A three-dimensional representation showing the shape and
curvature of (63a). (c) The four identical subunits arrange in a head-to-tail
manner and encapsulate a guest molecule, (d) The seam of 8 hydrogen bonds

between sulfamide and glycolurils present at each end of the tetrameric capsule.

Each subunit self-assembles through hydrogen-bonding, to give a cyclic
tetrameric capsule, Fig. 1.33c [50], where the end of the capsule is comprised of a
circular seam of 8 hydrogen bonds between the glycoluril and cyclic sulfamide
functionalities Fig. 1.33d. A variety of chiral guests were screened to determine if
encapsulation with the cavity of (-)-(63b) would occur. It was revealed that
racemic mixtures of various ketones were discriminated by (-)-(63b), Figure
1.34. Both enantiomers of norcamphor and 3-cyclohexanone could be
discriminated by (-)-(63b) as indicated by 'H NMR Fig. 1.33. Modelling studies
indicate that 3-methyl cyclohexanone binds with the ketone oxygen with one of
the cavity of hydrogen bonds while the methyl group is directed at the hydroxyls

of the complex.
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Figure 1.34. *H NMR spectrum of (-)-63b for enantiomeric selectivity; (a)
nonselective encapsulation from a racemic mixture of norcamphor, (b) highly
selective from a racemic mixture of 3-methylcyclohexanone, (c) encapsulation of
(R)-(+)-3-methylcyclohexanone. (¢) Resonances attributable to encapsulation of

the (R)-ketone, where(a) is for the (S)-ketone.

Rebek and co-workers have investigated another system receptor (64) [51,52],
Figure 1.35. This molecular host shows poor binding in solution [53], but forms
complexes with ions in the gas phase [54] and yields host-guest complexes in the

solid state [55], They further developed (64) to (65).

29



R ft >0 )=0 R R.
°S,0=" HN NH R’ R- fO /»0

NHNHV—  0=<HN nh
CnHzgCnHaA CnH23 C,iH23C1
g i Ik%lmB
64 65
Ph
(3) — CH20H
(b)— CACHjOH Lo
Me
© _P7"0H © J_°H

(d) Me'™ J A -OH  (9) j-CH2CH2CH20H

Figure 1.35. A new structural motif for synthetic receptors (64) and (65) allow
for the incorporation of a variety of non-racemic groups into the structure’s

upper rim.

These compounds have been investigated for enantiomeric discrimination
through *H NMR spectroscopy. The host-guest complexes between nonracemic
or racemic trans-1,2-cyclohexanediol in (65c) and (65d) were tested, Figure 1.36,
Receptor (65c) shows no discrimination between the enantiomers of
cyclohexanediol, Fig.1.36(a,b), while the isomeric form (65d) shows a 33%

diastereomeric discrimination for cyclohexanediol, Fig.l ,36(c,d).
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Figure 1.36. The IH NM R spectrum for host-guest complex between (a) racemic
trans-l,2-cyclohexanediol and 65c, (b) optically active trans-I,2-cyclohexanediol
and 65d, (c) racemic trans-l,2-cyclohexanediol and 65d, and (d) optically active

trans-1,2-cyclohexanediol and 65d.

From this work it was determined that when the stereocentre is closer to the
phthalimides the stereogenic environment inside the capsule becomes more
pronounced (twisted). This result is in agreement with the CD experiments that
show a larger induced signal for (65d) as compared to that of (65c). It was also
found that by increasing the steric bulk (by using a phenyl instead of a methyl)

increases the diastereoselectivity to about 60% (de) for (65e) and (65f) [56,57],

Crown ethers (67) prepared from 1,1-binaphthyl skeletons (66) have shown an

ability for enantioselective recognition [58-63], Scheme 1.4.
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67

Scheme 1.4. Nitrophenol as a lartait moiety was attached to receptor (66),

leading to produce receptor (67).

The binding properties of receptor (67) was evaluated by NM R titration studies
with n-butyl amines, Figure 1.37. These experiments showed the signals of
«-butylamine /»-mtrophenolate shifting to lower magnetic field relative to the
free «-butylamine. This observation could be attributed to a decrease in the
electron density of the nitrogen atom Fig. 1.37a, where as the signals relating to
n-butylamine in the 1.1 complex were shifted to a higher magnetic field
Fig. 1.37c. This indicates that the n-butylamine is located within the shielding
field of the naphthyl rings of host (67). Furthermore this host has been examined
for chiral anion recognition using UY titration, and Ka calculated. It was found
that the association constants were generally moderate and enantioselectivity
ratio small, with an assumed 1:1 binding. Unambiguous chiral discrimination
was found for phenyl glycinol ( KR/ZKS= 3.20), whereas phenyl alaninol shows

some selectivity (KK r = 1.70) but the degree of selectivity was small.
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Figure 1.37. Partial lH NM R spctrum of (a) rc-butylamine /»-nitrophenolate, (b)
«-butyl amine and (c) 1:1 mixture of host (67) and rc-butylamine in cDcCl13 at

25 °C.

Dinaphthyl moieties have also being introduced into the lower rim of calixarene,
an example is compound (68). This compound showed enantiomeric
discrimination of 1-phenylethylamine, Fig.1.38. The (R)-enantiomer causes
colour change and a shift in the electronic absorption of the calixarene from 515
to 538 and 650 nm, whereas the (S)-enantiomer caused no change in colour [64],
This colour change is attributed to the deprotonation of the indophenol on one
side of calixarene (long wavelength) and a hydrophobic interaction between the
chiral guest amine and the binaphthyl on the other side (short wavelength). It is
the hydrophobic interaction between the guest chiral amine and the binaphthyl
calixarene substituent that is enantiomer-dependent. The presence of the

different enantiomers can therefore be detected through colour changes.



Figure 1.38. Compound (68) showed the ability to discriminate between two

enantiomers of phenylethylamine by colour changes.

Recent work has been focused on hemicarcerand systems, for possible
applications in bio sensing and asymmetric catalysis [65]. Warmuth and
co-workers have exploited the hemicarcerands to prepare receptor (69) [66] with
six attached glycine units [67,68], Figure 1.39. Also hemicarcerand (69) has two
coumarin groups, which are attached via flexible ethylenedioxy linking groups.
The aim of this approach was to focus on chiral recognition inside the inner
phase of the achiral hemicarcerand with one extended equatorially located portal

[69]. [70],

Figure 1.39. Hydrophilic hemicarcerand receptor (69) with attachment of six

glycine is able to recognize chiral anions.
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This receptor has been investigated for chiral recognition by applying different
chiral compounds as guests (A-F), Scheme 1.5, which led to the formation of
diastereomeric complexes, which were characterized by N MR titration, Figure

1.40.

Figure 1.40. IH NMR spectrum showing diastereomeric complexes (69) with
(+)-E or (-)-E, represented by opened while arrows. (=) indicate the protons of
the coumarin moieties of (69). Filled black arrows indicate methylene and

methane protons of complexed E.

The highest diastereomeric excess de = 20% was observed for 3-methyl-
cyclohex-l-ene (E), Fig.1.40, when the larger enantioselectivity was observed
for hemicarcerands that contain binaphthyl groups as chiral elements [71,72],
The diastereoselectivity was observed in spite of very similar size and shape of
(+)-E and (-)-E compared to the enantiomers of (B) and (C). The selectivity was
attributed to the dispersion interactions between the C-H bonds of both
enantiomers and the electron-rich aryl units in the asymmetrically twisted inner
phase of (69) [73]. Both enantiomers of the more flexible (B) and (C) are able to
change their conformation such as to maximize their interaction with the
surrounding host, unlike (E) which is far more rigid. Thus the rigidity and inner
phase-guest shape-complementarity are important guest properties to achieve
high enantioselectivity in molecular recognition by open shell hemicarcerands

[741],
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Scheme 1.5. Complexed achiral and chiral guests with receptor (69). The

diastcreomeric ratio (in parentheses) are given underneath the compound symbol.

Recently, Diamond and co-workers prepared two new calix[4]arene derivatives
(70) and (71) [75]. Calix[4]arene (70) has been able to discriminate between
enantiomers of phenylalaninol through the quenching of the fluorescence
emission in methanol, in contrast (71) can discriminate between the enantiomers

of phenylglycinol, but not phenylalaninol. Pig. 1.41.
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Figure 1.41. Two calixarene[4] derivatives of propranolol amide of/?-allylcalix

[4]- arene (70) and (S)-dinaphthylprolinolcalix[4]arene (71).
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1.4 Carbene

Carbenes have played an important role in organic chemistry. While much of the
early chemistry of these laboratory curiosities was established in the 1950s by
Skell [76], it was Fischer and his students who introduced carbenes into
inorganic and organometallic chemistry in 1964 [77]. Suffice to say that metal
carbenes have found significant applications, particularly in organic synthesis,

catalysis, and macromolecular chemistry [78-81].

1.4.1 Nucleophilic carbene

The chemistry of nucleophilic carbenes dates back to the early 1960s and much
of the pioneering work was done by Wanzlick [82,83], Species such as (72A) and
(72B) were examined at that time; precursors of (72) include the dimeric and
electron-rich olefin (73) and imidazolidine (74) (by thermal elimination of
chloroform), Figure 1.42. Cross coupling experiments showed that (74) is not in
equilibrium with the two carbene units (72) [84], on the other hand, it is certain
that the C-C double bond of (73) is cleaved in reactions with electrophiles with
the liberation of (72) [85], The influence of donor groups on the stability
constant of carbene (72) have been clearly recognized and an even larger effect
was correctly predicted for structurally related carbenes of type (75) which
possess an“ aromatic resonance structure” (75A,B?C and D) [82], Scheme 1.6.
However, serious attempts to isolate carbenes of type (72) and (75) were not

achieved until 1991,
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Figure 1.42. Nueleophilie carbene (72 A,B) and its derivatives (73,74).
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Scheme 1.6. The imidazolidine carbene (75).

1.4.1.1 Imidazolium carbenes.

In 1970 Wanzlick and co-workers were able to demonstrate that imidazolium

salts such as (76) and (79) can be deprotonated by potassium ferf-butoxide to

produce carbenes (77) and (80), respectively, Scheme 1.7. By using phenyl

isothiocyanate as a trapping agent, the zwitterion (78) [86] was isolated, and

treatement with mercury acetate gave carbene-complex (81) [87],
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Scheme 1.7. Two imidazolium precursors (76) and (79) were successfully

converted to carbenes (77) and (80).

Two decades later Arduengo and co-workers [88] were successful in isolating
electronically stabilized nucleophilic carbenes by preparing bis(l-adamantyl)
imidazolium chloride (82), which was deprotonated with sodium hydride in
THF in the presence of dimethyl sulfoxide anion as a catalytic agent

producing (83), Scheme 1.8.

THF

+ NaH / : + H2f + NaCl J
Cat.

DMSO

82

Scheme 1.8. The stability of (83) is attributed to a combination of steric and

electronic factors [89, 90].
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This compound (83) afforded a colourless, crystalline and thermally stable
product in 96% vyield. The 13C NMR spectrum of (83) showed the position of

the C-2 carbon to be at 211 ppm which is standard for carbenes.

Areduengo believed that the Kkinetic and thermodynamic stability of this
carbene can be attributed to steric and electronic factors [91]. The electronic
factors operate in both the a and fr-mode. In the jr-mode, electron donation
into the carbene out of-plane p-orbital by the electron-rich system (N-C=C-N)
leads to a “moderation” of the typical electrophilic reactivity of carbenes. The
a-mode, would give additional stability for the carbene electron pair which
may be gained from the <T-electron-withdrawal effects on the carbene centre
by the more electronegative nitrogens, and this would serve to moderate the
nucleophilic reactivity of the carbene. The overall combination of these a-and
7i effects would serve to increase the singlet-triplet energy gap and stabilize

the singlet carbene over the reactive triplet [92],

After the first successful attempt to isolate carbene (83), Areduengo and
co-workers reported a series of electronic stable carbenes (85), (87), (88) and
(91) [90]. Carbene (85) was prepared when 1,3,5-tetramethyl-imidazolium
chloride (84) was treated with 1 equivalent of sodium hydride and 5 mol %
potassium ter/-butoxide in THF, Scheme 1.9. Carbene (85) was obtained in
69% yield. '"H NMR spectroscopy shows only two resonances of equal area at
2.01 and 3.48 ppm which is assigned to the methyl groups on the carbon and
nitrogen. A peak at 213.70 ppm in the 13C spectrum is also observed

indicating the presence of a carbene (83).
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Scheme 1.9. The synthesis of carbene (85) by NaH and i-BuOK as a catalyst.

To separate the a and [N effects of the TV-aryl substituents Arduengo et al.

prepared carbenes (87) and (88), Scheme 1.10.

CH

87 R=ch3
86

88 r=H

Scheme 1.10. Carbene (87) and (88) synthesised in order to interpret the <t

and N effect from substituent.

The mesityl substituents of carbene (87) provide an opportunity to observe the
8 effect of an aryl substituent since the o-methyls will prevent conjugation
between the phenyl rings and the nitrogen centres. The j?-tolyl substituents of
(88) will allow a re-effect because the rings can assume a planar (conjugating)
arrangement. The LH NM R spectrum (THF-d#) of (87) shows a signal for the
imidazole ring protons of C4,5 at 8 7.04, which is quite similar to the values

in (88) (8 7.02 in THF-af«) and (83) (6.92 in THF-ds). The 13C NM R spectrum
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of (87) reveals the carbene resonance at 219.69 ppm, where as the 13 NMR

spectrum (THF-dS) of (88) reveals the carbene centre at 6 215.79 ppm.

A similar chemical shift was observed for another aryl substituted imidazole
(90), obtained in 43% isolated yield, Scheme 1.11. The 13 N MR spectrum
(THF-i4) of (90) revealed the carbene centre at 8 216.28 ppm and the remaining
imidazole ring protons at 8 7.76 ppm. This downfield shift of the C4,5 protons
of carbene (90) is due to the anisotropic effect of the wunhindered aryl

substituents.

89 90

Scheme 1.11. The synthesis of carbene (90) using t-BuOK as base.

Arduengo and co-workers also investigated the synthesis of a new saturated
hetrocyclic stable carbene |[,3-dimesitylimidazolin-2-ylidene (92) [93] which
was formed through the elimination of KC1 and H2 (eq.l) and afforded pure

carbene in 72% vyield, Scheme 1.12.
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Scheme 1.12. The synthesis of a saturated heterocyclic carbene 1,3-dimesityl-

imidazolin-2-ylidene (92).

The saturated carbene (92) is stable in the absence of oxygen and moisture with a
melting point around 107-109 °C, (see scheme 1.12). The 13C NMR spectrum of
(92) (THF-c/s) reveals a signal at 8 244.50 ppm that clearly identifies the
compound as a carbene. The stability of the saturated carbene (92) is probably
due to the bulky mesityl groups at the nitrogen which provides some measure of
kinetic stability by hindering the dimerization of carbene centres along the non-
least motion pathway [94], In addition the C4-5 double bond is not critical to the

construction of stable diaminocarbenes.

Herrmann and co-workers [95-97] prepared new imidazole heterocyclic carbenes
by introducing a functional group such as oxygen, nitrogen and diarylalkyl
phosphino donors in the side chain(s) or with chiral residues, using a liquid-
ammonia route; (93), (94), (95) and (96), Figure 1.43. When imidazolium salts
were deprotonated in a mixture of liquid ammonia and aprotic polar solvents e.g.
THF, the desired carbene was obtained in excellent yield and purity; in most

cases the reaction went to completion within about 30 minutes at- 40 °C
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Figure 1.43. Four different N-heterocyclic carbenes (93-96).

In 1998 Arduengo and co-workers [98] realized Wanzlick’s dream by isolating

(98), Scheme 1.13.

THF
+ t-BuO K

97 98

Scheme 1.13. Isolation of carbene (98).

Carbene (98) was synthesised by modifying the procedure published by
W anzlick making it possible to isolate the carbene [86], The N MR spectrum
of (98) shows a collection of multiplets at 5 = 6.90-7.40, but this provides little
information about the compound. A signal at 0 219.60 in the 13C NM R spectrum

(THF-ds) of (98) clearly identifies the compound as a carbene.



Recently Arduengo and co-workers [99] have prepared new imidazol and
imidazolin—Z—yIidenes by introducing new sterically demanding substituent
groups at the ring nitrogen atoms (100ab), (102ab) and (103ab) which are
essential in the imidazoline—Z—yIidine series to prevent dimerization with
formation of an electroniclly rich olefin [100-102]. Arduengo et al. has

synthesised various imidazolidine carbenes using different pathways, in good

yields, Scheme 1.14.

1-
|
NH.HCI
s2rNp,  MTTOH e
* o THF, HCl
0-70°C NH.HCI
a,b R a,b
R
HC(OEt) N N
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a R+ 1-(2,4,6-trimethylphenyl)
b :R= 1-(2,6-diisopropylphenyl)

Scheme 1.14. The preparation of (100a,b-103a,b) by different pathways; (1) via

(99a,b), (2) via (101a,b) imidazolium salts.

The ,3C NMR spectrum (benzene-i/é) of (100ab) revealed a strong downfleld
shift of ca. 80 ppm for the C-2 carbon in the imidazole ring at 8 243.77, 8 244.01
an indication of carbene formation, whereas, the 13C NMR

ppm, respectively,
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spectrum of (benzene-t/g) (102ab) and (103ab) have shown a signal for the
carbene centre at 5 (102a: 219.70; 102b: 220.60 ; 103a: 219.90; 103h:220.60).
These differences can be attributed to ring saturation and an aromaticity effect

for (100a,b)

1.4.1.2 Triazole-based nucleophilic carbenes

The first crystalline triazole-derived carbene, 1,3,4-triphenyl-4,5-dihydro-IH-
1,2,4-triazol-5-ylide (106), was prepared by Enders et al. [103]. This carbene
was prepared by deprotonation of the highly protic triazolium salt. Carbene (106)
was synthesised by the reaction of (104) with sodium methoxide in methanol,
affording (105), where the later was heated to 80 °C revealing decomposition
endothermically with concomitant elimination of methanol to form(106), Scheme

1.15.

Ph Ph Ph
| NaOMe, |

MeOH n" N\ /OMe 80°C, 0.1 mbar N

lo = - - IJ X - — no>
Bh A N . -NaCl04 h~AN H -MeOH ph> L

ciod
Ph ' ph M
104 105 106

Scheme 1.15. Carbene (106) was prepared using NaOMe as base under reduced

pressure.

Carbene (106) shows no indication of dimer formation and also decomposes
above 150 °C. 13C NM R spectroscopy of this ylidine afforded a signal at 214.60
ppm which is an indication of carbene formation. This carbene is commercially

available.
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1.4.1.3 Multidentate based nucleophilic carbenc

Polyfunctional derivatives have also been investigated with the synthesis of the
tris carbene (108) which was reported by Dias [104] et al., Scheme 1.16. Carbene
(108) shows no intermolecular interactions, even when sterically less demanding
substituents are present on the imidazole ring nitrogens [90]. The I3C NMR
spectrum (benzene-c/e) of carbene (108) shows signals at 8 215.25 ppm
corresponding to the C-2 carbons and signals at 8 115.29 and 8 117.07 ppm
which can be assigned to the C-4 and C-5 carbons. These values are typical for

imidazol-2-ylidenes [89]. The product has been isolated as a solid in 56% yield.

THF/ CH3CN

Ca. t-BuOK

107 + 3NaBr + H2 f 108

Scheme 1.16. First tridentate carbene (108)

Another polyfunctional carbene (109) was prepared by Hermman et al.. This

carbene is stable and accessible as was (108) but was prepared using liquid

ammonia as the deprotonating agent [95], Figure 1.44.

109
Figure 1.44. Bi-functional carbene (109).
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1.4.2 TV-Heterocyclic carbene-metal com plexes

These nucleophilic earbenes have been employed as ligands, producing carbene
metal complexes that would act as controlling ligands in organometallic
homogeneous catalysis [105,106], Moreover, these ligands are excellent <-
donors and form rather strong metal-carbon bonds; therefore, catalysts
containing these ligands often have better air and thermal stability than

complexes containing phosphine ligands [107,108],

Arduengo et al. was able to isolate and characterize the homoleptic bis(carbene)-
silver(l) (110) and copper(l) (111) complexes [109], These carbene metal
complexes were prepared by the reaction from the stable nucleophilic carbene
I,3-dimesitylimidazol-2-ylidene (86) and the corresponding metal triflate, as

outlined in Scheme 1.17 below.

THF
M+ 0 3SC F?’

86

110 M =Ag
111 ™M =cu

Scheme 1.17. Two different homoleptic bis-carbene-metal (110,111) were

prepared by Dias et al.

The NMR data was consistent with the bis (carbene) metal structures and

suggests a level of delocalisation in the imidazole ring which is intermediate

between those of the free carbene and imidazolium ions.
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Hermann and co-workers have successfully incorporated functional chirality into
a 1,3-imidazolium salt, using it as a controlling ligand in homogenous
asymmetric catalysis [96,110], Compound (113) and (114a) were prepared from
the reaction of transition metal carbonyls or rhodium salts and chiral hetrocyclic

carbene ligands (112) Scheme 1.18.

f=\
[M(CO)n] K KA R
-CO V \ /
hz h Hc H
~(co)n.l
f=\ 113
« y t
HSC h HE H
112 [=\

[Rh2(cod)2CI2 ]
R :a = CG6H5

b = CloH7

114a

Schcme 1.18. Homogenous asymmetric catalysts (113,114a) synthesised from

homochiral precursor (112).

These complexes have shown a higher degree of thermal stability and air
sensitivity, making them good candidates for asymmetric catalysis. Ligand
(114b) was used in the asymmetric hydrosilylation of acetophenone, resulting in

a quantitative yield with a 30% enantiomeric excess, Scheme 1.19.
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OSi(C6H5)H

114b
cH3 + (CEBHB5)BIH,

-20°C, THF

114b

Scheme 1.19. Catalyst (114b) is able to catalyse asymmetric hydrosilylation

reaction of acetophenone.

Other attempts to prepare tris-carbene ligands based on the topology of
Trofirmenko’s tris(pyrazolyl) borate [111], were carried out by Fehlommer et al.
[112], This work yielded the novel chelate-like poly- and precarbene complexes,
to give the first hexacarbene complex (116). A tripodal carbene ligand of the
Trofimenko type, tris(2,3-di-hydro-IH-imidazol-2-ylidene) borate (116) resulted
from deprotonation of the corresponding salts (115) with nBuli and

subsequently treated with FeCh (lron dichloride) to form (116), Scheme 1.20.

115 (X =BF4,R=Me) 116 (X' = Bph4)

Scheme 1.20. Synthesis of bis-tripodal carbene-Fe(lll) complex (116).
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The X-ray crystal structure of (116) shows an iron atom which is spherically
surrounded by six five-membered heterocycles. Later on Fehlhammer et al.

chelated (116) with cobalt [113].

Recently Crabtree and co-workers were able to demonstrate metallation of the
different imidazolium precursors system (117), (118) to give [Rh(Bis-carbene)-

I2(OAc)] (119a-c) [114], Scheme 1.21.

Y
+
R
118(R=nBu) 119 a:X= ch2 ,R=nBu
b:X=cnh2> R=iPr
c:X =0C6H4 ,R =nBu
Scheme 1.21. Synthetic reagents employed; i, [(cod)RhCI]2 NaOAc, KI, EtCN;

ii, [Rh(OACc)A2McCN.

1.4.2.1 iV-Heterocyclic carbene complexes of Silver

As a result of the difficulties in preparing and isolating free //-heterocyclic
carbenes an alternative method was sought to stabilize these ligands. One method
is to trap the carbene with Ag20 to give a stable silver carbene complex [115].
The silver carbene complex can then be used to transfer the carbene to another
metal by a transfer reaction [115-117].

Silver-carbene complexes derived from imidazolium salts were first synthesised

and characterized by Ardoengo et al. in 1993 [109], and were obtained by the
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reaction of the free carbene with silver triflate. Wang and Lin et al. were able to
prepare carbene-silver complexes, and use them as carbene transfer agents for
different metals such as gold and palladium producing two new carbene-metal

complexes (123) and (124) [115].

The carbene-silver(l) complexes (121) and (123) were prepared from 1,3-
diethylbenzene imidazolium bromide (120) and Ag20 in DCM in a 2:1 ratio
[115], (see Scheme 1.22). Complex (122) was obtained from the reaction of
(120) with Ag20 in a 4:1 ratio under basic PTC (phase transfer catalyst)
conditions, yielding (122) in 89%. In this reaction solvent pre-treatment was not
required and a simple base NaOH was used. Subsequently complex (122) was

treated with Au(SMe2)CIl producing (124) in quantitive yield.

a
Et El

123 agx

122

124 AgX

Scheme 1.22. Carbene-palladium and gold complexes (123,124) prepared from

(120) and Ag20.

13C NM R studies for compound (121) showed only one sharp signal at 188.90
ppm and no indication of 13C -107,109Ag coupling, whereas in contrast, compound
(122) showed two signals for 13 -107Ag and 13c-109Ag with coupling constants of

180 and 204 Hz, respectively.
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A series of mixed donor TV-functional imidazolium salts and their conversion into
silver(l) carbene complexes (125-130) was carried out by Danopoulos et al.
[118]. They were able to prepare the silver carbene adducts based on a
modification to the product of Wang and Lin by using Ag20 or Ag2cC>8 as

shown in Scheme 1.23.

b:2,46-Me3C6H3 130 b
c :2,4-iPr2Ce6H3 125 a, b

Scheme 1.23. The synthesis of silver complexes (125-130).

They found that: (i) with relatively unreactive bulky imidazolium salts which
are precursors for (128a-c), the reaction took place only in refluxing DCE and
other non-bulky imidazolium salts were faster; (ii) when complexes (126c) and
(125) were synthesised at higher temperature in DCE the formation of by-
products was increased; (iii) the purity of products would be increased by adding
4 A molecular sieves to the reaction medium.

The formation of the carbene complexes was concluded by the appearance of a

signal at 165 ppm in the 13 NM R spectrum which can be assigned to the C-2
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imidazol-2-ylidene (carbene) carbon. Also the H-2 proton is absent in the
IH NMR spectrum. X-ray crystallography, indicates that the carbene ligand co-
ordinates in a monodentate fashion from the carbene end or as a bridge between
two different metal atoms. In one case the silver is co-ordinated by two carbene
ligands, but in the majority of the structurally characterised complexes the metal
centres adopt linear geometries with M-C (metal-carbene) bond lengths in the

range of207-210 pm which is typical for single bonds.

Carbene-silver complexes have been further developed by incorporating
functional chirality into the carbene ligands, the synthesis of chiral diamino
carbene complexes remains an important challenge for organic chemists and only
a few ligands have been reported to date [119]. Roland et al. were able to
synthesise and characterise a chiral TV-heterocyclic carbene-silver(l) complex

(132a-e), Scheme 1.24.

Ag20 (0 5eq.)

88-100%6

132
= Me, X =1
= Bn, X = Br
picolyl, X = CI
(S)-I-phenylethyl, X
=(S)-I-phenylethyl, X

131 a-e

OAc

® 00 T 9
OV XV XUVD
1l

Scheme 1.24. Synthesis of silver(l) carbene complexes.

Absent in the *H NM R was the H-2-imidazolium proton, the 13 NM R spectrum
revealed signals at 213.70 ppm for (132a), 206 ppm (132b), 197.20 ppm (132c),
194.60 ppm (132d). No 13C-IO7,109Ag coupling was observed in the ,3C NMR
studies of carbenes (132a-c) and (132e), but in (113d), two doublets centred at

194.60 ppm were observed for the carbene signal, and this multiplicity is
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probably due to the 13c -109ag/107Ag coupling with coupling constants of 268 and

232 Hz.

The chiral silver(l) diaminocarbene (132a) was used as a carbene transfer agent
with copper(ll) triflate LAC (ligand accelerate catalysis) [120], in the conjugate

addition of diethyl zinc to cyclohexenone, [124], Schemel.25.

132a (2% mol.) and cu(OTf)2(2% mol.)

E~"Zn (1.5 eq.)

PhCH3,0 °C, 15 min

98% ; ee = 23%

Scheme 1.25. Conjugate addition using 132a and Cu(OTf)2

The conjugate adduct was obtained in less than 30 minutes with 98% conversion,
giving a moderate %ee. of 23%. A solvent-dependency study was also
investigated, showing higher conversions in the following order; toluene, ether

and hexane over THF and DCM, respectively.

Recently a new mono carbene silver dinuclear complex, [M-COHTr

(CH2m MeAgCI)2] (134) was prepared by Matsumoto et al. [123], and was

obtained by treating (133) and Ag20 in CHZ2CI12, Schemel.26.
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94.5%

134

Scheme 1.26. Recent bidentate Carbene-Silver(l) (134) was synthesised by

Matasumoto et al.

They attempted to prepare the free carbene by deprotonation of the imidazolium
(133) with /m-BuOK or KH, but were not successful. Absent in the 'M NMR
spectrum was the 11-2 proton of the imidazolium salt (133) X-ray
crystallography showed the geometry around the Ag atoms in (134) to be linear,
and each Ag atom is bi-coordinated by a carbon and chloride ion. This result is
quite typical when compared to the corresponding values of other silver-carbene

and silver-chloride complexes [115,124],
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1.5 Heck reaction

The Heck reaction is the palladium mediated coupling of aryl or vinyl iodides,
bromides or triflates with alkenes in the presence of base Scheme 1.27. It has
been known to synthetic chemists since the late 1960s [125-128] and was
pioneered by Mizoroki [125] and Heck [126], The substrate can be a simple
olefin (with ethylene being the most reactive one), or it can contain a variety of
functional groups, such as esters, ethers, carboxyl, phenolic, or cyano groups
Scheme 1.27. At present it is one of the simplest methods to prepare various

substituted olefins, dienes and other unsaturated compounds.

Pd X2/2L Ar
+ ArX + Base + Base + HX

Scheme 1.27. The general reaction of Heck reaction

The electrophiles in the Heck reaction could be an aryl, heterocyclic, benzylic or
vinylic halide/triflate. Pd(ll) salts such as palladium acetate or dichloride are the
most widely used type of catalyst. It has been shown that the reaction s
accelerated in the presence of ligands. The most common ligands used are triaryl

phosphines.

Mono-or disubstituted alkenes are usually used as nucleophiles as they are highly
reactive, in the Heck reaction. The usual aprotic solvents used in the Heck
reaction are DMF, DM SO or acetonitrile, and bases used are either secondary or

tertiary amines or sodium/ potassium acetate carbonate or bicarbonate salts.
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1.5.1 TV-Heterocyclic carbene ligands in palladium catalysed Heck reactions

,/V-Heterocyclic carbene (NHC) [88], based on the imidazole ring system have
been found to make excellent ligands for a variety of transition [129,130] and
main group elements [131], A number of transition metal-NHC complexes have
given rise to active catalytic systems for a range of reactions [132-136], most
notably the Heck reaction. Many reports investigated the Azolium-Palladium
catalyst in the Heck reaction. Herrmann et al. were the first to use such systems
in the Heck reaction presenting by catalyst (135) and (136). These complexes
were able to couple aryl chlorides and bromides to alkenes in yields of 99%
[137], These catalysts (palladium-complexes) were prepared and then used in the
coupling.

Alternatively, they introduced a ligand (137), 1,3-dimethyl- imidazolium iodide,
and base (Pd(OAc)2) to generate the catalyst in-situ., demonstrating a new

pathway with comparable yield to (135) and (136), Scheme 1.28 below.

Catalysts.

Me — Me
~“N@N -
— Pd— 1 < Pdl, Me mVe / Pd (oAc)2
Me— Né~_nN— Me N Y cl
J Me
135 136 137

Scheme 1.28. Catalysts used in the Heck reaction.

Nolan et al. have applied imidazolium salts with base to generate the carbene-

palladium complexes in-situ., Scheme 1.29 [137,138]. They also found that 1,3-

substituted imidazolium chloride in the A~-aryl ortho positions gave higher
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activity when used with palladium acetate. They also investigated the electronic
and steric effects of the imidazolium (138a-14la) precursors and imidazol-
ylidene (138b-141b) analogues and it was found that (140a) gave the highest

yields over other ligands in the coupling of aryl bromides with alkenes.

2 mol% Pd(OAc)2

'CO,Bt 4 mol% L
B+ -CO,Bt
Cs2C 03, DMAc 11 h ,120 C
L=
r~\
NVT N
cr cr
R = PV N o,
: i) 90%0 26%
- o
138a 138b
Q - 139%
139a
4 94%
140a

6690

Scheme 1.29. The investigation of electronic and steric effects of the

imidazolium ligand on reaction rate.

Recently numerous and various reports present different types of
azolium/palladium or carbene-palladium complexes catalyst (142-147), which is
based on mono, bi and tridentate carbene ligands, where also using a mixture of
carbene/nitrogen and phosphine donor functional system showing its application

in Heck reaction [116,117,139,140] Figure 1.45.
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Figure 1.45. Different types of azolium and carbene-palladium complexes used

in the Heck reaction.



1.6 Design of new homochiral tripodal receptors.

The aim of our research was to design a series of new homochiral tripodal

azolium salts which possess the following properties:

1- Three cationic centres with H-bonding properties. This will be achieved by
incorporating three imidazolium groups into our proposed receptor. Each
imidazolium carries a positive charge and an electron deficient hydrogen on the
C-2 carbon atom which is capable of H-bonding with various anions [141-144],

Scheme 1.30 below.

Scheme 1.30. The ability of imidazolium salts to interact with anions through

electrostatic force and hydrogen bonding.

2- We were interested to prepare a new receptor which would incorporate a

chiral imidazolium group. We envisaged that such a receptor could be used in

both enantioselective recognition and anion recognition, Figure 1.46.
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H2n

. h 2
CO2Na N CO~Na
CH3
R H ch3
\
Sodium (R)-2-aminopropionate Sodium (S)-2-aminopropionate
N
3PF6
R
R

R = Chiral substituent

56

Figure 1.46. The possibility of receptor (56) to be modified by possessing

functional chiral group to discriminate between two enantiomers.

3- Treatment of the tripodal imidazolium salts (107) with an appropriate base
could generate the corresponding carbene (108), Scheme 1.31, which could
subsequently complex various metals leading to the formation of stable metal-

carbene complexes.

Mo

107 +3NaBr + H2\ 108

Scheme 1.31. The possibility of receptor (107) to be converted to tridentate

carbene.
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Chapter 2

Synthesis of Homochiral Tripodal Imidazolium Salts



2.1 Introduction

Previous work by Howarth et al. led to the synthesis of di(ferrocenylmethyl)
imidazolium salt (47), Scheme 2.1, which was formed by heating (149) in MeCN
with two equivalents of imidazole, in the presence of sodium carbonate.
Alternatively compound (47) could be prepared from 1-ferrocenylmethyl

imidazole (150) in MeCN wunder reflux for 16 h followed by treatment with

NH4PFe6.
Fe
149
MeCN
A
J'INa Fe Fe
PFN
fil 149
45
(i) NH.PF6
150

Scheme 2.1. Two pathways used by Howarth and co-workers to generate

receptor (45).

Sato and co-workers prepared a new tripodal anion receptor 1,3,5-tris[(3-n-butyl
imidazolium)methyl]2,4,6-trimethylbenzene (56), Scheme 2.2, which possesses
three imidazolium groups connected through a 1,3,5-trimethyl benzene scaffold.
Receptor (56) was synthesised by the treatment of 1,3,5-tris(bromomethyl)-2,4,6-
trimethyl benzene (154) with 3 equivs. of 1-rc-butylimidazole in acetonitrile to
give bromide salt in 96% vyield. The bromide salts were then converted into a
hexafluorophosphate salt by ion exchange. Recrystallization of the PF6salt (56)

from Acetonitrile:Ethanol (1:4) gave (56) as colourless needles in 58% yield.
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n-"u

Br A

i Br
N~N-n-Bu+ V j C

Br

154

3PRy

Scheme 2.2. Pathway used by Sato to prepare (56).

We decided to prepare our target homochiral tripodal receptor, using the above

pathways.

2.2 Synthesis of homochiral imidazolium tripodal receptors

We prepared four homochiral anion receptors (156a-d) according to a similar

procedure used by Sato |36] and Dias [104). Scheme 2.3.
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H2N-

156a
156b
156¢
156d

151a
151b
151c
151d

66% yield

0]

H ~ H )NH3(@aqg),
-ProH
mn V
R =
1 r
R = N_4-

(=\

H

55% vyield

Scheme 2.3. Synthetic pathway to receptors (156a-d).
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2.2.1 Synthesis of (S)-1-(2-phenyl)ethyl imidazole (156c) (ring closure)

The first step in the preparation of I,3,5-tris[((S)-I-(2-phenyl)ethylimidazolium)
methyl]2,4,6-trimethylbenzene tri(hexafluorophosphate) (156c) was to prepare
(S)-1-(2-phenyl)ethyl imidazole (152c) wusing a modified Arduengo [144]
protocol, where (S)-I-(2-phenyl)ethyl amine (151c) is condensed with aqueous
formaldehyde, glyoxal and agueous ammonia to effect a ring closure and produce

the target iV-substituted imidazole, Scheme 2.4.

151c 0 152¢c

Scheme 2.4. Synthesis of (S)-1-(2-phenyl)ethyl imidazole (152c).

The (S)-1-(2-phenyl)ethyl imidazole (152c), was prepared by adding dropwise a
solution of glyoxal and aqueous formaldehyde in l-propanol to a solution of
(S)-1-(2-phenyl)ethyl amine (151) and aqueous ammonia in 1-propanol. The
solution was heated to 80 °C and left stirring for 2 h. The reaction mixture was
purified using flash chromatography, to give (152c) in a 55% vyield. (152c) was

characterised by lH NMR, 13C NMR and IR.

2.2.2 Synthesis of tris(bromomethyl) mesitylene

Based on Van der Made’s procedure [145] we attempted to prepare a second
starting material tris(bromomethyl)mesitylene (154) as shown in Scheme 2.5.
This reaction was carried out by adding a 31wt% HBr/acetic acid solution to a
mixture of mesitylene (153), paraformaldehyde and glacial acetic acid. The
mixture was kept for 8 h at 95-100 °C and the colour of the reaction mixture

turned clear.

67



Me
Me Q@

H'A-H ,AcOH
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31 wt% HBr/AcOH
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I
<

&

153

Scheme 2.5. Synthesis of tris(bromomethyl) mesitylene (154).

Purification was accomplished by recrystallization of the crude product from
chloroform, yielding large colourless crystals. In this reaction the bromo-
méthylation agent has an attractive feature since it allows precise control over
the number of — CHBr groups to be introduced by simply adjusting the
reaction temperature. In other words selectivity can be controlled by
- 1 13
temperature. The pure product was analysed and characterized by H , C NMR

and IR.

2.2.3 Synthesis of homochiral tripodal imidazolium bromide salts

The first attempt to prepare receptor (155c), is outlined in Scheme 2.6 below.

Br R

155c

Scheme 2.6. First attempt to prepare receptor (155c).
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This reaction was carried out by dissolving tris(bromomethyl)mesitylene in
1.4-dioxane and (S)-I-(2-phenyl)ethyl imidazole was added to the mixture. The
reaction was stirred under reflux for 4 h and a brown precipitate formed. This
brown compound (157) was then isolated and dissolved in DCM. Another
stoichiometric amount of (S)-1-(2-phenyl)ethyl imidazole was added to the
mixture and the reaction was stirred under reflux for 4 h. A dark brown
precipitate formed and was collected (158). The final step was carried out under
the same reaction conditions. The product from this step was collected and
analysed by TLC and 'H NMR. It was found this compound was not pure and
more than five spots was observed by TLC.

This reaction was unsuccessful, we believe that it’s failure may have resulted due

to the solvent being incompatible with an Sn2 reaction type.

Another attempt was carried out based on the procedure of Dias [104], by
preparing receptors (155c) using a one pot synthesis. Consequently, we were able
to achieve a high yield of pure receptor (155c) with excellent H, 1C NMR and
IR spectral data. The method employed is outlined in Scheme 2.7.

This reaction was carried out by mixing compounds (152c) and (154) in
1.4-dioxane and heated to 100 °C for 24 h. The resulting cream solid was

collected in 96% vyield. Recrystallization gave colourless needles.

155¢

Schcme 2.7. Successful synthesis of homochiral tripodal receptor (155c).
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We believe this reaction goes under an Sn2 mechanism, leading to a quaternary

salt of (155c), Scheme 2.8.

Scheme 2.8. Proposed mechanism for the formation of a quaternary tripodal

2.2.4 Conversion of the bromide salt to PF &' salts

The final step was to convert the bromide salt (155c) to the hexafluorophosphate
receptor (156¢), (Scheme 2.9). The receptor (155c) was dissolved in methanol
and a saturated aqueous solution of ammonia hexafluorophosphate was added
until no further precipitation was observed. The precipitate was filtered and
washed with methanol and dried. Recrystallization was carried out using a 1:4
mixture of Acetonitrile:Ethanol, to give colourless needles (yield 66%). The
resulting product was fully characterised by , 13 NMR, IR and elemental

microanalysis.

3Br

3PF6 N

Scheme 2.9. Conversion of receptor (155c) to receptor (156c¢) by ion exchange

reaction,



The other homoehiral imidazole, homochiral tripodal bromide and hexafluoro-

phosphate salts were prepared using these methods and the results are outlined in

Table 2.1.

Ligands Yield % Bromide salts Yield % PF6 salts Yield %
152a 87 155a 95 156a 82
152b 60 155b 92 156b 72
152d 65 155d 96 156d 80

Table 2.1. The yields from the synthesis of homochiral tripodal bromides and

hexafluorophosphate salts.

The reason for converting the bromide salts to the PFG salts are listed as follows:

e This process would improve purity of the receptor, and column
chromatography would be avoided.

e Hexafluorophosphate anion is considered to be a weak anion in terms of

its electronegativity, making it ideal for '"H N M R titration experiments.

2.3 Spectroscopic studies

Receptors (156a-d) were fully characterized by 'H, 13 NMR, I.R, and elemental
microanalysis.

The *H NMR spectra of receptors (152c), (155c) and (156c¢), are shown in
Fig. 2.2. The respective H-2, H-4 and H-5 protons, Fig. 2.1, of the imidazolium
ring show different chemical shifts. In the case of compound (152c) the observed
peaks for H-4, H-5 and the H-2 proton appear at 6.90, 7.21 and 7.82 ppm
respectively, Fig. 2.2(a), while compound (155c) shows different absorptions for
the same protons at 7.56, 7.80 and 9.28 ppm respectively, Fig. 2.2(b). The PF6

salts (156c¢) show different peaks at 7.34, 7.76 and 9.12, respectively, Fig.2.2(c).
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Figure 2.1. The H-2, H-4 and H-5 protons of compounds (152c), (155c) and

(156¢)

Figure 2.2. N M R spectra of, (a) (152c), (b) (155c) and (c) (156c) compounds,

showing H-2, H-4 and H-5.
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The 'H, and 13 NMR spectra of receptor (156c) are shown in, Figure 2.3. and
2.4. The appearance of a doublet at 1.87 ppm is assigned to the methyl group of
the chiral centre, where the proton on the same chiral centre shows up as a
quartet at 5.70 ppm. Two other singlets appear at 2.24 ppm and 5.44 ppm
relating to the methyl and methylene groups of the phenyl ring, while the H-4
and H-2 of the imidazolium ring give two singlets at 7.19, and 8.45 ppm
respectively. The H-5 proton of the imidazolium ring overlaps with the phenyl
protons. The H-2 proton is further downfield from the other protons of the

imidazolium ring which can be attributed to the effect of the anion [35], [36],

P 2 -
0«a©n5§>FJ/C,ISS

£ ISL\
I- w2 r-

Figure 2.3. 'H NM R spectrum ofreceptor (156¢c)

The HM QC of (156c¢) is shown in Figure 2.4.
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Figure 2.4. HM QC for receptor (156c¢)
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2.5 Conclusion

In this work we prepared a series of homochiral tripodal imidazolium salts.
These imidazolium salts were synthesised from two different starting materials
(154) and (152), where both of them were prepared in different procedures and
purified by crystallisation and column chromatography. To prepare homochiral
tripodal azolium bromide salts, these starting materials were applied to the
reaction in different pathways; first was to react (152) with (154) in three steps.
Each step employed the chiral ligand (152) linked with scaffold (154) in a 1:1
stoichiometric. But unfortunately this route was not successful. A second method
was to react (154) with a three fold excess of (152). This reaction gave the target
product in good yield and high purity. Final purification for the tripodal
imidazolium salts could be achieved by ion exchange. All compounds were

completely characterised.
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Chapter 3

Anion Recognition



3.1 Introduction

As mentioned earlier, work carried out by Sato has demonstrated that tripodal
imidazolium salts act as effective anion receptors. We were interested in further
developing this work by generating a new tripodal receptor containing chiral
imidazolium moieties. We hoped that such a structure could not only act as an

ion receptor but also be able to demonstrate enantioselective binding, Figure 3.1.

Me
a:R = b:R = r :
156a Hoowe
156b
156¢
156d = Me
d:R =

Figure 3.1 New chiral tripodal imidazolium receptor.

3.2 Results and discussion

3.2.1 *H NMR titration studies

'h NMR titration studies were carried out with compounds (156a-d). The H-2
protons of the imidazoluim handles were monitored with respect to change in

chemical shift of the 1,3-dialkylazolium salts [35, 36, 146-153],

The addition of stoichiometric amounts of various anions as their tetraethyl or
tetra butyl ammonium salts, [NEt4] or [NBU4 X [X = CI', Br', I'' NOJ and
HSO4'] to a CD3CN solution containing (156a-d) resulted in significant

downfield shifts of the FI-2 proton of the imidazolium rings.
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In the case of receptor (156a), the resulting titration curves (Figure 3.2) suggest
a stoichiometry of 1:1 imidazolium salt:anion for all anions studied (X)[ X: CI',
Br', I'y N O 3~and HSO4']. Broadening of the H-2 proton peak of imidazolium ring
was observed when chloride anion was added to receptor (156a) [from 0.2 to 1
equivalent]. In this case the quantitative interpretation of the experiments should

be viewed with some caution as the fast-exchange criteria are not strictly met.

Equivalents of anion added

Figure 3.2 *H NM R titration curve of myrtanyl tripodal imidazolium salt (156a)

with various anions added as their tetra butyl or ethylammonium salts in CD3CN.

Very clear perturbations were observed for the H-4 and H-5 protons of the
imidazolium ring which may suggest that hydrogen bonding is occurring
between the anions and the H-4 and H-5 protons. This is in agreement with
previous findings of hydrogen bonding between all three ring protons of the
imidazolium cation and anions [142]. We also observed a downfield shift for one
of the methylene protons (diastereotopic); which is adjacent to the nitrogen of
the imidazolium ring in this receptor (156a) especially in the case of Cf and Br’,

giving a shift downfield of about 0.2 ppm.
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In the case of (156b), the resulting titration curves (Figure 3.3) again suggest a
stoichiometry of 1:1 receptor:anions X (X = CI', Br'", F, NO 3 and HSO4). The
results are similar to that of receptor (156a), and this observation could be
attributed to the steric hindrance caused by the alkyl group substituents bond to
the imidazolium ring. This may suggest the formation of a similar anion complex

for this ligand.

Equivalents Of Anion Added

Figure 3.3 *13 NM R titration curve of butyl tripodal imidazolium salt (156b)
with various anions added as their tetra butyl or ethyl ammonium salts in

cCD3CN.

Broadening of the H-2 proton peak of the imidazolium ring was again observed
when chloride anion was added to receptor (156b) [from 0.2 to 1 equivalent].
Also observed was a perturbation of the H-4 and H-5 protons of the imidazolium
ring of (156b) with all anions (CF, Br', I'y NO3 and HS0O4), with CI' and Br’
being the largest. The proton at the chiral centre of the imidazolium ring was

shifted downfield with CI' and Br'.
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For comparison to the above results, receptors (156c¢c) and (156d) have also been
investigated and they showed similar behaviour, but different than the previous
two ligands (156a, 156b).

In the case of receptor (156c), the resulting titration curves (Figure 3.4) indicate
a stiochoimetry of 1:1 imidazolium salt:anion in all cases, but it shows a smaller
downfield shift for CF and Br', 1.5 and 1.18 ppm respectively, while F and NO3
show very small chemical shift changes of 0.26 and 0.27 ppm, respectively.

Data for HSO4 are not included as this anion precipitated during the titration

with (156¢c).

Equivalents Of Anion added

Figure 3.4 'H NMR titration curve of phenyl tripodal imidazolium salt (156¢c)
with various anions added as their tetra butyl or ethyl ammonium salts in

CD3CN.

The final receptor to be investigated by NM R titration studies, (156d) displayed
similar behaviour to the previous receptor (156c¢), but different than the first two
receptors (156a) and (156b). The resulting titration curves (Figure 3.5) indicate a
1:1 stoichiometry of imidazolium salt:anion in all cases (CF, Br', I, NO3‘). Data

for HSO 4 anion was not recorded again due to precipitation.
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Perturbation of the H-4 and H-5 protons also occurred upon anion addition. Also
the proton at the chiral centre in the imidazolium ring was shifted downfield as

was the case with receptors (156b) and (156¢c).
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Equivalents of anion added

Figure 3.5. IH N M R titration curve of naphthyl tripodal imidazolium salt (156d)
with various anions added as their tetra butyl or ethyl ammonium salts in

CD3XN.

3.2.2 K values of homochiral tripodal receptor

In order to evaluate these receptors (156a-d) in terms of binding strength and

selectivity toward anions, we calculated the association constant K values by

using a non-linear curve-fit to the function of the chemical shift dependence vs

the equivalent of anion [154-157] in Excel, Figure 3.6.
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Equivalents of anion added

Figure 3.6 Log plot curve of myrtanyl tripodal imidazolium salt (156b).

This calculation was carried out by initially estimating the K value. The 8caic was
calculated using Equation (1) [158] below, at a given data point. By using the
obtained 8caic and K values, the 8caic at each experimental point is calculated.
Then the difference (residual) between 8obs and 8caic> is computed for each data
point. The K value is then adjusted to minimise the sum of the squared residuals.
Then the entire process is repeated until convergence (see Figure 3.7). The

estimated error is 10%.

Sobs =Snost + (AV2[Host0]) {[Host°]+[Guest°]+ 1/K- V(([HostO]+[Guest°]+I/K)2-

4[HostO][GuestO]D} (1)

Where 8bbs, 8Host are the observed and host chemical shift; AOis the difference

between the free and complexed chemical shift.

The calculated K value of Receptor (156b) with different anions is shown on the

next page.
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Figure 3.7. Experimental data and Calculated curves for receptor (156b).

The K values obtained in this way are presented in, Table3.1

Anions 156a 156b 156¢ 156d
cr 16000> 10000=> 12000=> 12000=
Br 16000> 10000~ 12000 11500
I - 1600 200 340
NCV 1473 2647 280 2500
HS(V 2780 1163 - -

Table 3.1. K value (association constant) in M'l for receptors (156a-d)

(estimated errors; 109%0).
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From Table 3.1 it can be seen that these receptors (156a-d) were able to bind
strongly with anions such as CF and Br\ Receptor (156b) is showing a
selectivity toward CI' and Br' over I, NO3 and HSO4, whereas receptor (156a)
shows a selectivity toward CI' and Br' over NO3 and HSO4 (I" was rejected
because it was not possible to fit the data properly). Receptors (156c¢) and (156d)
showed selectivity toward CIl' and Br' over I' and NO3. But receptors (156¢)
particularly shows some increase in selectivity compared to the others and this
may be attributed to a flexible rotation of the phenyl groups which will reduce
the effective size of the cavity. This would have an effect on the binding of large
anions such as N O3 and I' in particular. This is supported from molecular

modelling studies of (156c¢) and the other receptors.

3.2.3 Selectivity and binding at low concentration

We were also interested in determining whether self-association occurs between
individual receptor molecules in solution [159,160], If such a phenomenon where
to occur this would affect our interpretation of the above results. A dilution
experiment was desighed to determine if self-association was occurring. If no
change on the chemical shift occurs on dilution then self-association can be
eliminated.

Shown in Figure 3.8 are the results for the dilution study. The chemical shift
change between 10'3-10'4 M is equivalent for the shift change observed for the
Cl' titration of the same receptor. We realised that CI' might be present at very
low concentration in CD3CN, and what we were observing was an inverse
titration. We tested the purity of CD3CN by ion chromatography (carried out by
Leon Barron in DCU) and found both CF and NO 3 present (Figure 3.9). Thus
receptor (156a) is binding CF at low concentration, and it seems to selectively

bind chloride over nitrate based on the observed chemical shift.
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Figure 3.8. Chemical shift of H-2 resonance in (156a) as a function of

concentration.

Figure 3.9. lon chromatograph showing that CD3CN solvent has chloride and

nitrate anions present.
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We found receptor (156c) was able to detect CI' anion with a downfield shift of
1.1 ppm at a concentration of IxI0O'4d4M in CD3CN. These results demonstrate
that this receptor is able to bind CI' selectively even at low concentrations in
polar aprotic solvent such as CD 3CN.

We also titrated receptors (156b-d) under the same conditions (i.e. dilution
experiment) and the results are outlined in table 3.2. It would appear that all

receptors show the same behaviour as (156a) on dilution

Receptors O (ppm)at O (ppm) at
10'2m 10_4M

156¢ 8.80 9.90

156b 8.25 9.86

156d 8.58 9.98

Table 3.2. *HNM R experiments of receptors (156b-d) binding chloride anion in

different concentration.

3.2.4 Computer modelling

In order to obtain a better understanding of these receptors in terms of binding
and selectivity with different anions, it was decided to carry out computer
modelling experiments. These will allow us to assess the size of the receptor’s
cavity and also the fitness of the anions for this cavity. Receptor (156a) is given
a model structure using M M + optimisation in both stick and space-filling model

[161] Figure 3.10.
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Figure 3.10 M M + optimisation model (using no constraints and the cavity size;
4.64 A) for compound (156a); (a) In stick model; (b) in space-filling model with
Cl'" bonding; (c) in space-filling model with Br' bonding; (d) in space-filling

model with I"bonding.

From Fig. 3.10 a-d, we can see that receptor (156a) has more affinity toward CF
and Br" over I' anions due to the steric hindrance of the myrtanyl handle. It

would appear that I' is too large to fit into the receptor cavity.

Also three different projected geometries for receptors (156b-d) were obtained

using M M +optimisation, Figure 3.11-13.
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@ (b)

Figure 3.11. M M + optimisation model (no constraints and the cavity size; 4.26

A) for compound (156b); (a) stick model; (b) space-filling model.

® (b)

Figure 3.12. M M + optimisation model (nho constraints and the cavity size; 4.08

A) for compound (156c); (a) stick model; (b) space-filling model.

@ (b)

Figure 3.13. M M +optimisation model (no constraints and the cavity size; 4.00A)

for compound (156d); (a) stick model; (b) space-filling model.
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From Fig. 3.11-13, it can be seen that receptors (I156b-d) have similar cavity
sizes which may explain why receptor (156c) shows higher selectivity for anion
binding than the others and that may be (as it is already mentioned) attributed to
the flexible rotation of the phenyl groups. This will reduce the size of its cavity

and therefore will enhance the capability for anion selectivity.
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3.3 Conclusion

Four homochiral tripodal imidazolium salts (156a-d) have been investigated by

N M R titration studies and they all demonstrate an excellent affinity and
selectivity toward CF and Br' over F, NCV and HSO4 in polar aprotic solvent.
All receptors (156a-d) showed significant strong binding toward CF and Br’
anions as demonstrated by the K (M 1 value which is from 10000> to 16000>
M"1 Receptor (156b) showed selectivity towards CF and Br' over F, N O 3 and
HsoO4, respectively, while receptor (156a) showed similar selectivity. Receptors
(156¢) and (156d) showed selectivity for CF and Br' over NO 3" and F. This was
based on K (M ') value measurements. Receptor (156¢c) showed strong selectivity
compared to the others and this may be attributed to the flexible rotation of the

phenyl groups attached to the imidazolium ring.

In order to examine these receptors in terms of binding and selectivity at low
concentration, 'H N M R titration results suggest a good affinity for all these
receptors with CF anion, while (156a) showed a selectivity for CI' over NO 3" in

polar aprotic solvent.
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Chapter 4

Enantiomeric Discrimination and Antimicrobial Activity

of Homochiral Tripodal Receptors



4.1 Results and discussion

The second goal of our research was to employ compounds (156a-d), Figure 4.1,
as potential enantiomeric selective receptors for the enantioselective
discrimination of enantiomers. We focussed on, sodium (S)-2-aminopropionate
and sodium (R)-2-aminopropionate as the target guests, which we believed to be
ideal since they possess the potential to both Fl-bond and electrostatically
interact with our receptors. These factors should play an important role toward
complexation between host and enantiomer guest to form a diastereomeric

complex.

156a
156b
156¢
156d

Figure 4.1. Four homochiral tripodal imidazoluim salts with different chiral

substituted groups.

Receptors (156a-d) were screened for enantiomeric selectivity using 'H NMR
experiments. The rational behind these experiments was that if the tripodal
molecule acts as a receptor for the anionic enantiomers, a diastereomeric
complex would be formed. The formation of a distereomeric complex would lead
to an observable change in the N M R spectra for either the anionic enantiomer
or that of the tripodal molecule component of the complex. Should the potential
receptor distinguish between anionic enantiomers we might see a shift difference

in the 5 value for a particular proton in the complex, and the magnitude of the
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shift could depend on which one of the two diastereomeric complexes is formed.

If this were the case, we can establish which complex is formed preferentially.

A stock solution of each of the four homochiral imidazolium hexafluoro-
phosphate salts in deuterated acetonitrile solvent were prepared and titrated with
the appropriate chiral salt dissolved in D 20, a series of control experiments were
also carried out in order to investigate any solvation effect as a result of using
two different solvents. To equal aliqguots of the stock solution, (S)-2-amino-
propionate anion and (R)-2-aminopropionate anions were added in a 1:1 ratio
(1:1:1 for the racemic mixture). The results from these experiments were very
interesting. For our tripodal compounds (156b-d), we observed no changes in the
*H NMR spectra when titrated with either of the anionic enantiomers or the
racemic mixture. On the other hand receptor (156a) demonstrated discrimination

toward (R)-2-aminopropionate over (S)-2-aminopropionate, Figure 4.2.

Sodium (R)-2-aminopropionate Sodium (S)-2-aminopropionate

Figure 4.2. Two chiral anions which were discriminated by receptor (156a).

A JH NMR spectrum of (156a) is shown in Figure 4.3 next page.
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Figure 4.3 'H NM R spectrum (CD3CN) of (156a).

The a-proton of (R)/(S) anions show a distinct quartet at 3.62 ppm, Fig 4.4 (a).
When (156a) was titrated with (R), the a-proton shifted downfield to 4.42 ppm
and there was an observed broadening of the signal, Fig. 4.4 (c). This change
indicates the presence of a diastereomeric complex. Receptor (156a) was also
titrated with (S) but no change was observed in the '"H NM R spectrum, Fig. 4.4
(b). When the experiment was carried out with receptor and racemic mixture two
signals were observed at 4.42 and 3.62 ppm. indicating that the (R)-anionic
enantiomer has been complexed and the (S)-anionic enantiomer remained

uncomplexed, Fig. 4.4 (d).
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Figure 4.4 'H NMR titration spectroscopy (CD3CN/D20) of host-guest complex
between, (a) racemic mixture only of (R) and (S), (b) (156a) and (R), (c) (156a)

and (S), (d) (156a), (R) and (S) respectively.

Attempts were also made to complex different chiral anions such as L, D
propionate and L, D lactate with others homochiral tripodal receptors (156a-d),

but there was no complexation.

4.2 Control experiments

The idea of complexation between chiral host and guest was based on two
factors; first, hydrogen bonding and electrostatic attraction, and second the
chirality of the chiral host could selectively discriminate enantiomers (as is
observed with 156a). Three of our receptors did not demonstrate any

complexation with enantiomers (R,S), this could be attributed to:
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1- The solvation effect: water and acetonitrile are competitively solvating the
chiral anion [9,10], and this situation has been observed by NMR.

2- Steric hindrance: the naphthyl, phenyl and butyl groups of 156b, ¢ and d
could prevent the chiral anion from reaching both the hydrogen bonding and
positive centre of the imidazolium rings, Figure 3.11-13 (chapter 3). Receptor
(156a) possesses an extra methylene spacer, creating more space within the

receptor, allowing anions to enter the cavity for binding.

To explain the first point that the water is solvating with the receptor, we
observed in previous experiments the acidic H-2 proton of the imidazolium rings
completely disappearing. In order to determined whether this phenomena was
occurring, we ran a series of ]JH NM R control experiments with just the chiral
host (156a), in the same ratio and volume of acetonitrile and water (same solvent

ratio used in the titration experiments), Figure 4.5.

kO o

- ™H —

Figure 45 'H NMR spectra of (156a); (a) in CD3XN, (b) in a 1:1 of

CN3CN:D 2.
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The results of the control experiments showed the disappearance of the H-2
proton signal. We believe an equilibrium could be established between
deuterated water and the imidazolium ligand leading to proton exchange,

presumably as shown in Scheme 4.1 below:

Scheme 4.1. Homochiral receptors (156b-d) react with deuterated water in

equilibrium situation.

Alternatively it is possible that D20 is interfering with binding as shown in Fig.

4.6 below.

Figure 4.6. Solvation effect of D20 on receptors (156b-d).

We decided to carry out a 'H NMR experiment for compound (159) in the same

ratio of co-solvent (CD3CN-D 20) in order to examine water interference and to

compare with compound (156a), Figure 4.7.
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159

Figure 4.7. The H-2 proton of compound (159) showed sensitivity to D 2.

The results revealed a 50% lowering of intensity of the H-2 proton signal of the
imidazolium ring, Figure 4.8 (b), and when the ratio of D20 was increased the
intensity of the H-2 proton decreased by 75%, Figure 4.8 (c), but it did not
completely disappear as was the case with receptor (156a). This could be
attributed to the structure of receptor (156a) preferably binding D20 rather than
compound (159). The decreasing of the intensity of H-2 proton signal may be
attributed to water interference, and this supports our conclusion of water

interference with compound (156a).
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Figure 4.8. The effect of addition of D20 solvent on the H-2 proton of
compound (159); (a) compound (159) only (CD3CN); (b) compound (159) and

CD3N: D20 (1:3); (¢c) Compound (159) and CD3N:D20 (1:6).

A suggestion for future work may be to increase the number of methylene spacer
groups (CH2 between the imidazolium ring and the chiral handles of the
receptors (156b-d). This could reduce the steric hindrance effect, and may
enhance chiral discrimination. Alternatively enlargement of the cavity by
replacing the benzene ring with prophyrin or any subunit which is larger than
benzene will allow for a larger pocket which may improve the performance of

these receptors.
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4.3 Antimicrobial activities of homochiral tripodal azolium salts

4.3.1 Introduction

We were interested in screening imidazolium receptors (156a-d) against ayeast,
Candida albicans, and a Gram-negative bacterium; Pseudomonas aeruginosa.
These microbes are able to form biofilms that are resistant to antimicrobial
agents [162], and have been recognised as opportunistic pathogens that infect
immuncompromised human hosts [163,164], The Candida species are the
etiological agents of nosocomical fungal infections, where C. albicans is the
most significant [165], C. albicans can form biofilms in vitro on various inert
surfaces wunder different nutrient conditions, and subsequently, can cause
infections associated with biomedical implants [166-169].

P. aeroginosa has a great ability to adopt to various environments and it is one of
the most nosocomial acquired pathogens, and thus it is found in hospitals, where

it is nearly impossible to eliminate from hospital atmospheres [170],

4.3.2 Results and discussion

The first series of homochiral imidazolium salts (156a-d) were screened for their
antibiotic capability against P. aeruginosa and C. albicans, where also other
series of compounds (156a), (159) and (152a) were screened on the same test.
The results are given in Table (4.1) and (4.2) for P. aeruginosa and C. albicans,
respectively.

The antibiotic activities were calculated as reduction in cell growth calculated

using the following formula:

Reduction in growth = [ ((C-B)-(T-B)) /C-B] ] * 100

where C is the average absorbance per well for control wells (organism with no
compound), B is the average absorbance per well for blank wells (no organism

with no broth) and T is the average absorbance per well for treated wells

(organism and compound).

99



Percentage reduction in growth (%age)

25].ig/ml 50~Ng/ml 75 ng/ml I00~g/ml  250pg/ml 500]ig/ml
156¢ 12.97 20.48 19.46 21.45 19.40 31.56
156d 10.00 6.11 18.75 55.99 58.47 69.77
156a 18.91 0.00 50.37 93.12 81.17 90.95
156b 0.00 0.00 6.27 0.00 19.89 0.22

Table 4.1. The antimicrobial activity of homochiral tripodal azolium compounds

against P. aeruginosa.

Percentage reduction in growth (%age)

25 jig/ml 50 ~g/ml 75 p.g/ml 100~g/ml 250p.g/ml 500].ig/ml

156¢ 2.20 0.00 0.81 0.72 0.00 0.25
156d 2.20 2.85 18.78 54.05 90.00 89.66
156a 2.79 5.38 17.24 73.67 91.51 91.26
156b 0.28 0.38 0.00 0.00 1.00 1.06

Table 4.2. The antimicrobial activity of homochiral tripodal azolium compounds

against C. albicans.

From the data in Table (4.1) and (4.2) it can be seen that these two homochiral
tripodal receptors (156a) and (156d) show antifungal activity in both P.

aeruginosa and C. albicans, where other receptors did not.
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4.2.3 Antimicrobial activity of the subunits of homochiral tripodal

receptors.

An investigation was carried out to better understand the observed bioactivities.
It was decide to test related compounds (156a), (159) and (152a) and to examine
their activity for comparison purposes. For example compound (156a) has three
positive charges and hydrogen bonding where compound (159) has a single
charge and compound (152a) is neutral. Therefore the three compounds were
tested for antifungal activity and the results are given in Table (4.3) and (4.4),

respectively.

Percentage reduction in growth (%age)

25jig/ml 50fig/ml 75jig/ml 100]ig/ml  250jj.g/ml 500p.g/ml
152a 0.00 6.01 19.20 8.82 6.58 0.00
159 0.95 10.91 11.53 1.21 7.99 7.52
156a 4.13 35.46 34.94 79.56 83.53 87.70

Table 4.3. The antimicrobial activities of compounds (152a), (159) and (156a)

against P. aeruginosa.
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Percentage reduction in growth (%age)

25ng/ml 50pg/ml 75(ig/ml 100ng/mI1  250n,9/ml 500]Jug/ml
152a 0.00 0.00 0.21 0.00 10.87 80.42
159 0.0 0.00 0.53 0.00 2.07 10.33
156a 0.00 6.12 3.74 22.88 23.23 87.51

Table 4.4. The antimicrobial activities of compounds (152a), (159) and (156a)

against C. albicans.

From Table (4.3) and (4.4) it would appear that compound (156a) has an
excellent antifungal activity. Compound (159) has no antifungal activity (has one
positive imidazolium ring), whereas (152a) shows activity toward C. albicans

but not P. aeruginosa,

152a

Figure 4.9. Three imidazole compounds (156a), (156d) and (152a) showing their

activities for antimicrobial.
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For the future work we would introduce compounds (160-163) to be

antimicrobially active (Figure 4.10).

Figure 4.10. Four proposal tripodal azolium compounds based on different

functionalities to enhance antimicrobial.
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4.4 Conclusion

The imidazolium salt (156a) has been able to distinguish between two
enantiomers, by complexing with sodium (R)-2-aminopropionate but not with
sodium(S)-2-aminopropionate. The complexation was based on a chemical shift
of a-proton in (R)-configuration anion from 3.62 to 4.42 ppm with broadening
of signal, while same proton with (S)-configuration anion has no difference in
chemical shift. The other three imidazolium salts (156b-d) was not able to
discriminate between them, presumably due to effects of solvation, steric
hindrance, cavity size or shape.

Future work, includes: planning to modify these receptors in terms of size and
shape; or introduce one methylene groups or more between the chiral handle and

imidazolium ring in order to enhance its selectivity for different enantiomers.

Homochiral tripodal receptors (156a-156d) have been screened for antimicrobial
activities. Receptors (156a) and (156d) showed an excellent activity of
antifungal with P. aeruginosa and C. albican, where the other two receptors did
not. For comparison purposes, compounds (156a), (159) and (152a) were also
screened as antifungals. Compound (156a) showed its activity against P.
aeruginosa C. albican, where (159) did not. Compound (152a) revealed its
activity against C. albican but not with P. aeruginosa.

For future work compounds (160-163) have been designed to work as

antimicrobial agents.
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Chapter 5

Synthesis of Carbene Complexes



5.1 Results and discussion

5.1.1 Attempted synthesis of tridentate carbenes

The first report of the conversion of imidazolium salts to carbenes was by Dias,

where he used NaH as a base and feri-BuOK as catalyst [104], Scheme 5.1.

+ 164

t-BuOK

Scheme 5.1. Synthesis of phenylethyl homochiral tridentate carbene via sodium

hydride.

We reproduced this reaction with imidazolium salt (155c) and sodium hydride in
THF solvent. The reaction mixture was stirred for 5 minutes and potassium
tert-butoxide was added at room temperature. After 30 minutes the reaction
mixture was filtered and washed with THF and allowed to dry.

The *H NM R spectrum of (164) showed the disappearance of the H-2 protons of
the imidazolium and the 13C NM R of the C-2 carbon gave a signal at 160.56 ppm

which may not indicate carbene formation.

Another attempt was carried out to synthesise the carbene using a procedure

reported by Arduengo et al. [90], This procedure uses potassium tert-butoxide

instead of sodium hydride, Scheme 5.2.
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CH3CN /THF
+ t-BuOK

155b

+ t-BuOH + 3KBr

Schcme 5.2. Synthesis of isopropyl ethyl homochiral tridentate carbene via

potassium terf-butoxide.

This reaction was carried out by adding imidazolium salts (155b) in
Acetonitrile/THF solvent in 1:1.2 ratio followed by potassium fer/-butoxide in a
single portion. The reaction mixture was stirred for 2 h then washed with toluene
and filtered through celite®, to give a yellow-orange product.

The *14, and 13 N MR spectra of the resulting product indicate the formation of
a carbene. The H-4 and H-5 protons of the imidazolium ring have shifted from
7.40, 8.57 ppm to 6.75, 6.95 ppm, respectively and the H-2 proton at 8.85 ppm
disappeared, whereas the C-2 carbon peak in the 13C NMR is shifted downfield
from 135 to 162.62 ppm. Although these protons have shifted protons, we were
still not completely convinced of carbene formation since the C-2 carbon did not
shift to the standard carbene absorption which is around 205-230 ppm, and also
the impurity attendance.

We realised that these bases, sodium hydride and potassium tert-butoxide, are

not suitable to generate the carbenes.

5.1.2 Synthesis of tridentate carbenes via mild base

After many attempts to synthesise the carbene using strong bases, it was decided

to explore more mild conditions using NaOMe to prepare the carbene using a
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procedure reported by Ender [103], We carried out Ender’s procedure by
dissolving sodium methoxide in dry methanol, this mixture was slowly added to
a solution of imidazoliuin salt (155b) in methanol. The reaction mixture was
stirred overnight. Volatiles were removed under reduced pressure at ambient
temperature, and the crude product of the homochiral carbene tridentate (165b)

was obtained as a dark brown oil in 80% yield, Scheme 5.3.

L

3Br
°Q
MeOH N—
+ 3NaOMe C k U

80 C/ Reduced '

pressure
165b
155b
R = - LV =H

ch3 + 3MeOHt + 3NaBr

»

Scheme 5.3. Synthesis of isopropyl ethyl homochiral tridentate carbene (165b)

via sodium methoxide.

The XH, and 13 NMR spectra of compound (165b) showed the disappearance of
the acidic H-2 proton signal at 10.10 ppm and a peak appeared in the 13 NM R at
207.37 ppm which is highly characteristic for a carbene. We believe that the

pathway for this reaction is proceeding as outlined in Scheme 5.4.

,R
R /m R
‘N /
-N NaOMe OMe -N
+ NaBr
+ _NK Reduced >
o \ pessre
\ 8r R

R

Scheme 5.4. Proposed mechanism for synthesis of homochiral tridentate carbene

[103].
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After successfully preparing the tripodal carbene (165b) we started to investigate
its potential to form metal complexes. We first attempted to co-ordinate zinc
metal with the tripodal carbene. The carbene is prepared in solution and was then

treated IN-SitU withznBr, Scheme 5.5.

165b

+ MeOHt +3NaBr

ZnBr2

166

Scheme 5.5. Synthesis of myrtanyl homochiral tridentate carbene-zinc complex
(166).
One equivalent of zinc bromide was added to a solution of (165b) in methanol

with stirring over 2 h. A white crude product was collected (166) in 55% vyield.

The 13 N MR spectrum revealed a peak at 170.42 ppm indicative of a Zn-
complex, also present was starting material. Isolation of the Zn-complex was
attempted using column chromatography and crystallization, but was

unsuccessful. Complexation was also attempted using iron tribromide, Scheme
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165b

155b + MeOH t +3NaBr

FeBr2

167

Scheme 5.6. Synthesis of isopropylethyl homochiral tridentate carbene-Fe(ll)

complex (167).

This reaction was carried out using the same procedure used for zinc bromide. A
crude red product was collected in 65% vyield. The 13C NM R spectrum revealed
one peak at 168.87 ppm indicating an lron-complex, but the same purification
problems found with the the Zn-complex was also found with the iron and
complete purification could not be achieved. Due to the purification problems an

alternative procedure was attempted.

5.1.3 Synthesis of carbene-metal complexes via silver oxide

To improve purity, we decided to use Lin’s methods [115], involving the use of

AgiO which acts both as base and metal (Scheme 5.7). This method normally

generates the silver carbene in high purity.



CH

A~ 121

Et
=R
120

Scheme 5.7. Efficient pathway to generate carbene-silver(l) complex in

quantitative yield.

Based on the procedure of Lin et al., we prepared five different silver homochiral
tripodal imidazol-2-ylidene complexes by adding 1.5 equivalents of silver oxide
to a solution of imidazolium salts in dichloromethane solvent. The complexes

were produced in yields of 81-94%, Scheme 5.8.

3Br A
DCM
+ Agp
25 C/6-48 h
1.5eq
155a
155b
155¢ ey e
155d 155a, 169: R - 155b- 170: R \ 169
168 H Me 170
171
172
155¢, 171: R = 155d, 172: R= Ny 173
H
168,173: R =

Scheme 5.8. Synthesis of homochiral tridentate carbene-Ag(l) complex (169-

173).
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These silver carbene complexes dissolve in DMSO and DCM with moderate
solubility in chloroform. The naphthyl silver carbene complex is only soluble in

DM SO and it seemed to polymerise on standing.

5.1.4 Spectroscopic studies

The silver homochiral carbene tridentate complexes (169-173) were fully
characterised by IH, 13¢ NMR spectroscopy and mass spectrometry. The 'H
N MR spectrum revealed the disappearance of the H-2 imidazolium proton while
the H-4, H-5-imidazolium protons were shifted upfield, indicating the loss of
aromaticity within the imidazolium ring, (Figure 5.1). Other observations
afforded by the 13C NM R spectrum showed a downfield shift of the C-2 carbene
in imidazole—2-y|idene, which is indicative of complexation between silver metal

and the imidazol-2-ylidene ligand, Figure 5.2.

Diastereotopic
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Figure 5.1 N MR spectrum (CDCb) of silver(l)-carbene (169) showing the

full disappearance of H-2 proton, while H-4 and H-5 are shifting upfield.

g 150 2«1 rtmfy3
Fé B AL Nao e v g*:"fir— El
PP @oatin ey &
w m m
A.-CH, 11
21 1
1 11C-(4,5)
c-2
1
J - B S

2 U w TH W T & D 4 -

Figure 5.2 13C NMR spectrum (CDCls) of silver(l)-carbene (169), showing the

peak for complexation between silver and imidazol-2-ylidene ligands at 180.13



Figure 5.1 shows the disappearance of the H-2 imidazol-2-ylidene proton at
10.09 ppm while H-4, H-5 of the imidazol-2-ylidene are shifted downfield to
7.12 and 6.91 ppm, respectively. Also it can be seen from Figure 5.2 that the C-2
carbon of imidzol-2-ylidene is at 180.14 ppm, which is downfield from 136.42
ppm in the imidazolium salt (155a), all these observations indicate the formation

of an im idazol-2-y|idene-si|ver complex.

5.1.5 Application of silver-carbenes

It was hoped to convert the silver carbene complexes to the Pd, Au and Ru
complexes via a carbene transfer reaction [115,116,117].

The initial step to prepare the Ruthenium complex was to prepare
Ru(DMSO)CI2(174). This was accomplished by adding Ruthenium dichloride in
3 ml of DMSO solvent [171,172], The reaction mixture was stirred at 145 °C
over 5 minutes until the colour turned to bright red. The volume was reduced to
half under vacuum, and acetone was added to precipitate the product. A yellow

solid was collected in 60% yield. Scheme 5.9.

O

Ruci2 + H,C/ S "'CH3 — * Ru(bDMSs0)4ci2
3 B 5 min

174

Scheme 5.9. Synthesis of ruthenium complex (174).

This starting material Ru(DMSO)4cﬂwas then treated with the silver carbene
complex (170) in a 1:1 stoichiometry in DCM. The solution was stirred over
24 h at room temperature. A silver bromide precipitate appeared and was filtered
off. Volatiles were removed under vacuum. A brown solid was collected in 75%

yield, Scheme 5.10.
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170
175

11lim

Scheme 5.10. Synthesis of isopropyl ethyl homochiral carbene-Ru(ll) complex

(175).

Compound (175) was investigated by 13 NMR spectroscopy and mass
spectrometry which afforded no evidence for the Ruthenium complex being
formed. This was attributed to the steric hindrance of the substituents in the
imidazol-2-ylidene. Also the Ruthenium metal may not be able to complex with
the three imidazol—2—y|idenes and the benzene ring, thus preventing formation of

a stable 18 e' complex.

5.1.5.1 Synthetic applications

We attempted to use the silver carbene complex as a ligand accelerate catalyst
(LAC) [121,122] in a Michael addition reaction according to the procedure of
Roland et al.. This reaction was carried out by mixing the silver carbene
compound (170) and copper triflate in a 1:1 ratio of toluene and DCM for 5
minutes at 20 °C. To this diethylzinc was added and then the reaction was cooled
to 0 °C and cyclohexanone was added. The reaction was hydrolyzed with
hydrochloric acid and extracted with ether and dried. The crude product was

purified by silica gel chromatography, Scheme 5.11.
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L2% (170), DCM A

Cu(0Tf2 2%, o°C *

+ Et2 Zn
1.5 eq

ee%
176
177

Scheme 5.11. Conjugate addition reaction catalized by LAC as auxiliary ligand,

represented by (170).

Through out the investigation of compound (177) by TLC and 'H NMR
spectroscopy we have found that compound (177) was not pure and over seven
spots were observed by TLC, including a base line spot. The fractions were
separated by column chromatography. Compound (177) was not present in the
obtained fractions as determined by 'H, and 13C NMR.

It would appear, that compound (170) is not able to work as a LAC for conjugate
addition reaction and this could be attributed to the bulkiness of compound

(170), and as a result copper is not able to complex with the ligands.

5.1.6 Synthesis of 1,3-myrtanyl methyl imidazol-2-ylidene-silver(l) complex

As a result of the failure of (169-173) as a LAC and carbene transfer agent, we
decided to prepare a new imidazolium salt (159). This compound would be
converted to the imidazolium-2-ylidene-silver complex (178) and would then be
used as a carbene transfer agent, and applied as a LAC in conjugate addition

reactions (Michael addition reaction), Figure. 5.3.
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Figure 5.3. I,3-myrtanylmethylimidazol-2-ylidene-silver(l) complex (178).

The I,3-myrtanylimidazolium-2-ylidene-silver(l) complex was prepared by the
reaction of 1,3-myrtanylmethylimidazolium iodide (159) and silver dioxide in

DCM at room temperature over 2 h.

The characterisation of complex (178) was based on 'H, and 13 NMR
spectroscopy. 'H NMR spectra showed the disappearance of the H-2 signal at
9.97 ppm (Fig.6.2, chapter 6), FI-4 and H-5 were shifted downfield from 7.37 and
7.56 ppm (Fig. 6.2, chapter 6) to 6.93 and 7.04 ppm, respectively (Fig 5.4). The
13 NMR spectra showed a downfield shift of the C-2 carbon from 137.24 ppm
(Fig 6.3, chapter 6) to 182.52 (Fig. 5.5) ppm which is a clear indication of the
formation of a silver-carbene complex. The methylene and methyl substituents of
the imidazol-ylidene ring resonate at 4.03 and 3.83 ppm respectively.

Diastereotopic
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Figure 5.4. JH NMR spectrum (CDCI3) of I,3-myrtanylmethylimidazol-2-

ylidene-silver(l) complex (178).
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Figure 5.5. 13 NMR spectrum (CDC13) of I,3-myrtanylmethylimidazol-2-

ylidene-silver(ll) complex (178).
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It was expected that complex (178), based on its low bulk character, would work
effectively as a LAC in conjugate addition reactions, or as a carbene transfer

agent for metals such as (Pd) and (Au) [115,116,117],

5.2 Conclusion

Silver homochiral tridentate carbene complexes have been successfully
synthesised and characterised in good yields. These silver carbene complexes
failed to act as ligand accelerate catalysts and carbene transfer agents which
could be due to steric hinderance. Butyl homochiral tridentate carbene was
synthesised from sodium methoxide and characterised. This carbene was able to
complex with zinc and iron metal, but the resulting complexes could not be
isolated from the reaction crudes. To reduce the bulkiness of our ligands,
complex (178) was synthesised and characterised and would expect to perform
effectively in terms of LAC in conjugate addition reactions and carbene transfer

agents.
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Chapter 6

Synthesis of (1,3-homochiral myrtanyl methyl
iImidazole-2-ylidene)2-palladium(ll) 12 complex

and its application in the Heck reaction



6.1 Introduction

//-Heterocyclic carbenes (NHC) have emerged as an important family of ligands
with strong electronic donor properties [173-175], and are now commonly used

as ligands in catalytic systems.

The first use of palladium (II) NHC complexes was reported by Herrmann (as
mentioned earlier in Chapter 1) in 1995, where they were applied as ligands in
the Heck reaction. The palladium (II) NHC complex is similar in structure to our

palladium complex (179).

We planned to apply our NHC as potential ligands in the Heck reaction. We
attempted to synthesise and characterise a new series of Pd(lIl1) NHC complexes
(179) based on the NHC (jV-Heterocyclic Carbene) ligand containing a myrtanyl

and methyl group in the imidazolylidene ring, Figure 6.1.

H

179

Figure 6.1. I,3-Myrtanylmethylimidazol-2-ylidene-Palladium (1l1) complex (179)
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6.2 Results and discussion

6.2.1 Synthesis of 1,3-myrtanylmethylimidazolium iodide salts (159)

The first step in the preparation of I,3-myrtanylmethylimidazol-2-ylidene-Pd(11)
complex (179) was to prepare the required starting material 1,3-myrtanylmethyl
imidazolium iodide salts (159). These salts can be prepared by the reaction

between myratanyl imidazole (152a) and methyl iodide, Scheme 6.1.

152a

Scheme 6.1. The synthesis of 1,3-myratanylmethylimidazolium iodide salts

(159).

This reaction was carried out at reflux for two hours in 1,4-dioxane. A
precipitate appeared and was isolated and washed with ether and dried. The yield

was as high as 98%.

Compound (159) was fully characterised by and 13C NMR spectroscopy,
Figure 6.2. The protons of the imidazolium ring (quarternization) absorb at 7.38,
7.56 and 9.97 ppm respectively. The methyl group at position-3 in the
imidazolium ring is at 4.10 ppm and is a singlet. In our system the methylenes at
position-1 absorb as a multiplet at 4.25 ppm which is to be expected for these

diastereotopic protons.
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Figure 6.2. 'H NMR spectrum (CDCI3) of 1,3-myrtanylmethylimidazolium

iodide salt (159).

The 13 NMR spectrum revealed the expected 14 peaks for (159), (Figure 6.3).
Three peaks positioned at 19.64, 24.01 and 25.84 ppm can be assigned to three
different methyl groups, where two of them are bond to the myrtanyl group, and
the other at position-3 of the imidazolium ring. Carbons C-2, C-4 and C-5 in the

imidazolium ring appear at 137.24, 122.71 and 124.11 ppm respectively.
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Figure 6.3. 13 NMR spectrum (CDCI3) of 1,3-myratanylmethyl imidazolium

iodide salt (159).
6.2.2 Synthesis of imidazolylidene-Pd(ll) complex
We then attempted to prepare the carbene-Pd(ll) complex, using a procedure

developed by Herrmann [173], from the reaction of [Pd(OAc)2_| and 1,3-myrtanyl

methylimidazolium iodide (159), Scheme 6.2.

H
f=
Me— N .w N
+ Pd (OAc)2 THF
Me" X 9y Sx - oA
N~N-SN— Me

179

Scheme 6.2. The synthesis of (I,3-myratanylmethylimidazol-2-ylidene)2-Pd(Il)

12complex (179).
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In this reaction THF was used as solvent and the reaction mixture was refluxed
for 3-4 h. Compound (179) was collected as a yellow solid in 50% vyield, and was

found to be oxygen, moisture and heat stable.

Compound (179) has been extensively investigated by *H and 13C NMR. The IH
NMR of (179) (Figure 6.4) shows, the FI-2 signal of the imidazolium ring has
disappeared and the H-4 and H-5 protons are shifted upfield which can be
attributed to a loss of aromaticity. The disappearance of the H-2 proton in the

imidazolium ring indicates the formation of a carbene bound to Pd(Il).

Diastereotopic
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Figure 6.4. JH NMR spectrum (CDCI3) of (I,3-myrtanylmethylimidazol-2-ylid-

ene)2-Pd(11) 12complex (179).

The 13C NM R spectrum further supports complex formation, Figure 6.5. The C-2
carbon in the imidazolylidene ring is at 168.01 ppm, which is very indicative of
complex formation [139,176,177]. The C-4 and C-5 carbons absorb at 121.90
and 122.30 ppm respectively, and are shifted slightly upfield which can be

attributed to complexation.
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Figure 6.5. 13C NMR spectrum (CDCI3) of (I,3-myrtanylmethylimidazol-2-

ylidene) 2 Pd(11) h complex (179).

6.3 Application of Imidazolium salts as effective ligands in the Heck

reaction

In order to investigate the effectiveness of the imidazolylidene-Pd(ll) complex
(179) as a catalyst in the Heck reaction, we carried out a simple Heck reaction

with different alkene substrates as starting materials.

Generally the Heck reaction is carried out with ethyl acrylate and a substituted
bromobenzene together with sodium acetate as base, DMF or AfTV-dimethyl
acetamide as solvent, and the catalyst Pd(OAc)Z with triphenylphosphine as an

auxiliary ligand, Scheme 6.3.
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'C 02Et DMF , 120 € . N2 )

+ NaOAc CO. Et

Pd(OACc)2 ( ligand
R= NOj, CHO

180 181

Scheme 6.3. The general Heck reaction

We first attempted to carry out the Heck reaction with bromobenzaldehyde and
butyl acrylate in A™NjV-dimethylacetamide using 0.5% Pd-ligand (179) as catalyst

Scheme 6.4.

CHO
ligand 0.5%, 125 C, N2
o + NaOAC N N-dimethylacetamid ho!
Br

Schenic 6.4. The application ofligand (179) in the Heck reaction.

This reaction yielded product (181) in 90% vyield, which is about the same as

Herrmann's findings.

We believe the mechanism of this reaction is outlined in Scheme 6.5 [35b],
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Scheme 6.5. The proposed mechanism for the Heck reaction.

It was decided to use our catalyst with different alkenes to examine it’'s reactivity
order. The first involved the reaction of /?-heptene. The reaction conditions were
kept the same as the previous example except with w-heptene as the alkene,

Scheme 6.6.
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CHO
ligand 0.5% , 90°C, n2

* NaOAc N N-dimethylacetamide

leq.
Br 182 15%

Scheme 6.6. Catalyst (179) in the Heck reaction with «-heptene and aryl halide.

This reaction was carried out with 2 equivalents of rc-heptene as a result of
rc-heptene’s low b.p. 95 °C. Unfortunately, we could not control the reaction at
125 °C, so we lowered the temperature to 90 °C and the final yield was only
15%. The catalyst (179) did catalyse this reaction to produce compound (182),
but the lH NM R spectrum was not sufficiently clear since the integration ratio’s
were slightly off. We also believe that low yield of product resulted from the

volatility of n-heptene.

A third reaction using 2,3-dihydrofuran as the alkene gave the same problem as
the previous reaction with w-heptene. As a result of it’s low b.p. (65 °C) we
increased the mole ratio of 2,3-dihydrofuran to 3 eq., NaOAc was kept in the
same ratio, and the temperature was changed to 80 °C to try and minimize

evaporation of 2,3-dihydrofuran, Scheme 6.7.
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Scheme 6.7. Catalyst (179) showing a promising ability to couple

2,3-dihydrofuran and aryl halide.

This reaction gave a product which we believe to be one of (183-186) as
determined by '"H NM R and HMQC. We believe this resulted from the volatility
of 2,3-dihydrofuran. As the reaction progresses 2,3-dihydrofuran is lost thereby
increasing the stoichiometric ratio of aryl halide to 2,3-dihydrofuran. This allow

the possibility for multiple substitutions of the dihydrofuran.

Two other attempts were carried out, but with modified reaction conditions and
using different aromatic starting materials. We wished to see the effect of the
absence of CHO (carboxyaldehyde) group at the benzene ring on the reaction

with dihydrofuran, Scheme 6.8.

These two reactions were carried out between 2,3-dihydrofuran and iodo benzene

and phenyl triflate, respectively, where the solvent was CH3CN and the base was

triethyl amine at 80 °C in 3% mole of catalyst (179) [178-182],
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Scheme 6.8. Failure of catalyst (179) to couple 2,3-dihydrofuran and iodo,

triflate benzene, respectively.

The catalyst (179) was not able to catalyse these two reactions which could be
due to the absence of an efficient electron withdrawing group such as CFIO. The
temperature of reaction may have also been too low, since we used CH3N as

solvent. This solvent was used as it is included in literature [178],

Results for all reactions are outlined in Table 6.1 below.

Substrate (1) Substrate (2) Base Cat. T[h] Turnover [%0]
[mol%]

4-BrCBH4CHO Bu-acrylate NaOAc 0.5 125 90
4-BrCcBH4CHO 1,2-heptene NaOAc 0.5 90 15
4-BrCBH4CHO 2,3-dihydrofuran NaOAc 0.5 80 7

ceHs51 2,3-dihydrofuran Et3N 3 80 0
ceH5o0rTf 2,3-dihydrofuran Et3N 3 80 0

PPh3 Bu-acrylate NaOAc 100

Table 6.1 Heck olefination of bromoarenes with jV-heterocycliccarbene-

palladium catalyst (179).
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6.4 Conclusion

A new Heck reaction catalyst (179) has been synthesised and fully characterised.
This catalyst has been applied in the Heck reaction with different substrates,
showing an excellent result in the reaction between bromobenzaldehyde and
butyl acrylate in up to 90% vyield. The same reaction but with different alkene
such as heptene or 2,3-dihydrofuran gave lower yields, we believed this to be a
result of volatility of the alkene and a lower reaction temperature being used. We
also found that our catalyst was ineffective with aromatics lacking electron
withdrawing groups. We believe that this catalyst would work effectively in the
Heck reaction if: used with aryl halides containing electron withdrawing groups;

if the reaction is carried out at higher temperature, about 120 °C.
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Chapter 7

Crystallographic studies



7.1 Introduction

An understanding of the interactions present in the crystal structure of a potential
anion receptor can provide valuable information on the bonding mode and
binding sites in solution studies; whereas the crystallographic analysis of
therapeutic compounds has proved invaluable to chemists and biologists in
understanding the key binding sites and modes of action of these therapeutic

agents.

7.2 Structural studies of homochiral tripodal imidazolium salts.

Crystals suitable for X-ray crystallographic determination of I,3,5-tris[N-((-)cis-
myrtanylimidazolium)methyl]2,4,6-trimethylbenezene tri(hexafluorophosphate)
(156a) (code knoOl) were grown from an ethanol-acetonitrile solution, yielding
a cluster of needles. All pertinent crystallographic information is summarised in
Table 7.1, selected bond distances and angles of the non hydrogen atoms are
given in Table 7.2 and selected torsional angles in Table 7.3. Figure 7.1 shows a
perspective view of the molecule with the atomic numbering scheme assigned,

whereas Figure 7.2 shows a perspective view of packing molecules.
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Figure 7.1. ORTEP drawing of the crystal structures of (156a) (code koOl).

Figure 7.2. ORTEP drawing of the packing crystal structures of (156a) (code

koOl).
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Identification code knoO |

Empirical formula Cs, HBN«Flg P,
Molecular formula [CilHjj N6]3 {[PF6] }i
Formula weight 1207.08
Temperature 1002) k
Wavelength 0.71073 A
Crystal system Oithorhombic
Space group P2,2,2,(#19)
Unit cell dimensions a= 7.0442(10) A ct=90°.
b= 17.927(3) A p= 90°.
c=43.952(6) A y = 90°.
Volume 5550.1(14) A3
4 4
Density (calculated) 1.445 Mg/ms
Absorption coefficient 0.210 mm"1
F(000) 2520
Ciystal size 0.40x0.20x0.10 mm3
Tlieta range for data collection 1.23 to 23.00°.
Index ranges -7<=h<=7,- 19<=k<=19, -48<=1<=48
Reflections collected 30043
Independent reflections 7740 [R(int) = 0.0854]
Completeness to theta = 23.00° 100.0 96
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9793 and 0.6122
Refinement method Fuil-matrix least-squares on F2
Data / restraints / parameters 7740/0/712
Goodness-of-fit on F2 1.055
Final R indices [I>2sigma(l)] R1 =0.0711,wR2 = 0.1466
R indices (all data) R1 =0.0948, wR2 = 0.1579
Absolute structure parameter -0.04(17)
Largest diff. peak and hole 0.739 and -0.457 e.A-3

Table 7.1. Crystal data and structure refinement for (156a).
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C(24)-N(24) (A) 1.468(7)

C(3)-C(24) (A) 1.526(8)
N(3)-C(24)-C(3) () 114.6(5)
C(25)-N(3) (A) 1.316(7)
C(25)-N(4) (A) 1.345(7)
N(3)-C(25)-N(4) O 108.6(5)
N(4)-C(28) (A) 1.477(7)
c(28)-C(29) (A) 1.513(8)
N(4)-C(28)-C(29) (°) 112.7(5)
C(1)-C(10) (A) 1.513(8)
C(10)-N(l) (A) 1.486(7)
N(1)-C(10)-C(l) n 113.9(5)
C(11)-N(1) (A) 1.333(7)
C(ID-N(2) (A) 1.327(7)
N(2)-CD-N(D) (®) 108.1(5)
C(14)-N(2) (A) 1.485(7)
C(14)-C(15) (A) 1.533(9)
N(2)-C(14)-C(15) (°) 112.4(5)
C(5)-C(38) (A) 1.517(8)
C(38)-N(5) (A) 1.493(7)
N(5)-C(38)-C(5) O 110.2(5)
C(39)-N(6) (A) 1.321(7)
C(39)-N(5) (A) 1.324(7)
N(6)-C(39)-N(5) O 109.6(5)
N(42)-N(6) (A) 1.463(7)
C(42)-C(43) (A) 1.524(8)
N(6)-C(42)-C(43) (°) 113.1(5)

Table 7.2. Selected bond distance (A) and bond angles (°) for (156a).
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The bond lengths for imidazolium nucleus: N (lI)-C(Il) is 1.333 A and C(11)-
N(2) is 1.327 A. The bond angle of N(I)-C(llI)-N(2) is 108.1(°). The other two
imidazolium rings have similar results.

For the methylene spacer the N(4)-C(28) bond length is slightly shorter at 1.477
and the C(28)-C(29) bond length at 1.513(8) A which is similar to those of the
two other methylene spacers. The angle of N(4)-C(28)-C(29) is 112.7 (°) which

is also similar with the other two bond angles of the methylene spacers.

The torsional angles C(3)-C(24)-N(3)-C(25) and C(l1)-C(10)-N(DH-C(l11) are
-42.6(8)° and 41.2(9)°, respectively, whereas C(5)-C(38)-N(5)-C(39) is
175.7(6)°. The torsional angles of the methylene spacer linking the myrtanyl
groups to the imidazolium nucleus: C(29)-C(28)-N(4)-C(25) is -93.5(7)°, C(15)-
C(14)-N(2)-C(Il) is -114.2(7)° and C(43)-C(42)-N(6)-C(39) is 129.9(6)°. This
gives an indication that compound (156a) is not completely symmetrical in the

solid state.

C(3)-C(24)-N(3)-C(25) (°) -42.6(8)
C(29)-C(28)-N(4)-C(25) (°) -93.5(7)
N(4)-C(26)-C(27)-N(3)) (°) -1.3(7)
C(1)-C(10)-N(l)-Cc(ll) (® 41.2(9)
C(15)-C(14)-N(2)-C(ll) (° -114.2(7)
N(2)-C(12)-C(13)-N () (°) 1.3(7)
C(5)-C(38)-N(5)-C(39) (°) 175.7(6)
C(43)-C(42)-N(6)-C(39) (°) 126.9(6)
C(4)-C(5)-C(38)-N(5) (°) 94.3(7)
N(6)-C(40)-C(41)-N(5) (°) 0.8(9)

Table 7.3. Torsion angles (°) for (156a).
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The crystal structures of 1,3,5-tris[((R)-3-methyl-2-butylimidazolium)methyl]-
2,4,6-trimethylbenzene tri(hexafluorophosphate) (156b) (code kno02) has also
been determined. This compound was crystallised from a MethanoFAcetonitrile
solution yielding clusters of block shaped crystals. All pertinent crystallographic
data are listed in Table 7.4, selected bond lengths and angles of the non-
hydrogen atoms in Table 7.5 and selected torsional angles in Table 7.6.
Figure 7.3 shows a perspective view of the molecule with the atomic numbering
scheme assigned, whereas Figure 7.4 shows a perspective view of packing

molecules.

Figure 7.3. ORTEP drawing of the crystal structural of (156b) (code kno02).

Figure7.4. ORTEP drawing of the packing crystal structures of (156b) (code

ko02).
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Identification code
Empirical formula
Molecular formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

Table 7.4. Crystal data and structure refinement for (156b) (code kno02).

knoo2

Cre Hi2a N1z o Fss Pse

2 {[C36 H37 N6]3+3 ([Fs P])} x C2H3N x C2Hs 0

2104.69

100(2) K

0.71073 A
Triclinic

P 1(#1)
a=9.0263(6) A
b= 13.1480(9) A
c=21.8139(15) A
2452.2(3) A 3

1

1.425 Mg/ms
0.226 mm-1

1092

0.80 x 0.35 x 0.30 mms

1.97 to 25.00°.

-10<=h<=10,—15<=k<=15, -25<=1<=25

17668

15499 [R(int) = 0.0126]

99.2 %

Semi-empirical from equivalents
0.9352 and 0.7773

Full-matrix least-squares on F2
15499/3 / 1215

1.023

R1 =0.0580, wR2 = 0.1511

R1 =0.0627, wR2 = 0.1562
0.03(8)

1.105 and -0.525 e.A-3
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c(hH-c(28) (A) 1.517(6)

N(5)-C(28) (A) 1.479(6)
N(5)-C(28)-C(l) O 110.8(3)
N(5)-C(29) (A) 1.329(5)
N(6)-C(29) (A) 1.324(6)
N(6)-C(29)-N(5) (°) 109.3(4)
N(6)-C(32) (A) 1.479(6)
C(32)-C(34) (A) 1.532(7)
N(6)-C(32)-C(34) (°) 110.0(4)
C(5)-C(19) (A) 1.518(6)
N(3)-C(19) (A) 1.481(5)
N(3)-C(19)-C(5) O 109.2(3)
N(3)-C(20) (A) 1.321(5)
N (4)-C(20) (A) 1.326(6)
N(3)-C(20)-N(4) (°) 109.5(5)
N(4)-C(23) (A) 1.495(5)
C(23)-C(25) (A) 1.530(6)
N(4)-C(23)-C(24) (°) 108.8(4)
C(3)-C(10) (A) 1.511(60)
N(D-C(10) (A) 1.481(5)
N (1)-C(10)-C(3) O 111.5(3)
N (D-c (1) (A) 1.325(5)
N (2)-Cc(Il) (A) 1.335(5)
N(D-C(I-N(2) O 108.7(4)
N(2)-C(14) (A) 1.465(6)
C(14)-c(16) (A) 1.523(7)
N(2)-C(14)-C(16) (°) 110.7(4)

Table7.5. Selected bond distance (A) and bond angles(°) for (156b).
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For the compound (156b) the bond length for imidazolium nucleus: N (I)-N (II)
is 1.325(5)A and N(2)—C(II) is F335(5)A, are similar to the other imidazolium
rings. The bond angle of N (1)-C (1 1)-N(2) is 108.7(4)A is slightly narrower than
the bond angles in the other two imidazolium rings.

The bond length between imidazolium ring and chiral centre: N(6)-C(32) is
1.479(6)A which is slightly different with the other chiral centres, N(4)-C(23) is

1.495(5)A and N(2)-N(14) is F465(6)A.

The torsional angles of C(11)-N(1)-C(10)-C(3) and C(20)-N(3)-C(19)-C(5) are

-162.3(4) (°)and 140.2(4)(°) respectively, whereas C(29)-N(5)-C(28)-C((ll) is

-23.1(6)0.
C(29)-N(5)-C(28)-C(I1) () -23.1(6)
N(6)-C(30)-C(31)-N(5) (°) -0.1(5)
C(11)-N(1)-C(10)-C(3) (°) -162.3(4)
N(4)-C(21)-C(22)-N(3) (°) 0.7(5)
C(20)-N(3)-C(19)-C(5) () 140.2(4)
N(2)-C(12)-C(13)-N(l) (®) -1.1(5)

Table 7.6. Torsion angles (°) for (156b).

7.3 Structural studies of Palladium-complex (179)

Other crystals suitable for X-ray crystallographic determination of the
imidazolylidene-Pd(lIl) complex (179) were grown from an acetonitrile solution
yielding clusters of needle shaped crystals. All pertinent crystallographic data
are shown in Table 7.7, selected bond lengths and angles of the non-hydrogen
atoms in Table 7.8 and selected torsion angles are in Table 7.9. Figure 7.5 shows
a perspective view of the molecule with the atomic numbering scheme assigned,

whereas Figure 7.6 shows a perspective view of packing molecules.
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Figure 7.5. ORTEP drawing of the crystal structural of (179) (code kno03).

Figure7.6. ORTEP drawing of the packing crystal structures of (179) (code

kno03).
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Identification code

mpirical formula

Formula weight
Temperature

W avelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F (000

Crystal size

Tlieta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.28°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I=2sigma([)j
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

Table 7.7. Crystal data and structure refinement for (179) (code kno03).

kno03
c¢38i1,iN, Pd h
796,87

100¢2) «
0.71073 A

Orthorhombic

P21 21 21

a= 10.6316(7) A ct=90°.
b= 13.6965(9) A |i= 90°
c =20.6279(14) A y = 90°,

3003.7(3) A-1

4

1,762 Mg/m 3

2.696 mm-1

1568

020x0.10x0.10 mm?3

1.78 to 28.28°.

- 14<=h<=14,-18<=k<= 18. -26<=1<=26
51800

7257 [R(int) = 0.0527]

98.4 %

Semi-empirical from equivalents
0.7743 and 0.6845

Full-m atrix least-squares on F2
7257/0/322

1.134

R1 = 0.0360, wR2 = 0.0811

R1 0.0389, wR2 = 0,0823
0.01¢2y

2.054 and 0.586 e.A~3
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1(H-Pd 2.6595(4)

1(2)-Pd 2.6533(5)
1(2)-Pd-1( 1) 94.415(14)
Pd-Cc(l) 1.989(5)
Pd-C(15) 1.999(5)
C(1)-Pd-C( 15) 90.47(18)
C(1)-N(2) 1.352(6)
C(h-N(D 1.360(6)

N (2)-C(1)-N(l) 104.9(4)
C(15)-N(3) 1.355(6)
C(15)-N(4) 1.361(6)
N(3)-C( 15)-N(4) 104.7(4)
N(3)-C(18) 1.472(6)
C(18)-C(19) 1.539(6)
N(3)-C(18)-C'(19) 111.7(4)

N (1)-C(4) 1.463(6)
C(4)-C(5) 1.539(7)

N (1)-C(4)-C(5) 113.8(4)
C(-Pd-1(l) 90.19(12)
C( 15)-Pd-1(2) 86.38(13)
C()-Pd-1(2) 170.43(13)
C(15)-Pd-1(l) 170.45(14)

Table 7.8. Selected bond distance (A) and bond angles(®°) for (179).
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The crystal structure analysis of compound (179) shows that the square-planar
core geometry of two carbene ligands are in a cis arrangement, and twisted
relative to the Pdh; the bond length of Pd-C(l) is 1.989(5) A and Pd-C(5) is
1.999(5) A. Whereas the bond angle of C(1)-Pd-C(5) is 90.47(18) (°). The bond
length of I(1)-Pd is 2.6595(4) A and I1(2)-Pd is 2.6533(5). The bond angle of
1(2)-Pd-I(l) is 94.415(14) (°). These results are similar to those reported
previously [183-188] and in agreement with expected values, showing the
heterocyclic carbenes of the imidazole type have donor properties similar to the
electron-rich phosphanes [139], The bond angle of N(2)-C(l)-N(l) is 104-9(4)
(°) which is similar to previous reported [139]. The methylene spacer bond angle

of N(1)-C(4)-C(5) is 113.8(4) (°).

The torsional angles of C(l1)-N(I)-C(4)-C(5) and C(15)-N(3)-C(18)-C(19) are
96.9(5) and -70.9(6) (°), respectively. The other two torsional angles of N(3)-
C(16)-C(170-N(4) and N((20-C(2)-C(3)-N(l) are -0.3(6) and 0.2(5) (),

respectively.

Pd-C(1)-N(I)-C(4) 6.3(6)
Pd-C(15)-N(3)-C(18) 2.2(7)
C(I)-N(I)-C(4)-C(5) 96.9(5)
C(15)-N(3)-C(18)-C(19) -70.9(6)
N(3)-C(16)-C(17)-N(4) -0.3(6)
N (2)-C(2)-C(3)-N(I) 0.2(5)

Table 7.9. Torsion angles (°) for (179).
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7.4 Conclusion

In the case of I,3,5-tris[N-((-)-cis-myrtanylimidazolium)methyl]2,4,6-trimethyl-
benzene tri(hexafluorophosphate) (156a), the crystallographic studies shows that
the PFg' counter anion is positioned nearby the H-2 proton in the imidazolium
ring, where this would suggest hydrogen bonding, Also this anion is in close
proximity to the cation centre ofthe imidazolium ring.

Also the crystallographic studies for the Pd-complex (179) shows this complex is

in a cis conformation.
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Chapter 8

Experimental



Introduction

N MR spectra were carried out on a Bruker AVANCE instrument using
XW INMR software processed on a Silicon Graphics 02 workstation. The
instrument operated at 400 MHz for *H NMR and 100 MHz for 13 NMR. Infra
red (IR) spectra were recorded using a Nicolet 405 FTIR spectrophotometer.
Melting point determinations were carried out on a Stuart Scientific melting
point apparatus. Specific rotations [a]DB were performed on a Perkin Elmer 341
polarimeter operating at 589 nm and 25 °C.

Elemental analysis were carried out by the Microanalytical Laboratory at
University College, Dublin. Mass spectra were recorded on Bruker ESQUIRE
LCMS instrument at Dublin City University.

Flash chromatography was performed using Riedel de HaEn or Matrix silica gel
60. All chemicals were purchased from the Sigma / Aldrich chemical company
and used without further purification, unless otherwise stated.

Acetonitrile was dried over potassium carbonate and distilled. DCM was distilled
directly and stored over 3A sieves. Methanol was refluxed for 0.5 h with
protection from the atmosphere and then distilled. Toluene was distilled with
rejection of the first fore-run fraction (ca.-5%). Finally THF was refluxed over
sodium and benzophenone. AIll reactions were performed under a nitrogen

atmosphere unless otherwise stated.
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General procedure of substituted imidazole synthesis

To a solution of (-)-cis-myrtanylamine (2.86 g, 18.6 mmol) and aqueous
ammonia (Iml, 18.60 mmol) in propan-l-ol (10 ml), a solution of glyoxal (2.34
ml, 20 mmol) and aqueous formaldehyde (37%, 1.45 ml, 20.0 mmol) in propan-
I-ol (20 ml) were added dropwise. The solution was then cooled to room
temperature and water was added. Subsequently, the mixture was extracted with
dichloromethane (3x30 ml) and the combined extracts were washed with water
(2x20 ml), dried (anhydrous MgSCU), filtered and dichloromethane was removed
under vacuum to give (152a) as a brown oil. This was used without further
purification in the following step. A small sample of (-)-cis-myrtanyl imidazole
(152a) was purified (flash chromatography, silica gel, 10:1 Ethylacetate:

Methanol) to give the following analytical data :

(-)-cis-myrtanyl imidazole (152a)

Yield 3.20g (87%) yellow oil, [aJoD = +12° (EtOH)

IUNMR (cDC13) 8 (ppm): 0.83 (d, 1H , 7=9.6 Hz, CH), 1.02 (s, 3H, CH 3), 1.13
(s, 3H, CH3), 1.45 (m, 1H, CH), 1.70 (m, 1H, CH), 1.84 (m, 4H, 2CH2), 2.27 (m,
1H, CH ), 2.39 (m, 1H, CH ), 3.83 (g, 1H, 7=3.2 Hz, CH), 6.81 (s, 1H, NCHCH),
6.97 (s, 1H, NCHCH), 7.36(s, 1H, NCHN).

13 NMR (CDCU) 8 (ppm): 19.84 (CH3), 23.83 (CH3), 26.10 (CH 2), 28.21 (CH 2),
33.23 (CH2), 38.96 (CH2), 41.48 (CH), 43.06 (CH), 43.41 (CH), 52.94 (C),
119.37 (NCC), 129.58 (NCC), 137.63 (NCN).

IR (neat) v (cm'D: 2985, 2940, 2919, 2871, 1678, 1472, 145,1389, 1366, 736.
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(R)-3-Methyl-2-butyl imidazole (152b)

The general procedure was used with starting material of (R)-3-Methyl-2-butyl-
amine (1.62 g, 18.6 mmol) to give 1.69g brown oil of (60% yield); [a]o:s = +64°
(EtOH).

'H NMR (CDC13) s (ppm): 0.51 (d, 3H, J=6.4 Hz, CHJ3), 0.70 (d, 3H, J=5.s Hz,
CHB3), 1.21 (d, 3H, 3= 7.2 Hz, CH3), 1.65 (m, 1H, CH), 3.58 (m, 1H, CH), ¢ .s¢ (5,
1H, NCHCH), 6.80 (s, 1H , NCHCH), 7.23 (s, 1H , NCHN).

13C NMR (CDC13) : (ppm): 19.14 (CH3), 19.35 (CH3), 19.54 (CHJ), 35.21 (CH),
59.85 (CH), 117.45 (NCC), 129.17 (NCC), 136.50 (NCN).

IR (neat) v (cm 1): 3112, 2968, 2880, 1674, 1494, 1459, 1415, 1380, 1112, 915,

731.

(S)-1-(2-phenyl)ethyl imidazole (152c)

The general procedure was used with starting material of (S)-I-(2-phenyl)ethyl-
amine (2.24 g, 18.6 mmol) to give 1.58g brown oil of (55% yield).

lu NMR (CDC13) s (ppm): 1.83 (d, 3H, 7=7.2 Hz, CH3), 5.32 (m, 1H, J=¢.s Hz,
CH), 6.91 (s, 1H, NCHCH), 7.06 (s, 1H, NCHCH), 7.13 (d, 2H, Ar-CH), 7.29
(m, 3H, Ar-CH), 7.58 (s, 1H, NCHN).

13C NMR (CDC13) s (ppm): 22.40 (CH3), 56.93 (CH), 118.36 (NCC), (126.36,

128.46, 129.28, 129.64) (Ar-C), 136.42 (NCC), 141.91 (NCN).
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IR (neat) v (cm']: 3109, 2983, 2914, 1678, 1508, 1468, 1452, 1384, 1110, 1060,

730, 664.

155¢

(S)-1-(2-Naphthyl)ethyl imidazole (152d)

The general procedure was wused with starting material of (S)-I-(2-
Naphthyl)ethyl-amine (3.18 g, 18.6 mmol) to give 2.60 g brown oil of (65%
yield).

IH NMR (CDC13) : (ppm): 1.87 (d, 3H, 3=1.2 Hz, CH3), 5.70 (q, 1H, 7=7.2 Hz,
CH), 6.92 (s, IH, NCHCH), 7.30 (s, IH, NCHCH), 7.42 (d, 1H, 3= s Hz, Ar-CH),
7.51 (m, 2H, Ar-CH), 7.78 (s, IH, NCHN), 7.87 (m, 4H, Ar-CH).

I3C NMR (CDC13) 5 (ppm): 22.36 (CH), 57.03 (CH), 118.50 (NCC), (124.37,
125.16, 126.83, 127.22, 128.09, 128.39, 129.28, 129.89, 133.30, 133.59) (Ar-C),
136.56 (NCC), 139.29 (NCN).

IR (neat) v (cm'l): 3110, 3070, 3980, 3910, 1610, 1500, 1480, 1410, 1310, 1300,

820, 740.

155d H

(S)-1-(2-hexyl)ethyl imidazole (152¢)

The general procedure was used with starting material of (S)-I-(2-hexyl)ethyl
amine (2.36 g, 18.6 mmol) to give 2.15g brown oil of (65% yield).

IH NMR (CDC13) s (ppm): Overlapping 0.65-1.60 (m, 11H, hexyl-H), 1.26 (d,
3H, .7=6.8 Hz, CH3), 3.66 (m, 1H, CH), 6.70 (s, H, NCHCH), &.ss (s, H,

NCHCH), 7.28 (s, 1H, NCHN).
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Me

155e

1,3,5-Tris(bromomethyl)-2,4,6-trimethylbenzene (154)

To a mixture of mesitylene (3.6 g, 29 mmol), paraformaldehyde (3.08 g, 100
mmol), and (50 ml) of glacial acitic acid (20 ml) of 31 wt % HBr/acetic acid
solution was added rapidly. The mixture was kept for s h at 95-100 °C and the
colour was turned to a clear orange. The reaction mixture was then poured onto
(100 ml) of water to give a white solid precipitate. The crude product was
recrystalized by slow evaporation from chloroform.

Yield 11.28g (95 %) white crystals, m.p. 184-186 °C.

IH NMR (CDC13) s (ppm): 2.50 (s, 9H, CH3), 4.60 (s, s H, CH:Br)

13C NMR (CDCL:) s (ppm): 15.80 (Ar-CH3), 30.25 (Ar-CH:Br), 133.65 (Ar-
CH3), 138.30 (Ar-CH2).

IR (KBr) v (cm'): 3041, 3010, 1565, 1444, 1408, 1376, 1080, 786, 759, 683,

S571.

154
1,3,5-Tris[N-((-)-cis-myrtanylimidazolium)methyl]2,4,6-trimethylbenzene-
tribromide (155a)
1,3,5,-Tris(bromomethyl)-2,4,s -trimethyl benzene (0.50 g, 1.35 mmol) and
(-)-cis-myrtanyl imidazole (1.00 g, 4.80 mmol) in 1,4-dioxane (15 ml) were

heated to 100 °C for 24 h. The resulting solid, 1,3,5-tris[N-((-)-cis-myrtanyl-

150



imidazolium)methyl]-2,4,6-trimethylbenzene tribromide, was collected, washed
with diethylether (3x100 ml) and dried.

Yield 0.678g (95%) creamy solid, m.p. 284-286 °C, [aj0.s = +50° (EtOH).

IH NMR (CDsCN) 5 (ppm): 0.83 (d, 3H, 7=9.6 Hz, CH), 1.01 (s, 9H, CH3), 1.11

(s, 9H, CH3), 1.46 (m, 3H, CH), overlapping 1.75-1.87 (m, 15H, CH.CH:CH),
2.26 (s, 9H, CH3), 2.44 (m, 3H, CH), 4.12 (m, 3H, CH), 4.29 (m, 3H, CH), 5.75
(s, s H, CH2), 7.21 (d, 3H, 7=6.8 Hz, NCHCH), 8.44 (s, 3H, NCHCH), 10.09 (s,
3H, NCHN)

13CNMR (CDC13) 5 (ppm): 17.89 (CH3), 19.48 (CH3), 24.04 (CH3), 25.92 (CH2),
28.14 (CH2), 33.19 (CH2), 38.89 (CH2), 41.28 (CH2), 42.61 (CH), 43.81 (CH),

49.50 (CH), 55.54 (C), 122.38 (NCC), 124.36 (NCC), 129.28 (Ar-CH?3), 136.42

(NCN), 142.29 (Ar-CH2).

IR (KBr) v (cm'1): 3100, 3075, 2945, 2890, 1630, 1590, 1480, 1420, 1485, 1350,

1300, 1160, 840, 720, 560.

155a

1,3,5-Tris[((R)-3-methyl-2-butylimidazolium)methyl]2,4,5-trimethylbenzene-
tribromide (155b)

The general procedure was used with starting materials of 1,3,5-tris(bromo-
methyl)-2,4,6-trimethylbenezene (154) (0.36 g, 0.91 mmol) and (R)-3-Methyl-2-
butyl imidazol (152b) (0.50 g, 3.28 mmol) to give 0.68g creamy powder of (92%

yield), m.p. 253-255 °C, [a] o2s = +37° (EtOH).

151



iH NMR (CDsCN) 5 (ppm): 0.71 (d, 9H, .7=6.4 Hz, CH3), 0.95 (d, 9H, 7=6.4 Hz,
CH3), 1.52 (d, 34, «7=68 Hz, CH3, 2.00 (g, 3H, J=7.2 Hz, CH), 2.33 (s, 9H,
CH3), 4.70 (g, 3H, .7=7.6 Hz, CH), 5.85 (q, s H, J=8.4 Hz, CH2), 7.46 (s, 3H,
NCHCH), 8.57 (s, 3H, NCHCH), 10.09 (s, 3H, NCHN).

13CNMR (CDC13) s (ppm): 17.73 (CH3), 18.74 (CH3), 19.14 (CH3), 19.28 (CH3),
34.64 (CH), 49.50 (CH2), 62.32 (CH), 120.11 (NCC), 124.68 (NCC), 129.26
(Ar-CH3), 135.70 (NCN), 142.33 (Ar-CH2).

IR (KBr) v (cm'): 3123, 3064, 2967, 2877, 2340, 1636, 1570, 1551, 1460, 1385,

1334, 1155, 879, 834, 623.

FH nwm

155b

1,3>5-Tris[((S)-1-(2-phenyl)ethylimidazolium)methyl]2,4,6-trimethylbenzene-
tribromide (155c)

The general procedure was used with starting materials of 1,3,5-tris(bromo-
methyl)-2,4,6-trimethylbenezene (154) (0.66 g, 1.66 mmol) and (S)-1-(2-phenyl)
ethyl imidazole (1.10 g, 6.39 mmol) (152c) to give 1.46g brownish yellow
powder of (96% yield), m.p. 120-122 °C, [ajo2s = - 78° (CH:Cl12).

IHNMR (CD:CN) s (ppm): 1.82 (d, 9H, 3= 12 Hz, CHJ), 2.25 (s, 9H, CH3), 5.75
(g, s H, y=¢ Hz, CH2, 6.03 (q, H, 7=7.2 Hz, CH), 7.06 (s, 3H, NCHCH), 7.25
(m, 15H, Ar-H), 8.31 (s, 3H, NCHCH), 10.21 (s, 3H, NCHN).

13C NMR (CDsCN) s (ppm): 18.01 (CH3), 21.55 (CH3), 49.54 (CH2), 59.44
(CH), 120.16 (NCC), 124.53 (NCC), (127.30, 129.30, 129.64, 129.69) (Ar-C),

135.78 (Ar-CH3), 138.27 (NCN), 142.41 ( Ar-CH2).
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IR (KBr) v (cm'): 3100, 3050, 3980, 3900, 3880, 1630, 1550, 1500, 1470, 1450,

1410, 1320, 1260, 1200, 1150, 1110, 820, 720, 630, 520.

155c

1,3>5-Tris[((S)-1-(2-Naphthyl)ethylimidazolium)methyl]2,4,6-trimethyl-
benzene tribromide (155d)

The generai procedure was used with starting materials of 1,3,5-tris(bromo-
methyl)-2,4,6-trimethylbenezene (154) (0.26 g, 0.65 mmol) and (S)-1-(2-
Naphthyl)ethyl imidazole (152d) (0.52 g, 2.34 mmol) to give 0.66g brownish
yellow powder of (96% yield), m.p: 182-184°C, [ajn2s = -160° (EtOH).

IH NMR (CD:CN) 5 (ppm): 1.95 (d, 9H, s=6 A Hz, CH3), 2.29 (s, 9H, CH3), 5.60
(s, s H, CH2), 6.16 (q, 3H, 3=¢.s Hz, CH), 7.58 (m, 9H, Ar-H), 7.79 (s, 3H,
NCHCH), overlapping 7.91-8.03 (m, 15H, (Ar-H), (NCHCH)), 9.69 (s, 3H,
NCHN).

13C NMR (CDsCN) s (ppm); 16.78 (CH3), 20.57 (CH3), 48.36 (CH2), 58.74
(CH), 121.32 (NCC), 123.30 (NCC), (124.73, 126.07, 127.09, 127.13, 127.94,
128.37, 129.04, 129.64, 132.96, 133.00) (Ar-C), 135.64 (Ar-CH3), 137.05
(NCN), 141.53 (Ar-CH2).

IR (KBr) v (cm']): 3120, 3053, 2982, 2960, 2340, 1601, 1508, 1546, 1453, 1420,

1388, 1147, 1019, sss, 826, 756, 723, 620.
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155d

1,3,5-Tris[((S)-I-(2-hexyl)ethylimidazolium)methyl]2,4,6-trimethylbenzene-
tribromide (155e)

The general procedure was used with starting materials of 1,3,5-tris(bromo-
methyl)-2,4,6-trimethylbenezene (154) (1.84 g, 104 mmol) and (S)-1-(2-
hexyl)ethyl imidazole (1.14 g, 2.88 mmol) to give 2.48g brown solid of (92%
yield), m.p. 108-110 °C, [a]D5 = -53° (EtOH).

*H NMR (CD3CN) 5 (ppm): overlapping 0.88-1.19 (m, 18H, hexyl-CH), 1.45
(d, 9H, 1=6.8 Hz, CH3J), overlapping 1.48-177 (m, 15H, hexyl-CH), 2.30 (s, 9H,
CHJ), 4.67 (m, 3H, CH), 5.81 (d, 6H, s=5.6 Hz, CH2), 7.26 (s, 3H, NCHCH),
8.52 (s, 3H, NCHCH), 10.05 (s, 3H, NCHN).

13C NMR (CD3CN) 6 (ppm): 17.80 (CH3), 18.80 (CH3), (25.98, 29.17, 29.47,
43.68) (hexyl-C), 49.44 (CH2), 61.57 (CH), 119.67 (NCC), 124.77 (NCC),
129.16 (Ar-CH3), 135.816 (NCN), 142.4 (Ar-CH2).

IR (KBr) v (cm')): 3118, 3054, 2995, 2927, 2853, 1628, 1556, 1445, 1381, 1338,

1300, 1152, 1120, 892, 872, 766, 664.

Me
155e
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Conversion to hexafluorophosphate salt

1,3,5-Tris[N-((-)-cis-myrtanylimidazolium)methyl]2,4,6-trimethylbenzene-
tri(hexafluorophosphate) (156a)

General procedure:

The trisbromide salt was converted to the trihexafluorophosphate salt by
dissolving the trisbromide salt (0.50 g, 0.49 mmol) in methanol (ca.5% w/v) and
adding a saturated aqueous solution of ammonium hexafluorophosphate (0.24 g,
1.48 mmol) until no further precipitation occurred. The precipitate was filtered,
washed with methanol and dried, to yield (156a), 0.48g (82%) white powder and
m.p. 260-262 °c, [a]D>5 = +60° (CH3CN).

*HNMR (CD3CN) 8 (ppm): 0.94 (d, 3H, 3=9.6 Hz, CH), 1.07 (s, 9H, CH3), 1.20
(s, 9H, CH3), 1.50 (m, 3H, CH), overlapping 1.78-2.0 (m, 15H, CH2CH2CH),
2.25 (s, 9H, CH3), 2.40 (m, 3H, CH), 2.52 (m, 3H, CH), 4.08 (d, 6H, 7=8 Hz,
CH2), 5.45 (s, 6H, CH2), 7.25 (s, 3H, NCHCH), 7.42 (s, 3H, NCHCH), 8.23
(s, 3H, NCHN).

13C NMR (CD3CN) 8 (ppm): 15.56 (CH3, 18.19 (CH3), 22.05 (CH3), 24.89
(CH2), 26.62 (CH2), 32.03 (CH2), 37.87 (CH2), 40.64 (CH2), 41.13 (CH), 42.76
(CH), 47.86 (CH), 54.67 (C), 121.80 (NCC), 122.55 (NCC), 128.85 (Ar-CH3),
134.50 (NCN), 141.41 (Ar-CH2).

3IP (DMSO-") 8 (ppm): -134.27, -138.66, -143.05, -147.44, -151.84.

1F (DMSO0-J6) 8 (ppm): -69.55, -71.44.

IR (KBr) v (cm'): 3162, 3105, 2988, 2916, 2874, 2370, 1630, 1560, 1459, 1425,
1387, 1156, 1109, 841, 740.

Elemental analysis: calcd. for CsiH:sNsP3Fis (1207.10): C, 50.75; H, 6.26; N,

6.96%. Found: C, 50.50; H, 6.14; N, 6.90%.
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1.3.5-Tris[((R)-3-methyl-2-butylimidazolium)methyl]2,4,5-trimethylbenzene-
tri(hexafluorophosphate) (156b)

The general procedure was used with starting materials of trisbromide salt
(155b) (0.5 g, 0.16 mmol) and hexafluorophosphate salt (0.30 g, 1.84 mmol) to
give 0.44g white powder of (72% yield), m.p. 203-205 °C, [a]oZB = + 56°
(CH3CN).

*H NMR (CDC13) 8 (ppm): 0.74 (d, 9H, J=6.4 Hz , CH3), 0.94 (d, 9H, J=6.4 Hz,
CH3), 1.49 (d, 9H, 31=6 .8 Hz, CHJ), 2.00 (m, 3H, CH), 2.25 (s, 9H, CHJ), 4.15
(m, 3H, CH), 5.46 (m, 6H, Ar-CH2), 7.26 (s, 3H, NCHCH), 7.46 (s, 3H,
NCHCH), 8.23 (s, 3H, NCHN).

13C NMR (CDC13) 8 (ppm): 15.54 (Ar-CH3), 16.64 (CH3), 17.41 (CH3), 17.60
(CH3), 33.50 (CH), 47.90 (CH2), 62.71 (CH), 120.68 (NCC), 121.97 (NCC),
128.84 (Ar-CH3), 133.70 (NCN), 141.40 (Ar-CH2).

31P (DMSO-c/th 8 (ppm): -130.00, -134.27, -138.66, -143.05, -147.44, -151.83,
-156.20.

19 (DMSO-i/tf) 8 (ppm): -69.54, -71.43.

IR (KBr) v (cm'): 3163, 3109, 2972, 3950, 2884, 2373, 1625, 1556, 1432, 1388,
1332, 1153, 1110, 843, 740.

Elemental analysis: calcd. for C3ZH5N6P3Fi8 (1008.80): C, 42.86; H, 5.69; N,

8.33%. Found: C, 42.56; H, 5.55; N, 8.30%.

1.3.5-Tris[((S)-I-(2-phenyl)ethylimidazolium)methyl]2,4,6-trimethylbenzene-
tri(hexafluorophosphate) (156¢)

The general procedure was used with starting materials of trisbromide salt (155c)
(0.50 g, 0.54 mmol) and hexafluorophosphate salt (0.26 g, 1.64 mmol) to give

0.4g brown solid of (66% yield), m.p. 118-120 °C, [aJob= -143° (CH3CN).
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'H NMR (cpscN) s (ppm): 1.84 (d, 9H, 7=7.2 Hz, CH3), 2.23 (s, 9H, Ar-CH3J),
5.52 (s, s H, Ar-CH2), 5.73 (g, 3H, .7=6.8 Hz, CH), 7.34-7.41 (m, 15H, Ar-H),
7.43 (s, 3H, NCHCH), 7.81 (s, 3H, NCHCH), 9.19 (s, 3H, NCHN).

13 NMR (DMSO-") s (ppm): 16.46 (Ar-CH3), 20.64 (CH3), 48.13 (Ar-CH2),
59.15 (CH), 121.55 (NCC), 122.58 (NCC), (126.71, 129.17, 129.42, 129.51)

(Ar-C), 135.28 (Ar-CH3), 139.54 (NCN), 141.43 (Ar-CH2).

3IP (DMSO-<”) & (ppm): -129.86, -134.25, -138.65, -143.04, -147.43, -151.83,
-156.25.

1F (DMSO-7) s (ppm): -69.54, -71.43.

IR (KBr) v (cm'l), 3160, 3104, 3036, 2991, 2947, 2892, 2366, 1605, 1552, 1498,
1425, 1389, 1148, 1111, 838, 777, 741, 705.

Elemental analysis: calcd. For C.sHsiNePsFis (1110.84): C, 48.65; H, 4.63; N,

7.56%. Found: C, 48.10; H, 4.54; N, 7.51%.

1,3,5-Tris[((S)-1-(2-Naphthyl)ethylimidazolium)methyl|2,4,6-trimethyl-
benzene tri(hexafluorophosphate) (156d)

The general procedure was used with starting materials of trisbromide salt
(155d) (50 g, 0.46 mmol) and hexafluorophosphate salt (0.22 g, 1.40 mmol) to
give 0.47g white powder of (80% vyield), m.p. 190-192 °C, [(x1d2s = -165°
(CHsCN).

IHNMR (CD:CN) s (ppm): 1.94 (d, 9H, 7=10.4 Hz, CH3), 2.16 (s, 9H, Ar-CH3),
5.43 (s, «H, Ar-CH2), 5.87 (q, 3H, 7=6.8 Hz, CH), 7.25 (s, 3H, NCHCH),
overlapping (7.41, 7.54, 7.90) (m, 24H, Ar-H, NCHCH), 8.70 (s, 3H, NCHN).
13C NMR (CDsCN) s (ppm): 15.63 (Ar-CH3), 19.69 (CH3), 48.00 (Ar-CH2),
59.40 (CH), 120.96 (NCC), 122.09 (NCC), (123.87, 125.83, 126.63, 126.72,
12.34, 127.75, 128.68, 132.75, 132.86) (Ar-C), 134.32 (Ar-CH3), 135.58 (NCN),

141.59 (Ar-CH2).
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PP (DMSO-rftf) s (ppm): -134.25, -138.65, -143.04, -147.43, -151.82.

19 (DMSO-fifc) s (ppm): -69.53, -71.42

IR (KBr) v (cm'1): 3158, 3103, 3058, 2990, 2946, 2856, 2370, 1603, 1551, 1509,
1454, 1421, 1389, 1146, 1109, 843, 774, 755, 741.

Elemental analysis: calcd.for Cs:Hs:NsPsFis (1261.02): C, 54.28; H, 4.56; N,

s .« 6 %0 Found: C, 54.04; H, 4.52; N, 6.65%.

1,3,5-Tris[((S)-I-(2-hexyl)ethylimidazolium)methyl]2,4,6-trimethylbenzene-
tri(hexafluorophosphate) (156e)

The general procedure was used with starting materials of trisbromide salt (155e)
(0.50 g, 0.53 mmol) and hexafluorophosphate salt (0.26 g, 1.60 mmol) to give
0.33g white powder of (55% yield), m.p. 182-184 °C, [ajo2s = - 81° (CHsCN).
*H NMR (CDsCN) s (ppm): overlapping 0.72-1.15 (m, 18H, hexyl-CH), 1.45
(d, 9H, J=6 s Hz, CH3), 1.52 (s(broad), s H, hexyl-CH), 1.68 (m, 9H, hexyl-CH),
2.32 (s, 9H, Ar-CH3), 4.25 (q, 3H, 3=s Hz, CH), 5.65 (5, «H, Ar-CH2), 7.55
(s, 3H, NCHCH), 7.73 (s, 3H, NCHCH), & 55 (5, 3H, NCHN).

13C NMR (CDsCN) s (ppm): 16.03 (Ar-CH3), 17.68 (CH3), (25.64, 25.74, 25.92,
43.13) (hexyl-C), 48.66 (Ar-CH2), 62.38 (CH), 121.24 (NCC), 123.12 (NCC),
129.68 (Ar-CH3), 134.87 (NCN), 142.12 (Ar-CH2).

19 NMR (CD:CN) s (ppm): -71.66, -73.54.

31P NMR (CD:CN) s (ppm): -134.49, -138.87, -143.24, -147.62, -151.99.

IR (KBr), v (cm']): 3160, 3109, 2988, 2933, 2858, 2340, 1617, 1555, 1425, 1337,

1150, 827, 740, 662.
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NMR Titration procedure:

A- Anion recognition

A 5x10'3 molar stock solution of each imidazolium hexafuolorophosphate salt
was prepared by weighing out an accurate amount salt on an analytical balance
and diluting to a volume of (10 ml) using deuterated acetonitrile. In to a series of
clean glass NMR tubes approximately (0.50 ml) aliquots of these receptor stock
solutions was transferred with the aid of a micropipette. Each aliquot was then
subsequently treated with zero to five mole equivalents of the solid tetra ethyl or
butylammonium salt of the anion being studied.

2H NMR titration results of host (156a) with anions (Ct, Br, /', HSOi, NO3)
The first and second figure refer to host-guest ratio in moles, where the third
figure would refer to chemical shift in (ppm) of the C-2 proton of the
imidazolium ring.

Titration between host (156a) and chloride anion; iH NMR (CD3CN) 5 (ppm):
NCHN; 1:0;8.30, 1:0.2;8.79, 1:0.4;9.20, 1:0.6;9.50, 1:0.80;9.78, 1:1,;10.09,
1:2;10.32, 1:3;10.30, 1:4;10.30, 1:5;10.30.

Titration between host (156a) and bromide anion; 'H NMR (CD3CN) 8 (ppm):
NCHN; 1:0;8.30, 1:0.2;8.64, 1:0.4;9.07, 1:0.6;9.33, 1:0.8;9.67, 1:1;9.80,
1:2;9.96, 1:3;9.96, 1:4;9.97, 1:5;9.96.

Titration between host (156a) and iodide anion; H NMR (CD3CN) 8 (ppm):
NCHN: 1:0;8.30, 1:0.2;8.51, 1:04;8.73, 1:0.6;8.77, 1:0.8;8.86, 1:1;8.92,
1:2:8.93, 1:3;8.92, 1:4;8.92, 1:5:;8.92.

Titration between host (156a) and hydrogen sulfate anion; *H NMR (CD3CN) 8
(ppm); NCHN; 1:0;8.30, 1:0.2;8.39, 1:0.4;8.51, 1:0.6;8.58; 1:0.8;8.64, 1:1;8.70,

1:2:8.83, 1:3;8.85, 1:4:8.85, 1:5:8.86.
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Titration between host (156a) and nitrate anion; *H NMR (CD:CN) s (ppm);
NCHN; 1:0;8.30, 1:0.2:8.43, 1:0.4:8.59, 1:0.6:8.73, 1:0.8;8.87, 1:1:8.95,
1:2;9.12, 1:3;9.15, 1:4;9.17, 1:5;9.18.

'H NMR titration results of host (156b) with anions (CT, Br, /', HSO/, NO3)
Titration between host (156b) and chloride anion; 'H NMR (cDsCN) s (ppm);
NCHN; 1:0;8.27, 1:0.2;8.70, 1:0.4;9.03, 1:0.6;9.36, 1:0.8;9.63, 1:1;9.93,
1:2;10.15, 1:3;10.16, 1:4;10.15, 1:5;10.16.

Titration between host (156b) and bromide anion; H NMR (cDsCN) s (ppm);
NCHN; 1:0;8.26, 1:0.2;8.66, 1:0.4;8.96, 1:0.6;9.21, 1:0.8;9.52, 1:1;9.74,
1:2;9.86, 1:3;9.87, 1:4;9.88, 1:5;9.89.

Titration between host (156b) and iodide anion; 1H NMR (CDsCN) s (ppm);
NCHN; 1:0;8.27, 1:0.2;8.49, 1:0.4;8.52, 1:0.6;8.55, 1:0.8;8.57, 1:1;8.60,
1:2;8.69, 1:3:;8.74, 1:4:;8.78, 1:5:8.81.

Titration between host (156b) and sulfate anion; *H NMR (CD:CN) : (ppm);
NCHN; 1:0;8.27, 1:0.2;8.36, 1:0.4;8.44, 1:0.6;8.51, 1:0.8;8.73, 1:1;8.82,
1:2;8.97, 1:3;9.00, 1:4;9.02, 1:5;9.03.

Titration between host (156b) and nitrate anion; 'H NMR (cbscN) s (ppm);
NCHN; 1:0;8.27, 1:0.2;8.41, 1:0.4;8.54, 1:0.6;8.65, 1:0.8;8.73, 1:1;8.82,
1:2:8.97, 1:3;9.00, 1:4;9.02, 1:5;9.03.

N NMR titration results of host (156¢) with anions (Ct, Br, /', NO3s,

Titration between host (156c) and chloride anion; X4 NMR (CDsCN) s (ppm);
NCHN; 1:0;8.58, 1:0.2;9.28, 1:0.4;9.65, 1:0.6;9.86, 1:0.8;10.16, 1:1;10.18,
1:2;10.28, 1:3;10.30, 1:4;10.32, 1:5;10.33.

Titration between host (156¢) and bromide anion; XY NMR (CD:CN) s (ppm);
NCHN; 1:0;8.58, 1:0.2;9.17, 1:0.4;9.46, 1:0.6;9.65, 1:0.8;9.78, 1:1;9.84,

1:2;9.93, 1:3:9.97, 1:4:9.98; 1:5:9.99.
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Titration between host (156¢) and iodide anion; NMR (CDsCN) s (ppm);
NCHN; 1:0;8.58, 1:0.2;8.61, 1:0.4;8.63, 1:0.6;8.65, 1:0.8;8.67, 1:1;8.69,
1:2:8.76, 1:3:8.81, 1:4:8.84, 1:5:8.86.

Titration between host (156c) and nitrate anion: 'H NMR (CD:CN) s (ppm);
NCHN; 1:0;858, 1:0.2;8.66, 1:0.4:8.68, 1:0.6:8.69, 1:0.8;8.71, 1:1:8.72,
1:2;8.77, 1:3;8.80, 1:4;8.83, 1:5;8.84.

IH NMR titration results of host (156d) with anions (Ct, Br, /", NO3)

Titration between host (156d) and chloride anion; lH NMR (CD:CN) s (ppm);
NCHN; 1:0;8.73, 1:0.2;9.45, 1:0.4;9.84, 1:0.6;10.11, 1:0.8;10.26, 1:1;10.31,
1:2:10.37, 1:3;10.4, 1:4;10.41, 1:5;10.42.

Titration between host (156d) and bromide anion; ‘H NMR (CD:CN) s (ppm);
NCHN; 1:0;8.73, 1:0.2;9.28, 1:0.4;9.66, 1:0.6;9.86, 1:0.8;9.94, 1:1;9.97,
1:2:10.02, 1:3;10.04, 1:4;10.05, 1:5:10.07.

Titration between host (156d) and iodide anion; IH NMR (CDsCN) s (ppm);
NCHN; 1:0:8.73, 1:0.2;8.77, 1:0.4:8.87, 1:0.6:8.98, 1:0.8:9.07, 1:1:9.12,
1:2;9.30, 1:3;9.37, 1:4;9.40, 1:5;9.43.

Titration between host (156d) and nitrate anion; H NMR (CDsCN) s (ppm);
NCHN; 1:0:8.73, 1:0.2;:8.94, 1:0.4:9.07, 1:0.6:9.21, 1:0.8:9.29, 1:1:9.35,

1:2:9.43, 1:3:9.44, 1:4:;9.44, 1:5:9.45.

B- Enantiomeric selectivity

A 2x10-2 molar stock solution for each of the four homochiral imidazolium
hexafluorophosphate salts (156a-d) in deuterated acetonitrile was prepared. For
each salt four H NMR experiments were run. To four equal aliquots of the stock
solution, no chiral anion, (R)-2-aminopropionate anion, (S)-2-aminopropionate
anion, and both (R) and (S)-2-aminopropionate anion were added in 1:1 ratio

(1 ;22 for the racemic mixture), the anions being dissolved in deuterated water.
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2-Aminopropionate: [H NMR (CDC13) s (ppm): 1.36 (d, 3H, 3=7.2 Hz), 3.62
(g, 1H, .7=7.2 Hz).

(S)-2-Aminopropionate in host (156a): IlH NMR (CDC13) s (ppm): 1.40 (d, 3H,
«7=1.2, CH3), 3.64 (q, 1H, «7=7.2, CH)

(R)-2-Aminopropionate in host (156a): 'H NMR (CDCls) s (ppm): 1.40 (d, 3H,
.7=7.2, CH3), 4.40 (broad, 1H, CH).

(S) and (R)-2-Aminopropionate in Host (156a): *H NMR (CDC13) s (ppm): 1.40

(d, 3H, «7=7.2, CH3), 3.64 (g, 1H, «7=7.2, CH), 4.40 ( broad, 1H, CH).

Antimicrobial activities experimental procedure [189]

A number of homochiral imidazolium salts (156a-d) and compound (152a) and
(159) were screened for its antibiotic capabilities against a Pseudomonas
aeruginosa Strain (Gram-negative bacterium) and a candida albicans Strain
(yeast). The Compounds were dissolved in MeOH or DMSO and were then
added to the wells of microtiter plates at a range of concentrations (25 pg/ml, 50
“g/ml, 75 |Ag/ml, 100 pg/ml, 250 ng/ml and 500 ”~ig/ml). The microtiter plates
used were polystyrene with round bottoms. Microbial strain were grown
overnight in Mueller-Hinton broth (bacterial strains) or Sabouraud Liquid
medium (fungal strains) and (2 ml) of the overnight cultures added to 98 mis of
sterile medium. 20 o 2% of the resultant broths was added to the wells of the plates
and plates inoculated for 24 h at 37 °C (P. aeruginosa) and 25 °C (7. Iypolytica,
C. albicans). Growth of the organism was measured at OD 595nm using a plate

reader.
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1.3.5-Tris[((S)-1-(2-phenyl)ethylimidazole-2-ylidene)methyl]2,4,6-trimethyl-

benzene(164)

The imidazolium salt (155c¢) (0.10 g, 0.10 mmol) and NaH (0.07 g, 0.30 mmol)
were mixed in THF (15 ml) and stirred for 5 minutes to ensure good mixing.
Then tert-BuOK (0.02 g, 0.16 mmol) was added to the reaction mixture at room
temperature. The colour became gradually pale yellow. After 45 minutes the
reaction mixture was filtered through celite® and washed with toluene under
nitrogen. The volatiles were removed under vacuum to give a yellow solid.

Yield 0.04g (55%).

NMR (DMSO-d6) 6 ( ppm ): 2.32 (d, H, 3=7.2 Hz, CH3), 2.69 (s, H, Ar-CH3),
3.01 (s, 6H, Ar-CH2, 4.36 (g, 3H, .7=5.2 Hz, CH), overlapping 7.12-7.44
(m, 17H, Ar-CH, NCHCH, NCHCH).

I3C NMR (DMSO-flfc) 8 (ppm): 15.73 (Ar-CH3), 21.05 (CH3), 41.41 (Ar-CH2),
61.00 (CH), 125.31 (NCC), (128.15, 128.64, 130.2, 132.90) (Ar-C), 136.18 (Ar-

CH3), 137.33 (NCC), 160.56 (NCN).

1.3.5-Tris[((R)-3-methyl-2-butylimidazole-2-ylidene)methyl]2,4,6,-trimethyl-
benzene(165a)

To a solution of (155b) salt (0.15 g, 0.18 mmol) in THF:Acetonitrile (4 ml), was
added potassium ter/-BuOK (0.06 g, 0.58 mmol) in a single portion under argon
for 2 h at room temperature and the colour changed to orange with time. The
reaction mixture was then washed with dried toluene (2x10 ml) and filtered
through celite®, under nitrogen. The solvent was removed and 0.52g (50%) of a
yellow solid was collected.

*HNMR (CD3CN) 8 (ppm): 0.62 (d, 9H, CH3), 0.82 (d, 9H, CH3), 1.18 (s, 9H,
Ar-CH3), 1.36 (d, 9H, CH3), 1.65 (m, 3H, CH), 4.60 (m, 3H, CH), 5.62 (m, 6H,

Ar-CH2), 6.78 (s, 3H, NCHCH ), 6.97 (s, 3H, NCHCH).
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13C NMR (CD3CN) 8 (ppm): overlapping 16.71-18.64 (Ar-CH3 CH3 CH3 CH3),
33.50 (CH), 48.06 (Ar-CH2), 59.93 (CH), 124.90 (NCC), 127.86 (NCC), 128.55

(Ar-CH3), 158.34 (Ar-CH2), 162.62 (NCN).

1,3,5-Tris[((R)-3-methyl-2-butylimidazole-2-ylidene)methyl]2,4,6-trimetyl-
benzene via NaOMe (165b)
Sodium methoxide (0.030 g, 0.58 mmol) dissolved in dried methanol (3 ml) and
was slowly added to a solution of homochiral tripodal imidazolium salt (155b)
(0.11 g, 0.18 mmol) in methanol (5 ml). The reaction mixture was stirred
overnight. Methanol was removed under reduced pressure at ambient
temperature. A brown oil was collected (0.04 g, 63 %), and stored under N2
NMR (CDC13) 8 (ppm): 0.65 (d, 9H, 3=5 .4 Hz, CHJ3), 0.89 (d, 9H, J=6.4 Hz,
CH3), 1.44 (d, 9H, J=6.8 Hz, CH3), 1.90 (m, 3H, CH), 2.26 (s, (H, Ar-CH3), 4.60
(0, 3H, 3=7.2 Hz, CH), 5.80 (s, 6H, Ar-CH2), 8.51 (s, 3H, NCHCH).
13C NMR (CDC13) 8 (ppm): 17.82 (Ar-CHJ3), 18.69 (CH3), 19.14 (CH3), 19.24
(CH3), 34.73 (CH), 49.48 (Ar-CH2, 62.36 (CH), 119.69 (NCC), 124.82 (NCC),

135.93 (Ar-CH2), 142.39 (Ar-CH3), 207.37 (NCN).

165b
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1.3.5-Tris[((R)-3-methyl-2-butylimidazole-2-ylidene)methyl]2,4,6-trimethyl
benzene-Zinc(l1) complex (166)

To a solution of homochiral tridentate carbene (165b) (0.02g, 0.024 mmol) and
sodium methoxide (4.20x10"2g, 0.078 mmol) in methanol, zinc bromide solution
(6.60x10'3g, 0.03 mmol) was added and a white turbid colour formed
immediately. The reaction was allowed to stir for an additional 2 h and the
reaction mixture was filtered under nitrogen and dried, leaving a white
precipitate, yield 0.04g (55%).

'"HNMR (Acetone-afe) 5 (ppm): 0.75 (d, 9H, .7=6.4 Hz, CH3), 0.98 (d, 9H, 1=6.4
Hz, CH3), 1.56 (d, 9H, .7=6.8 Hz, CH3), 2.12 (m, 3H, CH), 2.41 (s, 9H, Ar-CH3),
4.65 (m, 3H, CH), 5.78 (s, 6H, Ar-CH2), 7.88 (s, 3H, NCHCH), 7.94 (s, 3H,
NCHCH).

13 NMR (Acetone-;/*) 8 (ppm): 17.24 (Ar-CH3), 18.67 (CH3), 19.41 (CH3J),
19.47 (CHJ), 35.27 (CH), 48.40 (Ar-CH2), 63.50 (CH), 121.95 (NCC), 124.51

(NCC), 130.53 (Ar-CH3), 143.30 (Ar-CH2), 170.42 (N-C-Zn).

1.3.5-Tris[((R)-3-methyl-2-butylimidazole-2-ylidene)methyl]2,4,6-trimethyl-
benzene-Furious(ll) complex (167)

Same procedure as that used for the preparation of (166) with starting material of
trisbromide salt (155b) (0.06 g, 0.073 mmol), sodium methoxide (1.19x10""2 g,
0.22 mmol) and iron bromide (1.59x10°2 g, 0.073 mmol) to give 0.05¢g red solid
of (65 %oyield).

>H NMR (Acetone-flfe) 8 (ppm): 0.85 (d, 9H, CH3), 1.10 (d, 9H, CH3), 1.31 (s,
9H, Ar-CH3), 1.65 (d, 9H, CHJ), 4.68 (m, 3H, CH), 5.75 (s, 6H, Ar-CH2), 7.89

(s, 3H, NCHCH), 7.90 (s, 3H, NCHCH).
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13T NMR (Acetone-") 8 (ppm): 16.04 (Ar-CH3, 17.66 (CHJ), 18.44 (CH3), 34.35
(CH), 53.07 (Ar-CH2), 63.50 (CH), 117.43 (NCC), 121.06 (NCC), 129.53 (Ar-CH3),

135.61 (Ar-CH2), 168.87 (N-C-Fe).

General procedure of the synthesis of A”Heterocyclic-ylidene-silver
compounds

To a solution of a homochiral tripodal imidazolium salt (155a) (0.03g, 1 mmol)
in DCM (5 ml) was added Ag20 (0.013 g, 1.5 mmol). The reaction mixture was
stirred at 20 °C until the precipitate disappeared (8-20 h), the reaction mixture
was then filtered through celite® and the filtrate was concentrated to (3 ml).
Addition of (20 ml) ether afforeded a creamy white solid, which was then

washed with (3x10 ml) ether and dried under vacuum.

1,3,5-Tris[N-((-)-cis-myrtanylimidazol-2-ylidene-silverbromide)methyl]2,4,6-
trimethylbenzene complex (169)

The general procedure was used to give 0.05g of a creamy powder (94% yield).
IH NMR (CDC13) 8 (ppm): 0.79 (d, H, 9.6 Hz, CH), 1.06 (s, 9H, CH3), 1.11 (s,
9H, CH3), 1.46 (m, 3H, CH), overlapping 1.69-1.88 (m, 15H, 2CH2, CH), 2.20
(s, 9H, Ar-CH3), 2.42 (m, 3H, CH), 2.45 (m, 3H, CH), 3.96 (d, 6H, s=12 Hz,
CH2), 5.29 (s, 6H, Ar-CH2), 6.91 (s, 3H, NCHCH), 7.12 (s, 3H, NCHCH).

13 NMR (DMSO-7) 8 (ppm): 17.88 (CH3), 19.77 (CH3), 24.22 (CHJ), 26.12
(CH2), 28.23 (CH2), 33.44 (CH2), 39.15 (CH2), 41.55 (CH2), 43.29 (CH), 50.75
(CH), 58.24 (CH), 121.53 (NCC), 122.45 (NCC), 131.88 (Ar-CH3), 140.17

(Ar-CH2), 180.13 (N-C=Ag).
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169

1.3.5-Tris[((R)-3-methyl-2-butylimidazol-2-ylidene-silverbromide)methyl]-
2.4.6-trimethylbenzene complex (170)
The general procedure was used with starting materials of trisbromide salt
(155b) (0.20 g, 0.24 mmol) and Ag20 (8.54x10‘2g, 0.36 mmol) to give 2.26g of
a creamy powder (81% yield).

IR NMR (DMSO-ds) 8 (ppm): 0.55 (d, 9H, 3= 6.4 Hz, CH3), 0.95 (d, 9H, 3=+ .4
Hz, CH3), 1.40 (d, 9H, ,7=6.8 Hz, CH3), 1.98 (m, 3H, CH), 2.25 (s, 9H, Ar-CH3),
4.00 (m, 3H, CH), 5.48 (s, 6H, Ar-CH2), 7.37 (s, 3H, NCHCH), 7.54 (s, 3H,
NCHCH).

13C NMR (DMSO-") 8 (ppm): 16.90 (Ar-CH3), 19.51 (CH3), 19.68 (CH3), 19.82
(CH3), 35.10 (CH), 49.50 (Ar-CH2, 65.25 (CH), 119.88 (NCC), 123.91 (NCC),
133.25(Ar-CH3), 139.10 (Ar-CH2), 178.82 (N-C=Ag).

M.S. (m/z ion); (m/z 1135.40-H+ Na), (m/z 1004-H20) and (m/z 929).

170
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1,395-Tris[((S)-1-(2-phenyl)ethylimidazol-2-ylidene-silverbromide)methyl]
2,4,6-trimethylbenzene complex (171)

The general procedure was used with starting material of trisbromide salt (155c)
(0.10 g, 0.10 mmol) and Ag20 (3.81x10'2 g, 0.16 mmol) to give O.llg of a
creamy powder (819% yield).

iH NMR (CDC13) 5 (ppm): 1.74 (d, 9H, .7=13.6 Hz, CH3), 2.21 (d, 9H, *7=14.4
Hz, Ar-CH3), 5.28 (s, s H, Ar-CH?), 5.63 (q, 3H, .7=6.8 Hz, CH), s.ss (s, 3H,
NCHCH), 7.09 (s, 3H, NCHCH), overlapping 7.14-7.25 (m, 15H, Ar-CH).

13C NMR (CDC13) s (ppm): 18.01 (Ar-CH3), 21.90 (CH3), 50.84 (Ar-CH2), 61.69
(CH), 118.87 (NCC), 122.71 (NCC), (126.91, 128.79, 129.38, 131.86) (Ar-C),
140.16 (Ar-CH3), 140.44 (Ar-CH2), 180.52 (N-C=Ag).

M.S. (m/z ion); (1235.90-H+).

171

1.3.5-Tris[((S)-1-(2-hexyl)ethylimidazol-2-ylidene-silver(l)bromide)methyl]-
2.4.6-trimethylbenzene complex (173)
The general procedure was used with starting material of trisbromide salt (168)

(0.10 g, 0.10 mmol) and Ag20 (3.72x10: g, 0.16 mmol) to give O.llg of a

creamy powder (81% vyield).

H NMR (CDC13) s (ppm): overlapping 0.70-1.80 (m, 33H, hexyl-CH), 1.33

(d, 9H, 7=6.8 Hz, CH3), 2.20 (s, 9H, Ar-CH3), 4.10 (m, 3H, CH), 5.29 (s, s H, Ar-

CH2), 6.89 (s, 3H, NCHCH), 7.14 (s, 3H, NCHCH).
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1 NMR (CDCl:) 5 (ppm): 17.83 (Ar-CH3), 19.95 (CH3), (26.12, 26.21,
26.26, 30.21) (hexyl-C), 50.75 (Ar-CH2), 64.67 (CH), 118.33 (Ar-CH3), 122.70

(Ar-CH2), 131.86 (NCC), 140.14 (NCC), 179.45 (NCN).

R

173

Preparation of ruthenium tetra-dimethyl sulfoxide dibromide (174)
Ruthenium tribromide (0.2 g, 0.58 mmol) was placed in a one neck round bottom
flask in DMSO (2 ml) and the colour turned dark red. The reaction mixture was
heated to 160 °C for 5 minutes until the reaction mixture turned to a clear red
solution. The resulting solution was cooled down to 50 °C and higher vacuum
was applied to reduce the volume by half. Acetone was then added which yielded
ayellow precipitate. This was washed several times with acetone and dried under
vacuum, yield 0.17g (60%b).

H NMR (CDC13) s (ppm): 2.74 (s, s H, 2CHJ), 3.33 (s, s H, 2CH3), 3.50 (s, s H,
2CH3), 3.53 (s, s H, 2CH3).

13C NMR (CDC13) s (ppm): 39.25 (2CH3), 44.69 (CH3), 44.84 (CH3), 47.05

(2CH3), 48.07 (2CH3).
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1,3-Myratanyl methyl imidazolium iodide salt (159)

To a solution of myratanyl imidazole (0.15 g, 0.73 mmol) in 1,4-dioxane
(5 ml), methyl iodide (0.114 g, 0.80 mmol) was added. The reaction mixture was
stirred for 2 h and a precipitate appeared. The precipitate was collected and
washed with ether (3x10 ml) to removed any remaning starting material. Solvent
was removed by vacuum, leaving a dark brown oil, yield 0.245g (98%), [a]o2i =

- 24° (CH.C12).

iH NMR (CDCU) s (ppm): 0.95 (d, 3H, /=9.60 Hz, CH), 1.10 (s, 9H, CH3), 1.21
(s, 9H, CH3), 155 (m, 3H, CH), overlapping 1.84-2.01 (m, 5H, CH.CH.CH),
2.37 (m, 3H, CH), 2.62 (m, 3H, CH), 4.13 (s, 9H, CH3), 4.20 (m, «H,
CH2), 7.37 (s, 3H, NCHCH), 7.56 (s, 3H, NCHCH), 9.97 (s, 3H, NCHN).
13CNMR (CDC13) s (ppm): 19.64 (CH3), 24.01 (CH3), 25.84 (CH3), 28.11 (CH2),
33.08 (CH2), 37.57 (CH2), 39.02 (CH2), 41.30 (CH), 42.11 (CH), 43.4 (CH),
55.82 (C), 122.71 (NCC), 124.12 (NCC), 137.24 (NCN).

IR (neat) v (cm1): 3140, 3100, 2990, 2950, 2910, 2340, 1630, 1610, 1500, 1470,

1450, 1410, 1380, 1200, 710.

159

I,3-myrtanylmethylimidazole-2-ylidene-silver(ll) complex (178)

To a solution of 1,3-myratanylmethylimidazolium iodide salt (0.10 g, 0.28
mmol) in DCM (5 ml), was added Ag20 (0.334 g, 0.14 mmol). The mixture was
stirred until all the Ag20 dissolved. The colourless solution was then filtered and
concentrated to (3 ml). The white creamy solid was afforded by the addition of

ether (20 ml) and then dried under vacuum, yielding 0.122g (90%b).
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*H NMR (CDCls) 5 (ppm): 0.84 (d, H, 1=9.60 Hz, CH), overlapping 1.77-1.85
(m, 5H, CH.CH:CH), 2.25 (m, H, CH), 2.52 (m, H, CH), 3.83 (s, 3H, CH3), 4.05

(m, 2H, CH2), 6.93 (s, H, NCHCH), 7.04 (s, H, NCHCH).

13CNMR (CDCl) 5 (ppm): 17.20 (CH3), 19.81 (CH3), 24.03 (CH3), 26.12 (CH2),
28.26 (CH2), 33.40 (CH2), 39.10 (CH2), 39.54 (CH), 41.50 (CH), 43.35 (CH),

57.93 (C), 121.76 (NCC), 122.97 (NCC), 182.52 (NCN).

\/

-
/\l

Me ™

X
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[I,3-mratanylmethylimidazol-2-ylidene]2-Pd(I1) di-iodide complex (179)

To a solution of 1,3-myratanylmethylimidazolium iodide salt (159) in (20 ml)
THF (0.1 g, 0.28 mmol), palladium acetate was added (0.032 g, 0.14 mmol) and
the reaction mixture turned dark brown immediately. The solution was stirred
under reflux until which time the colour turned a light brown. The solvent was
removed under vacuum and the residue was washed (- x:o ml) with ether and
(3x10 ml) with acetonitrile to leave a very clear yellow solid palladium complex.

Yield 0.57g (50%).

*HNMR (CDCl:) s (ppm): 0.92 (d, 2H, 3=9.c Hz, CH), 1.10 (s, s H, CH3), 1.18
(s, s H, CH3), 1.64 (m, 2H, CH), overlapping 1.80-1.94 (m, 10H, CH.CH.CH),
2.30 (m, 2H, CH), 3.20 (m, 2H, CH), 3.87 (s, «H, CHJ, 4.15 (m, 2H,
CH(geminal)), 4.36 (m, 2H, CH(geminal)), 6.78 (s, 4H, NCHCH).

13C NMR (CDCl:) 5 (ppm): 20.04 (CH3), 24.05 (CH3), 26.18 (CH3), 28.26 (CH2),
33.60, (CH2), 38.94 (CH2), 39.11 (CH2), 41.22 (CH), 41.68 (CH), 43.94 (CH),

57.23 (C), 121.93 (NCC), 122.34 (NCC), 168.01 (NCN).
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Cross coupling (Heck-olefination) between bromo benzaldehyd and butyl

acrylate producing (181)

General procedure :

In a (100 ml) three-necked round bottom flask fitted with a reflux condenser was
placed aryl halide (5.40 mmol, 1 g), anhydrous sodium acetate (0.57 g, 7.02
mmol), diethyleneglycol di-«-butyl ether (0.15g), iV,iV-butylacrylate (11.08 ml,
7.50 mmol). The reaction mixture was vigorously stirred and heated to the
appropriate reaction temperature (100 °C in this case) and catalyst was added
(0.02 g, 0.50 % mol). The reaction mixture was then heated to 125 °C for 12 h
and was then cooled to room temperature. The product was poured onto water
and extracted with DCM (10><50 ml) and dried over magnesium sulphate. After
removal of the DCM and A"NiV-dimethyl acetamide by vacuum pump, the crude
products was purified by column chromatography (1:4) Ether:Petroleum ether as

eluant, giving white crystals, yield 1.13g (90%).

*HNMR (CDC13) s (ppm): 0.98 (m, 3H, CH3), 1.45 (m, 2H, CH2), 1.71 (m, 2H,
CH2), 4.24 (m, 2H, CH2), 6.57 (d, H, 7=16.4 H, CH), 7.68-7.73 (m, 3H, Ar-CH,

CH), 7.91 (d, 2H, 7=6.8 Hz, Ar-CH), 10.04 (s, H, CHO).

13C NMR (CDCl:s) s (ppm): 14.13 (CH3), 19.57 (CH2), 31.10 (CH2), 65.15 (CH2),
(121.88, 128.89, 130.56, 143.19) (Ar-C), 137.50 (CH=CH), 140.53 (CH=CH),

166.85 (COH), 191.86 (C02).



Cross coupling (Heck-olefination) between bromobenzaldehyde and 1,2-

heptene producing (182)

Same as the general procedure but 1,2-heptene (1.06g, 10.80 mmol) was used in

2 molar ratio for 14 h, at 125 °C, yield 0.175g (15%b).

*H NMR (CDC13) s (ppm): 0.83 (CH3), overlapping 1.15-1.51 (m, s H, CH.CH:
CH2), 2.19 (s, 2H, CH2), 6.38 (s, H, CH), 7.40 (d, 2H, Ar-CH2, 7.52 (d, 2H,
Ar-CH), 9.98 (s, H, CHO).

13C NMR (CDClL:) s (ppm): 14.44 (CH3), 22.93 (CH2), 29.17 (CH2), 31.83 (CH2),
33.59 (CH2), 53.87 (CH), (126.72, 129.28, 130.20, 135.84) (Ar-C), 144.47 (CH),

192.28 (CHO).

Cross coupling (Heck-olefination) between bromo benzaldehyde and 2,3-di-

hydrofuran

Same general procedure was used with a 3 molar excess of 2,3-dihydrofuran
(1.139,16.20 mmol) for 12 h at 80°C. Compounds (183-186) yield 0.10g (7%).
iIH NMR (CDCls) s (ppm): 2.77 (m, J=2.80 Hz, CH (geminal)), 3.34 (m, H,
3= 2.80 Hz, CH (geminal)), 5.52 (t, 1H, CH), 5.75 (m, 1H, CH), (7.50, 7.72,

7.84) (Ar-CH), 9.98 (s, H, CHO).

13 NMR (CDCIs) s (ppm): 40.04 (CH2), 82.25 (CH), 98.59 (CH), (126.01,
126.32, 130.30, 130.59) (Ar-C), 136.34 (Ar-(C)), 150.10 (Ar-(C)), 154.96

(Ar-(C)), 192.15 (CHO).
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Appendix I- X-ray data.



Table 1. Bond lengths (A) and angles (°) for (156a).

P(I)-F(5)
P(1)-F(6)
P(1)-F(2)
P(I>—F(4)
P(I)-F(3)
PN
P(2)-F(10)
P(2)-F(12)
P(2)-F(11)
P(2)-F(7)
P(2)-F(8)
P(2)-F(9)
P(3)—F(15)
P(3)-F(18)
P(3)-F(16)
P(3)-F(13)
P(3)-F(14)
P(3)-F(17)
C(1)-C(6)
C()-C(2)
C(1)-C(10)
C(2)-C(3)
C(2)-C(7)
C(3)-C(4)
C(3)-C(24)
C(4)-C(5)
C(4)-C(8)
C(5)-C(6)
C(5)-C(38)
C(6)-C(9)
C(7)-H(7A)
C(7)-H(7B)
C(7)-H(7C)
C(8)-H(8A)
C(8)-H(8B)
C(8)-H(8C)

1.577(4)
1.578(4)
1.581(4)
1.588(4)
1.596(4)
1.612(4)
1.566(4)
1.581(4)
1.589(4)
1.592(4)
1.595(4)
1.608(4)
1.553(5)
1.563(5)
1.571(5)
1.572(4)
1.587(4)
1.595(5)
1.397(8)
1.415(8)
1.513(8)
1.409(8)
1.501(8)
1.387(8)
1.526(8)
1.397(8)
1.515(8)
1.411(8)
1.517(8)
1.522(8)
0.9800

0.9800

0.9800

0.9800

0.9800

0.9800

C(9)-H(9A)
C(9)-H(9B)
C(9)-H(9C)
C(10)-N(I)
C(10)-H(10A)
C(10)-H(10B)
C(1)-N(2)
C(L)-N(I)
C(I)-H ()
C(12)-C(13)
C(12)-N(2)
C(12)-H(12)
C(13)-N(l)
C(13)-H(13)
C(14)-N(2)
C(14)-C(15)
C(14)-H(14A)
C(14)-H(14B)
C(15)-C(16)
C(15)-C(23)
C(15)-H(15)
C(16)-C(19)
C(16)-C(17)
C(16)-H(16)
C(17)-C(18)
C(17)-H(17A)
C(17)-H(17B)
C(18)-C(22)
C(18)-C(19)
C(18)-H(18)
C(19)-C(20)
C(19)-C(21)
C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)
C(21)-H(21A)

186

0.9800
0.9800
0.9800
1.486(7)
0.9900
0.9900
1.327(7)
1.333(7)
0.9500
1.332(8)
1.370(8)
0.9500
1.366(8)
0.9500
1.485(7)
1.533(9)
0.9900
0.9900
1.542(10)
1.552(10)
1.0000
1.534(10)
1.550(11)
1.0000
1.535(10)
0.9900
0.9900
1.516(11)
1.527(11)
1.0000
1.532(11)
1.542(10)
0.9800
0.9800
0.9800
0.9800



C(21)-H(21B)
C(21)-H(21C)
C(22)-C(23)
C(22)-H(22A)
C(22)-H(22B)
C(23)-H(23A)
C(23)-H(23B)
C(24)-N(3)
C(24)-H(24A)
C(24)-H(24B)
C(25)-N(3)
C(25)-N(4)
C(25)-H(25)
C(26)-C(27)
C(26)-N(4)
C(26)-H(26)
C(27)-N(3)
C(7)-H(27)
C(28)-N(4)
C(28)-C(29)
C(28)-H(28A)
C(28)-H(28B)
C(29)-C(30)
C(29)-C(37)
C(29)-H(29)
C(30)-C(31)
C(30)-C(33)
C(30)-H(30)
C(31)-C(32)
C(31)-H(31A)
C(31)-H(31B)
C(32)-C(36)
C(32)-C(33)
C(32)-H(32)
C(33)-C(35)
C(33)-C(34)

0.9800
0.9800
1.560(9)
0.9900
0.9900
0.9900
0.9900
1.468(7)
0.9900
0.9900
1.316(7)
1.345(7)
0.9500
1.325(8)
1.365(8)
0.9500
1.362(8)
0.9500
1.477(7)
1.513(8)
0.9900
0.9900
1.529(8)
1.535(9)
1.0000
1.537(10)
1.552(9)
1.0000
1.521(10)
0.9900
0.9900
1.534(9)
1.542(10)
1.0000
1.515(10)
1.555(9)

C(34)-H(34A)
C(34)-H(34B)
C(34)-H(34C)
C(35)-H(35A)
C(35)-H(35B)
C(35)-H(35C)
C(36)-C(37)
C(36)-H(36A)
C(36)-H(36B)
C(37)-H(37A)
C(37)-H(37B)
C(38)-N(5)
C(38)-H(38A)
C(38)-H(38B)
C(39)-N(6)
C(39)-N(5)
C(39)-H(39)
C(40)-C(41)
C(40)-N(6)
C(40)-H(40)
C(41)-N(5)
C(41)-H(41)
C(42)-N(6)
C(42)-C(43)
C(42)-H(42A)
C(42)-H(42B)
C(43)-C(44)
C(43)-C(51)
C(43)-H(43)
C(44)-C(45)
C(44)-C(47)
C(44)-H(44)
C(45)-C(46)
C(45)-H(45A)
C(45)-H(45B)
C(46)-C(50)

187

0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.565(8)
0.9900
0.9900
0.9900
0.9900
1.493(7)
0.9900
0.9900
1.321(7)
1.324(7)
0.9500
1.329(9)
1.361(8)
0.9500
1.360(7)
0.9500
1.463(7)
1.524(8)
0.9900
0.9900
1.523(8)
1.554(8)
1.0000
1.541(9)
1.558(9)
1.0000
1.552(9)
0.9900
0.9900
1.508(9)



C(46)-C(47)
C(46)-H(46)
C(47)-C(48)
C(47)-C(49)
C(48)-H(48A)
C(48)-H(48B)
C(48)-H(48C)
C(49)-H(49A)
C(49)-H(49B)
C(49>-H(49C)
C(50)-C(51)
C(50)-H(50A)
C(50)-H(50B)
C(51)-H(51A)
C(51)-H(51B)

F(5)-P(1)-F(6)
F(5)-P()-F(2)
F(6)—P(D-F(2)
F(5)-P()-F(4)
F(6)-P(I)-F(4)
F(2)-P(1)-F(4)
FG)-P(H—F@A)
F(6)-P(1)+F(@3)
F(2)-P()-F(3)
F(4)-P()-F(3)
F(5)-P(N-F()
F(6)-P(I)-F()
F(2)-P(I)-F(I)
F(4)-P(N)-F()
F(3)-P(N-F()

F(10)-P(2)-F(12)
F(10)-P(2)-F(I)
F(12)-P(2)-F(1' 1)

F(10)-P(2)-F(7)
F(12)-P(2)-F(7)

1.548(9)
1.0000
1.519(8)
1.525(8)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.548(8)
0.9900
0.9900
0.9900
0.9900

90.5(3)
178.2(3)
91.1(3)
90.7(2)
89.1(2)
90.2(2)
89.2(2)
179.6(3)
89.2(2)
91.2(2)
90.0(2)
90.1(2)
89.2(2)
179.0(2)
89.5(2)
90.8(2)
91.5(3)
89.8(2)
179.3(3)
89.7(2)

F(I1)-P(2)-F(7)
F(10)-P(2)-F(8)
F(12)-P(2)-F(8)
F(I)-P(2)-F(8)
F(7)-P(2)-F(8)
F(10)-P(2)-F(9)
F(12)-P(2)-F(9)
F(I1)-P(2)-F(9)
F(7)-P(2)-F(9)
F(8)-P(2)-F(9)
F(15)-P(3)-F(18)
F(15)-P(3)~F(16)
F(18)-P(3)-F(16)
F(15)-P(3)-F(13)
F(18)-P(3)-F(13)
F(16)-P(3)-F(13)
F(15)-P(3)-F(14)
F(18)-P(3)-F(14)
F(16)-P(3)-F(14)
F(13)-P(3)-F(14)
F(15)-P(3)-F(17)
F(18)-P(3)-F(17)
F(16)-P(3)-F(17)
F(13)-P(3)-F(17)
F(14)-P(3)-F(17)
C(6)-C(I)-C(2)
C(6)-C(1)-C(10)
C(2)-C(1)-C(10)
C(3)-C(2)-C(l)
C(3)-C(2)-C(7)
C(1)-C(2)-C(7)
C(4)-C(3)-C(2)
C(4)-C(3)-C(24)
C(2)-C(3)-C(24)
C(3)-C(4)-C(5)
C(3)-C(4)-C(8)

188

89.1(3)
90.1(2)
91.6(2)
177.8(3)
89.3(2)
90.5(2)
178.4(3)
89.3(2)
89.0(2)
89.2(2)
91.0(4)
93.5(4)
92.3(3)
89.1(3)
87.3(2)
177.4(4)
90.6(3)
177.7(3)
89.3(2)
91.0(2)
176.5(4)
91.3(4)
89.0(4)
88.4(3)
87.0(3)
121.0(5)
119.9(5)
118.7(6)
118.9(5)
120.5(6)
120.6(6)
120.7(5)
118.6(5)
120.3(6)
119.4(5)
121.7(5)



C(5)-C(4)-C(8)
C(4)-C(5)-C(6)
C(4)-C(5)-C(38)
C(6)-C(5)-C(38)
C(1)-C(6)-C(5)
C(1)-C(6)-C(9)
C(5)-C(6)C(9)
C(2)-C(7)-H(7A)
C(2)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(2)-C(7)-H(70)
H(7A)-C(7)-H(7C)
H(7B)-C(7)-H(7C)
C(4)-C(8)-H(8A)
C(4)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
C(4)-C(8)-H(8C)
H(8A)-C(8)-H(8C)
H(8B)-C(8)-H(8C)
C(6)-C(9)-H(9A)
C(6)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(6)-C(9)-H(9C)
H(9A)-C(9)-H(9C)
H(9B)-C(9)-H(9C)
N (1)-C (10)-C(l)
N(1)-C(10)-H(10A)
C(1)-C(10)-H(10A)
N(1)-C(10)-H(10B)
C(1)-C(10)-H(10B)

H(10A)-C(10)-H(10B)

N (2)-C(I1)-N(1)
N(2)-C(Il)-H (I 1)
N (1)—€(11)-H (11)
C(13)-C(12)-N(2)
C(13)-C(12)-H(12)

118.8(5)
121.5(5)
120.1(5)
118.2(5)
118.3(5)
120.9(5)
120.8(5)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
113.9(5)
108.8
108.8
108.8
108.8
107.7
108.1(5)
125.9
125.9
108.3(6)
125.8

N(2)-C(12)-H(12)
C(12)-C(13)-N(I)
C(12)-C(13)-H(13)
N(1)-C(13)-H(13)
N(2)-C(14)-C(15)
N(2)-C(14)-H(14A)
C(15)-C(14)-H(14A)
N(2)-C(14)-H(14B)
C(15)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(14)-C(15)-C(16)
C(14)-C(15)-C(23)
C(16)-C(15)-C(23)
C(14)-C(15)-H(15)
C(16)-C(15)-H(15)
C(23)-C(15)-H(15)
C(19)-C(16)-C( 15)
C(19)-C(16)-C(17)
C(15)-C(16)-C(17)
C(19)-C(16)-H(16)
C(15)-C(16)-H(16)
C(17)-C(16)-H(16)
C(18)-C(17)-C(16)
C(18)-C(17)-H(17A)
C(16)-C(17)-H(17A)
C(18)-C(17)-H(17B)
C(16)-C(17)-H(17B)
H(17A)-C(17)-H(17B)
C(22)-C(18)-C(19)
C(22)-C(18)-C(17)
C(19)-C(18)-C(17)
C(22)-C(18)-H(18)
C(19)-C(18)-H( 18)
C(17)-C(18)-H(18)
C(18)-C(19)-C(20)
C(18)-C(19)-C(16)

189

125.8
106.6(6)
126.7
126.7
112.4(5)
109.1
109.1
109.1
109.1
107.9
109.2(6)
112.8(6)
112.2(6)
107.5
107.5
1075
114.5(6)
86.8(6)
105.1(7)
1155
1155
1155
86.1(6)
114.3
114.3
114.3
114.3
111.4
112.1(6)
108.5(7)
87.6(7)
115.2
115.2
115.2
112.2(7)
87.0(6)



C(20)-C(19)-C(16)
C(18)-C(19)-C(21)
C(20)-C(19)-C(21)
C(16)-C(19)-C(21)
C(19)-C(20)-H(20A)
C(19)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(19)-C(20)-H(20C)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
C(19)-C(21)-H (21A)
C(19)-C(21)-H(2 IB)
H(21A)-C(21)-H(2 IB)
C(19)-C(21)-H (21C)
H(21A)-C(21)-H(21C)
H(21B)-C(21)-H (21C)
C(18)-C(22)-C(23)
C(18)-C(22)-H(22A)
C(23)-C(22)-H(22A)
C(18)-C(22)-H(22B)
C(23)-C(22)-H(22B)
H(22A)-C(22)-H(22B)
C(15)-C(23)-C(22)
C(15)-C(23)-H(23A)
C(22)-C(23)-H(23A)
C(15)-C(23)-H(23B)
C(22)-C(23)-H(23B)
H(23A)-C(23)-H(23B)
N(3)-C(24)-C(3)
N(3)-C(24)-H(24A)
C(3)-C(24)-H(24A)
N(3)-C(24)-H(24B)
C(3)-C(24)-H(24B)
H(24A)-C(24)-H(24B)
N(3)-C(25)-N(4)
N(3)-C(25)-H(25)

112.7(7)
120.3(7)
104.9(7)
119.4(6)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
113.1(6)
109.0
109.0
109.0
109.0
107.8
113.8(6)
108.8
108.8
108.8
108.8
107.7
114.6(5)
108.6
108.6
108.6
108.6
107.6
108.6(5)
125.7

N(4)-C(25)-H(25)
C(27)-C(26)-N(4)
C(27)-C(26)-H(26)
N(4)-C(26)-H(26)
C(26)-C(27)-N(3)
C(26)-C(27)-H(27)
N(3)-C(27)-H(27)
N(4)-C(28)-C(29)
N(4)-C(28)-H(28A)
C(29>-C(28)-H(28A)
N(4)-C(28)-H(28B)
C(29)-C(28)-H(28B)
H(28A)-C(28)-H(28B)
C(28)-C(29)-C(30)
C(28)-C(29)-C(37)
C(30)-C(29)-C(37)
C(28)-C(29)-H(29)
C(30)-C(29)-H(29)
C(37)-C(29)-H(29)
C(29>-C(30)-C(31)
C(29)-C(30)-C(33)
C(31)-C(30)-C(33)
C (29K X30)-H (30)
C(31)-C(30)-H(30)
C(33)-C(30)-H(30)
C(32)-C(31)-C(30)
C(32)-C(31)-H (31A)
C(30)-C(31)-H(31A)
C(32)-C(31)-H(31B)
C(30)-C(31)-H(31B)
H(31A)-C(31)-H(3 IB)
C(31)-C(32)-C(36)
C(31)-C(32)-C(33)
C(36)-C(32)-C(33)
C(31)-C(32)-H(32)
C(36>-C(32)-H(32)

190

125.7
107.0(6)
1265
126.5
108.7(6)
125.6
125.6
112.7(5)
109.1
109.1
109.1
109.1
107.8
112.7(6)
114.9(5)
111.2(5)
105.7
105.7
105.7
107.7(6)
114.3(5)
88.5(5)
1145
1145
1145
85.5(5)
114.4
114.4
114.4
114.4
1115
107.8(6)
89.5(6)
111.4(5)
115.1
115.1



C(33)-C(32)-H(32)
C(35)-C(33)-C(32)
C(35)-C(33)-C(30)
C(32)-C(33)-C(30)
C(35)-C(33)-C(34)
C(32)~C(33)-C(34)
C(30)-C(33)-C(34)
C(33)-C(34)-H(34A)
C(33)-C(34)-H(34B)
H(34A)-C(34)-Hf34B)
C(33)-C(34)-H(34C)
H(34A)-C(34)-H(34C)
H(34B)-C(34)-H(34C)
C(33)-C(35)-H(35A)
C(33)-C(35)-H(35B)
H(35A)-C(35)-H(35B)
C(33)-C(35)-H(35C)
H(35A)-C(35)-H(35C)
H(35B)-C(35)-H(35C)
C(32)-C(36)-C(37)
C(32)-C(36)-H(36A)
C(37)-C(36)-H(36A)
C(32)-C(36)-H(36B)
C(37)-C(36)-H(36B)
H(36A)-C(36)-H(36B)
C(29)-C(37)-C(36)
C(29)-C(37)-H(37A)
C(36)-C(37)-H(37A)
C(29)-C(37)-H(37B)
C(36)-C(37)-H(37B)
H(37A)-C(37)-H(37B)
N(5)-C(38)-C(5)
N(5)-C(38)-H(38A)
C(5)-C(38)-H(38A)
N(5)-C(38)-H(38B)
C(5)-C(38)-H(38B)

115.1
119.1(6)
122.0(5)
84.3(5)
108.2(6)
111.0(6)
110.5(6)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
1095
112.1(6)
109.2
109.2
109.2
109.2
107.9
115.5(5)
108.4
108.4
108.4
108.4
107.5
110.2(5)
109.6
109.6
109.6
109.6

H(38A)-C(38)-H(38B)
N(6)-C(39)-N(5)
N(6)-C(39)-H(39)
N(5)-C(39)-H(39)
C(41)-C(40)-N(6)
C(41)-C(40)-H(40)
N(6)-C(40)-H (40)
C(40)-C(41)-N(5)
C(40)-C(41)-H(41)
N(5)-C(41)-H (41)
N(6)-C(42)-C(43)
N(6)-C(42)-H(42A)
C(43)-C(42)-H(42A)
N(6)-C(42)-H(42B)
C(43)-C(42)-H(42B)
H(42A)-C(42)-H(42B)
C(44>-C(43)-C(42)
C(44)-C(43)-C(51)
C(42)-C(43)-C(51)
C(44)-C(43)-H(43)
C(42)-C(43)-H(43)
C(51)-C(43)-H(43)
C(43)-C(44)-C(45)
C(43)-C(44)-C(47)
C(45)-C(44)-C(47)
C(43)-C(44)-H(44)
C(45)-C(44)-H(44)
C(47)-C(44)-H(44)
C(44)-C(45)-C(46)
C(44)-C(45)-H(45A)
C(46)-C(45)-H(45A)
C(44)-C(45)-H(45B)
C(46)-C(45)-H(45B)
H(45A)-C (45)-H(45B)
C(50)-C(46)-C(47)
C(50)-C(46)-C(45)

191

108.1
109.6(5)
125.2
125.2
108.1(6)
126.0
126.0
107.5(6)
126.2
126.2
113.1(5)
109.0
109.0
109.0
109.0
107.8
111.6(5)
111.0(5)
112.8(5)
107.0
107.0
107.0
107.5(5)
115.6(5)
88.4(5)
114.2
114.2
114.2
85.1(5)
1145
1145
1145
1145
111.6
112.6(5)
107.6(6)



C(47)-C(46)-C(45)
C(50)-C(46)-H(46)
C(47)-C(46)-H (46)
C(45)-C(46)-H (46)
C(48)-C(47)-C(49)
C(48>-C(47)-C(46)
C(49)-C(47)-C(46)
C(48)-C(47)-C(44)
C(49>-C(47)-C(44)
C(46)-C(47)-C(44)
C(47)-C(48)-H(48A)
C(47)-C(48)-H(48B)
H(48A)-C(48)-H(48B)
C(47)-C(48)-H(48C)
H(48A)-C(48)-H(48C)
H(48B)-C(48)-H(48C)
C(47)-C(49)-H(49A)
C(47)-C(49)-H(49B)
H(49A)-C(49)-H(49B)
C(47)-C(49)-H(49C)
H(49A)-C(49)-H(49C)
H(49B)-C(49)-H(49C)
C(46)-C(50)-C(51)
C(46)-C(50)-H(50A)
C(51)-C(50)-H(50A)
C(46)-C(50)-H(50B)
C(51)-C(50)-H (5 OB)
H(50A)-C(50)-H(50B)
C(50)-C(51)-C(43)
C(50)-C(51)-H (51A)
C(43)-C(51)-H(51A)
C(50)-C(51)-H (51B)
C(43)-C(51)-H(5 IB)
H(51A)-C(51)-H(5 1B)
C(I)-N(1)-C(13)
C(I)-N(1)-C(10)

88.4(5)
115.1
115.1
115.1
108.2(5)
112.9(5)
116.9(5)
111.0(5)
121.7(5)

84.7(5)
1095
109.5
109.5
109.5
109.5
1095
109.5
109.5
109.5
109.5
109.5
109.5
113.6(6)
108.8
108.8
108.8
108.8
107.7
115.1(5)
108.5
1085
1085
1085
1075
108.9(5)
126.2(6)

C(13)-N(1)-C(10)
C(I)-N(2)-C(12)
C(11)-N(2)-C(14)
C(12)-N(2)-C(14)
C(25)-N(3)-C(27)
C(25)-N(3)-C(24)
C(27)-N(3)-C(24)
C(25)-N(4)-C(26)
C(25)-N(4)-C(28)
C(26)-N(4)-C(28)
C(39)-N(5)-C(41)
C(39)-N(5)-C(38)
C(41)-N(5)-C(38)
C(39)-N(6)-C(40)
C(39)-N(6)-C(42)
C(40)-N(6)-C(42)

192

124.2(5)
107.9(5)
123.6(5)
128.4(5)
107.8(5)
126.8(5)
125.3(5)
107.9(5)
124.7(5)
127.5(5)
107.5(5)
123.0(5)
129.4(5)
107.2(5)
124.5(5)
128.1(5)



Table 2. Torsion angles (°) for (156a).

C(6)-C(I)-C(2)-C(3)
C(10-€(1)-C(2)-C(3)
C(6)-C(1)-C(2)-C(7)
C(10)-C(1)-C(2)-C(7)
C()-C(2)-C(3)-C(4)
C(7)-C(2)-C(3)-C(4)
C(1)-C(2)-C(3)-C(24)
C(7)-C(2)-C(3)-C(24)
C(2)-C(3)-C(4)-C(5)
C(24)-C(3)-C(4)-C(5)
C(2)-C(3)-C(4)-C(8)
C(24)-C(3)-C(4)-C(8)
C(3)-C(4)-C(5)-C(6)
C(8)-C(4)-C(5)-C(6)
C(3)-C(4)-C(5)-C(39)
C(8)-C(4)-C(5)-C(38)
C(2)-C(1)-C(6)-C(5)
C(10)-C(1)-C(6)-C(5)
C(2)-C(1)-C(6)-C(9)
C(10)~C(1)-C(6)-C(9)
C(4)-C(5)-C(6)-C(1)
C(38)-C(5)-C(6)-C(l)
C(4)-C(5)-C(6)-C(9)
C(38)-C(5)-C(6)-C(9)
C(6)-C(I)-C(10)-N(I)
C(2)-C(1)-C(10)-N(l)
N(2)-C(12)-C(13)-N(l)
N(2)-C(14)-C(15)-C( 16)
N(2)-C(14)-C(15)-C(23)
C(14)-C(15)-C(16)-C(19)
C(23)-C(15)-C(16)-C(19)
C(14)-C(15)-C(16)-C(17)
C(23)-C(15)-C(16)-C(17)
C(19)-C(16)-C(17)-C(18)
C(15)-C(16)-C(17)-C(18)
C(16)-C(17)-C(18)-C(22)

2.4(8)
175.2(5)

-176.2(5)

-3.4(8)
-5.5(8)
173.1(5)

-178.8(5)

-0.2(8)
3.6(8)
177.1(5)

-172.9(6)

0.5(8)
1.3(8)
178.0(6)

-173.5(5)

3.1(8)
2.3(8)

-170.3(5)
-180.0(5)

7.4(8)
—4.3(8)
170.7(5)
178.0(5)
-7.0(8)

-121.8(6)

65.4(8)
1.3(7)
165.5(5)
-69.0(7)
91.2(8)
-34.6(9)

-175.4(6)

58.7(8)
26.2(6)
-88.3(7)
86.1(7)

C(16)-C(17)-C(18)-C(19)
C(22)-C(18)-C(19)-C(20)
C(17)-C(18)-C(19)-C(20)
C(22)-C(18)-C(19)-C(16)
C(17)-C(18)-C(19)-C( 16)
C(22)-C(18)-C(19)-C(21)
C(17)-C(18)-C(19)-C(21)
C(15)-C(16)-C(19)-C(18)
C(17)-C(16)-C( 19)-C(18)
C(15)-C(16)-C(19)-C(20)
C(17)-C(16)-C(19)-C(20)
C(15)-C(16)-C(19)-C(21)
C(17)-C(16)-C(19)-C(21)
C(19)-C(18)-C(22)-C(23)
C(17)-C(18)-C(22)-C(23)
C(14)-C(15)-C(23)-C(22)
C(16)-C(15)-C(23)-C(22)
C(18)-C(22)-C(23)-C(15)
C(4)-C(3)-C(24)-N(3)
C(2)-C(3)-C(24)-N(3)
N(4)-C(26)-C(27)-N(3)
N(4)-C(28)-C(29)-C(30)
N(4)-C(28)-C(29)-C(37)
C(28)-C(29)-C(30)-C(31)
C(37)-C(29)-C(30)-C(31)
C(28)-C(29)-C(30)-C(33)
C(37)-C(29)-C(30)-C(33)
C(29)-C(30)-C(31)-C(32)
C(33)-C(30)-C(31)-C(32)
C(30)-C(31)-C(32)-C(36)
C(30)-C(31)-C(32)-C(33)
C(31)-C(32)-C(33)-C(35)
C(36)-C(32)-C(33)-C(35)
C(31)-C(32)-C(33)-C(30)
C(36)-C(32)-C(33)-C(30)
C(31)-C(32)-C(33)-C(34)
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-26.3(6)
164.3(7)
-86.7(8)
-82.3(7)
26.6(6)
40.2(9)
149.2(7)
78.8(7)
-26.4(6)

-168.4(7)

86.5(8)
~14.6(10)

-149.7(8)

42.2(9)
-52.8(8)

-140.2(6)

-16.4(9)

13.0(9)
133.5(6)
-53.0(8)

-1.3(7)
170.5(5)
-60.8(7)

-175.0(6)

54.4(7)
88.5(7)
-42.2(8)
-89.1(6)
26.0(5)
86.3(6)
-26.1(5)
149.5(6)
40.6(8)
25.9(5)
-83.0(6)
-83.8(7)



C(36)-C(32)-C(33)-C(34)
C(29)-C(30)-C(33)-C(35)
C(31)-C(30)-C(33)-C(35)
C(29)-C(30)-C(33)-C(32)
C(31)-C(30)-C(33)-C(32)
C(29}-C(30)-C(33)-C(34)
C(31)-C(30)-C(33)-C(34)
C(31)-C(32)-C(36)-C(37)
C(33)-C(32)-C(36)-C(37)
C(28)-C(29)-C(37)-C(36)
C(30)-C(29)-C(37)-C(36)
C(32)-C(36)-C(37)-C(29)
C(4)-C(5)-C(38)-N(5)
C(6)-C(5)-C(38)-N(5)
N(6)-C(40)-C(41)-N(5)
N(6)-C(42)-C(43)-C(44)
N(6)-C(42)-C(43)-C(51)
C(42)-C(43)-C(44)-C(45)
C(51)-C(43)-C(44)-C(45)
C(42)-C(43)-C(44)-C(47)
C(51}-C(43)-C(44)-C(47)
C(43)-C(44)-C(45)-C(46)
C(47)-C(44)-C(45)-C(46)
C(44)-C(45)-C(46)-C(50)
C(44) -C(45)-C(46)-C(47)
C(50)-C(46)-C(47)-C(48)
C(45)-C(46)-C(47)-C(48)
C(50)-C(46)-C(47)-C(49)
C(45)-C(46)-C(47)-C(49)
C(50)-C(46)-C(47)-C(44)
C(45)-C(46)-C(47)-C(44)
C(43)-C(44)-C(47)-C(48)
C(45)-C(44)-C(47)-C(48)
C(43)-C(44)-C(47)-C(49)
C(45)-C(44)-C(47)-C(49)
C(43>-C(44)-C(47)-C(46)

167.2(6)
-37.8(10)
-146.5(7)
83.1(7)
-25.6(5)
-166.6(6)
84.7(7)
-51.2(8)
45.5(8)
-138.8(6)
-9.3(8)
7.7(9)
94.3(7)
-80.7(7)
0.8(9)
-179.7(5)
-54.0(7)
-179.6(5)
53.6(7)
83.6(7)
-43.1(7)
-89.2(6)
27.2(5)
85.8(5)
-27.4(4)
168.1(6)
-83.5(6)
41.6(8)
150.1(5)
-81.3(6)
27.1(4)
-166.1(5)
85.3(5)
-37.1(8)
-145.8(6)
81.3(6)

C(45)-C(44)-C(47)-C(46)
C(47)-C(46)-C(50)-C(51)
C(45)-C(46)-C(50)-C(51)
C(46)-C(50)-C(51)-C(43)
C(44)-C(43)-C(51)-C(50)
C(42)-C(43)-C(51)-C(50)
N(2)-C(I 1)-N(1)-C(13)
N(2)-C(I 1)-N(1)-C(10)
C(12)-C(13)-N(I)-C(I 1)
C(12)-C(13)-N(1)-C(10)
C(1)-C(10)-N (1)-C(11)
C(1)-C(10)-N(1)-C(13)
N(1)-C(11)-N(2)-C(12)
N(1)-C(11)-N (2)-C (14)
C(13)-C(12)-N(2)-C(II)
C(13)-C(12)-N(2)-C(14)
C(15)-C(14)-N(2)-C(Il)
C(15)-C(14)-N(2)-C(12)
N(4)-C(25)-N(3)-C(27)
N(4)-C(25)-N(3)-C (24)
C(26)-C(27)-N(3)-C(25)
C(26)-C(27)-N(3)-C(24)
C(3)-C(24)-N(3)-C(25)
C(3)-C(24)-N(3)-C(27)
N(3)-C(25)-N(4)-C(26)
N(3)-C(25)-N (4)-C(28)
C(27)-C(26)-N(4)-C(25)
C(27)-C(26)-N(4)-C(28)
C(29)-C(28)-N(4)-C(25)
C(29)-C(28)-N(4)-C(26)
N(6)-C(39)-N(5)-C(41)
N(6)-C(39)-N(5)-C(38)
C(40)-C(41)-N(5)-C(39)
C(40)-C(41)-N(5)-C(38)
C(5)-C(38)-N(5)-C(39)
C(5)-C(38)-N(5)-C (41)

194

-27.3(4)
46.6(8)
~19.1(7)
4.7(8)
-6.4(8)

-132.5(6)

2.3(7)
173.4(5)
-2.2(7)

-173.6(6)

41.2(9)

-148.9(6)

-1.4(7)

-177.7(5)

0.0(7)
176.1(6)

-114.2(7)

70.3(8)
-0.9(7)

-178.4(5)

1.4(7)
179.0(6)
-42.6(8)
140.3(6)

0.1(7)

-180.0(5)

0.8(7)

-179.1(6)

-93.5(7)
86.4(7)
0.3(7)

-177.3(5)

-0.7(8)
176.7(7)
175.7(6)

-1.3(10)



N(5)-C(39)-N(6)-C (40) 0.2(7)

N(5)-C(39)-N(6)-C(42) 176.5(5)
C(41)-C(40)-N(6)-C(39) -0.6(8)
C(41)-C(40)-N(6)-C(42) -176.8(6)
C(43)-C(42)-N(6)-C(39) 126.9(6)
C(43)-C(42)-N(6)-C(40) -57.6(9)

Table 3. Anisotropic displacement parameters (A”x 107) for (156a). The aniso-
tropic displacement factor exponent takes the form: -2n~[ h2 a*2(jl 1+... +2 hka*
b*U12]

Atom U u2 Uz Uz uB uR
P(l) 23(1) 13(1) 34(1) -2(1) 4(1) -1(1)
20) 21(2) 18(2) 68(3) -1(2) 6(2) -2(2)
F(2) 22(2) 80(3) 40(2) -13(2) 0(2) -11(2)
F(3) 37(3) 28(2) 78(3) 16(2) 15(2) -1(2)
F(4) 26(2) 26(2) 40(2) -1(2) -1(2) 0(2)
F(5) 49(3) 68(3) 60(3) -38(2) 9(2) -4(2)
F(6) 26(3) 29(3) 133(4) 28(3) 1(3) -2(2)
PQ) 26(1) 14(1) 26(1) -2(1) -1(1) -2(1)
F(7) 24(2) 20(2) 66(3) -5(2) 12(2) -5(2)
F(8) 50(3) 43(3) 31(2) 6(2) 5(2) -6(2)
F(9) 53(3) 27(2) 44(2) -11(2) -13(2) 0@)
F(10) 34(3) 23(2) 107(4) -3(3) -26(3) 1(2)
F(11) 98(4) 35(3) 43(2) 11(2) -8(3) -10(3)
F(12) 32(3) 28(2) 73(3) -25(2) 0@) 9(2)
PQ3) 26(1) 20(1) 33(1) -7(1) -6(1) 2(1)
F(13) 32(2) 19(2) 59(3) -4(2) -8(2) -6(2)
F(14) 38(3) 34(3) 55(3) -22(2) -11(2) 4(2)
F(15) 169(7) 94(5) 104(4) 79(4) -86(4) -88(5)
F(16) 42(3) 53(3) 224(7) -75(4) -61(4) 20(3)
F(17) 66(4) 166(6) 39(3) 17(3) 5(3) -60(4)
F(18) 50(4) 92(4) 184(6) -110(4) -40(4) 32(3)
c(l) 35(4) 9(4) 8(3) -3(2) -3(3) 3(3)
C(2) 29(4) 21(4) 8(3) -5(3) -1(3) -7(3)
c@) 29(4) 12(4) 12(3) -3(3) -1(3) -2(3)
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C4)

C(5)

C(6)

c(7)

c(8)

C(9)

C(10)
c()
C(12)
C(13)
C(14)
C(15)
C(16)
c(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)

29(4)
17(3)
18(4)
26(4)
43(5)
36(4)
46(5)
24(4)
23(4)
7(3)
30(4)
61(6)
61(6)
128(9)
79(7)
44(5)
68(7)
57(6)
40(5)
44(5)
32(4)
13(3)
14(3)
30(4)
21(4)
20(4)
31(4)
35(5)
46(5)
42(5)
119(8)
57(6)
87(6)
62(5)
20(4)
13(3)
24(5)
17(4)

4(3)
20(4)
16(4)
17(4)
20(4)
16(4)
16(4)
17(4)
28(4)
22(4)
18(4)
22(4)
44(5)
33(5)
38(5)
68(6)

132(10)
50(6)
42(5)
43(5)
15(4)

9(3)
16(4)
14(4)
20(4)
26(4)
43(5)
80(7)
20(4)
27(4)
42(5)
43(5)
10(4)
12(4)
40(4)

6(3)
80(7)
76(6)

10(3)
11(3)
16(3)
19(3)
52(5)
33(4)
16(3)
20(3)
24(4)
24(4)
25(3)
33(4)
30(4)
52(5)
29(4)
18(4)
30(4)
25(4)
40(4)
36(4)
20(3)
23(3)
32(4)
29(4)
21(3)
22(3)
36(4)
42(5)
28(4)
17(3)
26(4)
30(4)
28(4)
19(3)
15(3)
20(3)
23(4)
20(4)

-1(2)
2(3)
5(3)
3(3)
6(3)
2(3)
1(3)

-3(3)

-4(3)
2(3)

-3(3)
1(3)

13(4)

20(4)

12(4)
3(4)
6(5)

-12(4)

-3(4)
-5(4)
-1(3)
5(3)
1(3)
-7(3)
1(3)
9(3)
9(4)
22(5)
10(3)
6(3)
3(4)
7(4)
33)
-2(3)
12(3)
3(3)
0(4)
7(4)

0(3)
0(2)
-3(3)
-1(3)
16(4)
1(3)
7(3)
0(3)
0(3)
1(3)
-6(3)
12(4)
6(4)
26(6)
23(4)
6(4)
2(5)
6(4)
16(4)
11(4)
-2(3)
4(3)
4(3)
-7(3)
5(3)
4(3)
-4(3)
-5(4)
-3(4)
-3(3)
-23(5)
11(4)
-10(4)
-2(4)
-1(3)
2(3)
-9(3)
-6(3)

6(3)
-1(3)
-8(3)
-1(3)

8(4)
-6(3)

2(3)

6(3)

4(3)
-4(3)

3(3)

1(4)
18(4)
22(6)

7(5)
22(5)
34(6)

-18(4)

-8(4)

-21(4)

-6(3)
-1(3)
-7(3)
-2(3)
-1(3)

8(3)

-15(4)

13(5)
0(4)

-13(4)
-19(5)

11(4)

6(4)
-2(4)
-1(3)

0(3)
13(4)
10(4)



C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)
C(51)
N(1)
N(2)
N(3)
N(4)
N(5)
N(6)

30(4)
22(4)
29(4)
31(4)
34(4)
26(4)
34(4)
16(4)
45(5)
29(4)
20(3)
22(3)
27(3)
29(3)
21(3)
28(3)

25(4)
22(4)
24(4)
52(5)
34(5)
21(4)
39(4)
47(5)
29(4)
21(4)
12(3)
20(3)

9(3)
10(3)
19(3)
13(3)

13(3)
28(3)
31(4)
13(3)
20(3)
20(3)
32(4)
32(4)
36(4)
18(3)
24(3)
20(3)
16(3)
15(3)
17(3)
10(3)

2(3)
-6(3)
5(3)
1(3)
-5(3)
-6(3)
-4(4)
8(3)
-13(3)
3(3)
0(2)
-4(2)
-2(2)
5(2)
1(2)
0(2)

-1(3)

3(3)
4(3)
2(3)
4(3)
4(3)
5(3)
0(3)

-3(4)

4(3)
0(3)

-1(2)
-1(3)

0(2)

-2(2)
-1(2)

-6(3)
-1(3)
-5(4)
-7(4)
0(3)
-13(3)
-9(4)
-9(3)
-11(4)
-6(3)
1(2)
3(3)
0(3)
-4(2)
2(3)
4(2)

Table 4. Hydrogen coordinates ( x 10°) and isotropic displacement parameters

(A2x 10 3) for (156a).

Atom

H(7A)
H(7B)
H(7C)
H(8A)
H(8B)
H(8C)
H(9A)
H(9B)
H(9C)
H(10A)
H(10B)
H(11)
H(12)

-3661
-3628
-2841

3390
3173
1501
4059
2437
2217
-342

-2326

821

-3746

7991
8884
8427
6829
7093
6634
9737
10194
10013
10240
9813
9641
10731

7803
7806
8093
7554
7208
7369
7420
7593
7239
7622
7592
8259
8558
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U(ea)

31
31
31
58
58
58
42
42
42
31
31
24
30



H(13)

H(14A)
H( 1413)
H( 15)

H( 16)

1-1(17A)
M(17B)
11(18)

11(20A)
M(20B)
H(20C)
H(21 A)
H(2 IB)
H(21C)
H(22A)
H(22B)
H(23A)
H(23B)
11(24A)
H(24B)
H(25)

11(26)

u(R7)

M(28A)
11(28B)
11(29)

H(30)

H(31A)
H(31B)
H(32)

H(34A)
H(34B)
H(34C)
H(35A)
1-1(3B)
11(35C)
H(36A)
U(36B)

-4120
-226
1051
-1552
1290
-2069
-373
-2331
798
2386
1580
-1364
827
-777
-4301
-4785
-4289
-3330
-2178
-184
376
-4575
-4352
-2515
-497
698
1209
1995
2560
-228
-278
1238
-794
-3567
-3147
-3675
-2769
-861

10553
10699
9999
9195
9417
8689
8726
9684
10311
10358
9564
11049
11147
11261
10409
9547
9759
10551
6948
6593
7351
6448
6407
7201
7510
6288
7058
5563
5992
5383
7383
6722
6648
6432
7217
6506
5138
4753

8007
8893
8798
8950
9282
9422
9676
9897
10015
9755
9860
9341
9428
9682
9557
9504
9015
9082
7594
7689
8304
8554
7999
8978
8868
8867
9321
9254
9570
9760
9866
9895
10055
9382
9541
9745
9393
9273
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22
29
29
46
54
85
85
58

115

115

115
66
66
66
49
49
49
49
27
27

25
29
25
25
27
44
63
63
37
93
93
93
65
65
65
50
50



Lz

Lz

pp

pp

LP

LP

LP

)

se
se
8t
PE
63
LZ

LZ

sl
0]
oe
LZ

Li

661

3009
1 S19
£WS
018S
998S
6¢6S
LPLS
PZZS
oQIs
SEES
383S
LLZS
PZ\S
SISS
[t?8S
6909
LS 19
£889
6££9
£0:9
6PzL
16ZL
1868
£W8

£0£¢,
8st-¢,
1£99
97L9
pPiss
038¢,
0ZLL
¢ SI8
3358
168
131¢,
SLLL
9£18
1106

8:.£6
S6¢8
L9S8
M)88
35S8
S36L
1188
6£8S

I1¢L.ES

¢03E
Lizs
I0S1?
S0S9
6¢16
Sios
8w.6
L6P6
PLSL
fre 88
\LL9
ILzZ
90LP

ott>3
SPLP
PLZ9
8prL
3911
7179
016t7
£60S
¢S63-

t>£31-

(ais)H
(VIS)H
(aos)H
(vos)h
(D6fr)H
(ao6t)H
(V6fr)H
(38t-)H
(a8t")H
Vst
(9tOH
(ast)H
(VSt)H
(W)H
(t»H
(as™H
(V3fr)H
(it")H
(OfnH
(6£)H
(a8£)H
(V8E)H
(a¢E)H
(VEE)H



Table5. Bond lengths (A) and angles (°) for (156b).

P(1)-F(2) 1.519(4) N (1)-C (Il 1.325(5)
p(iy-F(6) 1.526(5) N(I)-C(13) 1.379(5)
P(1)~F(4) 1.562(4) N (1)-C(10) 1.481(5)
P(1)-F(1) 1.562(6) N(2)-C(Il) 1.335(5)
P(I)-F(5) 1.575(4) N(2)-C(12) 1.380(5)
P(1K(3) 1.582(4) N(2)-C(14) 1.465(6)
P(2)-F(12) 1.567(3) N(3)-C(20) 1.321(5)
P(2)-F(7) 1.569(3) N(3)-C(22) 1.372(6)
P(2>—F(8) 1.586(3) N(3)-C(19) 1.481(5)
P(2)—F(12) 1.599(3) N (4)-C(20) 1.326(6)
P(2)-F(9) 1.600(3) N(4)-C(21) 1.363(5)
P(2>—F (10) 1.600(3) N(4)-C(23) 1.495(5)
P(3)-F(17) 1.571(3) N(5)-C(29) 1.329(6)
P(3>—F(15) 1.576(3) N(5)-C(31) 1.380(6)
P(3)-F(14) 1.590(3) N(5)-C(28) 1.479(6)
P(3)—F(16) 1.594(3) N(6)-C(29) 1.324(6)
P(3)-F(18) 1.599(3) N(6)-C(30) 1.373(6)
P(3>F(13) 1.607(3) N(6)-C(32) 1.479(6)
P(4) -F(21) 1.572(3) C(1)-C(2) 1.400(6)
P(4)-F(24) 1.589(3) C(1)-C(6) 1.401(6)
P(4)-F(22) 1.593(3) C(I)-C(28) 1.517(6)
P(4)-F(23) 1.595(3) C(2)-C(3) 1.390(6)
P(4)-F(20) 1.596(3) C(2)-C(7) 1.510(6)
P(4)-F(19) 1.612(3) C(3)-C(4) 1.408(6)
P(5)-F(25) 1.557(5) C(3)-C(10) 1.511(6)
P(5)-F(27) 1.559(3) C(4)-C(5) 1.393(6)
P(5)-F(28) 1.566(4) C(4)-C(8) 1.518(6)
P(5)-F(26) 1.581(4) C(5)-C(6) 1.397(6)
P(5)-F(29) 1.589(3) C(5)-C(19) 1.518(6)
P(5)-F(30) 1.596(4) C(6)-C(9) 1.518(6)
P(6)-F(35) 1.465(9) C(7)-H(7A) 0.9800

P(6>-F(34) 1.509(5) C(7)-H(7B) 0.9800

P(6)-F(31) 1.511(6) C(7)-H(7C) 0.9800

P(6)-F(36) 1.567(5) C(8)-H(8A) 0.9800

P(6)-F(33) 1.577(8) C(8)-H(8B) 0.9800

200



P(6)—F(32)
C(9)-H(9A)
C(9)-H(9B)
C(9)-H(9C)
C(10)-H(10A)
C(10)-H(10B)
C(11)-H(11)
C(12)-C(13)
C(12)-H(12)
C(13)-H(13)
C(14)-C(16)
C(14)-C(15)
C(14)-H(14)
C(15)-H(15A)
C(15)-H(15B)
C(15)-H(15C)
C(16)-C(18)
C(16)—€(17)
C(16)-H(16)
C(17)-H(17A)
C(17)-H(17B)
C(17)-H(17C)
C(18)-H(18A)
C(18)-H(18B)
C(18)-H(18C)
C(19)-H(19A)
C(19)-H(19B)
C(20)-H(20)
C(2\yC(22)
C(21)-H(21)
C(22)-H(22)
C(23)-C(24)
C(23)-C(25)
C(23)-H(23)
C(24)-H(24A)
C(24)-H(24B)
C(24VH(24C)

1.581(4)
0.9800
0.9800
0.9800
0.9900
0.9900
0.9500
1.345(6)
0.9500
0.9500
1.523(7)
1.529(7)
1.0000
0.9800
0.9800
0.9800
1.519(7)
1.528(7)
1.0000
0.9800
0.9800
0,9800
0.9800
0.9800
0.9800
0.9900
0.9900
0.9500
1.350(6)
0.9500
0.9500
1.508(7)
1.530(6)
1.0000
0.9800
0.9800
0.9800

C(8)-H(8C)
C(25)-C(27)
C(25)-C(26)
C(25)-H(25)
C(26)-H(26A)
C(26>-H(26B)
C(26)-H(26C)
C(27)-H(27A)
C(27)-H(27B)
C(27)-H(27C)
C(28)-H(28A)
C(28)-H(28B)
C(29)-H(29)
C(30)-C(31)
C(30)-H(30)
C(31)-H(31)
C(32)-C(33)
C(32)-C(34)
C(32)-H(32)
C(33)-H(33A)
C(33)-H(33B)
C(33)-H(33C)
C(34)-C(35)
C(34)-C(36)
C(34)-H(34)
C(35)-H(35A)
C(35)-H(35B)
C(35)-H(35C)
C(36)-H(36A)
C(36)-H(36B)
C(36)-H(36C)
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0.9800
1.508(7)
1.536(7)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9900
0.9900
0.9500
1.360(7)
0.9500
0.9500
1.523(7)
1.532(7)
1.0000
0.9800
0.9800
0.9800
1.499(8)
1.527(7)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800



F(2>-R(1)-F(6)
F(2)-P(I)-F(4)
F(6)-P(I)-F(4)
F(2)-P(1)-F(I)
F(6)-P()-F(1)
F(4)-P()-F()
F(2)-P(1)-F(5)
F(6)-P(1)-F(5)
FA)-P()—+0G)
F()-P(1)-F(5)
F(2)-P(1)-F(3)
F(6)-P(1)-F(3)
F(4)-P(1)-F(3)
F()-P()-F(3)
F(5)-P()-F(3)
F(12)-P(2)-F(7)
F(12)-P(2)-F(8)
F(7)-P(2)-F(8)
F(12)-P(2)-F(Il)
F(7)-P(2)-F(II)
F(8)-P(2)-F(I 1)
F(12)-P(2)-F(9)
F(7)-P(2)-F(9)
F(8)-P(2)-F(9)
F(I)-P(2)-F(9)
F(12)-P(2)-F(10)
F(7)-P(2)-F(10)
F(8)-P(2)-F(10)
F(I1)-P(2)-F(10)
F(9)-P(2)-F(10)
F(17)-P(3)-F(15)
F(17)-P(3)-F(14)
F(15)-P(3)-F(14)
F(17)-P(3)-F(16)
F(28)-P(5)-F(29)
F(26)-P(5)-F(29)
F(25)-P(5)-F(30)

102.3(5)
94.3(2)
101.2(4)
81.9(5)
174.2(4)
82.3(4)
171.4(4)
85.5(4)
87.7(2)
90.1(4)
86.8(2)
84.7(4)
173.7(4)
91.6(4)
90.4(3)
91.1(2)
179.3(2)
89.6(2)
89.9(2)
178.6(2)
89.4(2)
90.58(18)
92.28(18)
89.24(17)
88.73(16)
89.69(17)
89.15(18)
90.47(17)
89.85(16)
178.55(18)
90.0(3)
179.3(3)
90.7(3)
90.4(2)
89.3(2)
178.5(3)
87.9(3)

F(15)-P(3)-F(16)
F(14)-P(3)-F(16)
F(17)-P(3)-F(18)
F(15)-P(3)-F(18)
F(14)-P(3)-F(18)
F(16)-P(3)-F(18)
F(17)-P(3)-F(13)
F(15)-P(3)-F(13)
F(14)-P(3)-F(13)
F(16)-P(3)-F(13)
F(18)-P(3)-F(13)
F(21)-P(4)-F(24)
F(21)-P(4)-F(22)
F(24)-P(4)-F(22)
F(21)-P(4)-F(23)
F(24)-P(4)-F(23)
F(22)-P(4)-F(23)
F(21)-P(4)-F(20)
F(24)-P(4)-F(20)
F(22)-P(4)-F(20)
F(23)-P(4)-F(20)
F(21)-P(4)-F(19)
F(24)-P(4)-F(19)
F(22)-P(4)-F(19)
F(23)-P(4)-F(19)
F(20)-P(4)-F(19)
F(25)-P(5)-F(27)
F(25)-P(5)-F(28)
F(27)-P(5)-F(28)
F(25)-P(5)-F(26)
F(27)-P(5)-F(26)
F(28)-P(5)-F(26)
F(25)-P(5)-F(29)
F(27)-P(5)-F(29)
C(31)-N(5)-C(28)
C(29)-N(6)-C(30)
C(29)-N(6)-C(32)
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179.6(2)
89.0(2)
90.6(2)
89.76(18)
89.53(18)
90.00(17)
90.73(19)
90.56(17)
89.13(16)
89.67(15)

178.62(18)

179.29(19)
90.10(17)
90.44(19)
89.92(18)
89.61(17)
89.51(15)
91.27(17)
89.21(15)
89.78(15)

178.62(19)
89.19(18)
90.3(2)

179.3(2)
90.42(16)
90.30(16)
93.2(3)

176.6(3)
90.0(2)
89.1(3)
89.0(2)
89.8(3)
91.8(3)
92.2(2)

126.5(4)

108.6(4)

125.0(4)



F(27)-P(5)-F(30)
F(28)-P(5)-F(30)
F(26)-P(5)-F(30)
F(29)-P(5)-F(30)
F(35)-P(6)-F(34)
F(35)-P(6)-F(31)
F(34)-P(6)-F(31)
F(35)-P(6)-F(36)
F(34)-P(6)-F(36)
F(31)-P(6)-F(36)
F(35)-P(6)-F(33)
F(34)-P(6)-F(33)
F(31)-P(6)-F(33)
F(36)-P(6)-F(33)
F(35)-P(6)-F(32)
F(34)-P(6)-F(32)
F(31)-P(6)-F(32)
F(36)-P(6)-F(32)
F(33)-P(6)-F(32)
C(11)-N(1)-C(13)
C(I1)-N(1)-C (10)
C(13)-N(I)-C(10)
C(11)-N(2)-C(12)
C(11)“N(2)-C(14)
C(12)-N(2)-C(14)
C(20)-N(3)-C(22)
C(20)-N(3)-C(19)
C(22)-N(3)-C(19)
C(20)-N(4)-C(21)
C(20)-N(4)-C(23)
C(21)-N(4)-C(23)
C(29)-N(5)-C(31)
C(29)-N(5)-C(28)

H(9A)-C(9)-H(9B)

C(6)-C(9)-H(9C)

H(9A)-C(9)-H(9C)
H(9B)-C(9)-H(9C)

178.2(3)
88.8(3)
89.6(2)
89.2(2)
96.0(8)
88.5(9)

175.3(8)
88.6(5)
89.1(3)
92.3(3)

179.3(8)
83.3(5)
92.1(8)
91.1(4)
91.7(4)
90.3(2)
88.2(3)

179.4(3)
88.6(3)

108.5(3)

124.4(3)

127.0(3)

108.4(3)

125.1(4)

126.3(4)

107.9(3)

125.8(3)

126.2(3)

108.1(4)

125.3(3)

126.5(4)

108.1(4)

125.3(3)

109.5

109.5

109.5

109.5

C(30)-N(6)-C(32)
C(2)-C(1)-C(6)
C(2)-C(1)-C(28)
C(6)-C(1)-C(28)
C(3)-C(2)-C(l)
C(3)-C(2)-C(7)
C(1)-C(2)-C(7)
C(2)-C(3)-C(4)
C(2)-C(3)-C(10)
C(4)-C(3)-C(10)
C(5)-C(4)-C(3)
C(5)-C(4)-C(8)
C(3)-C(4)-C(8)
C(4)-C(5)-C(6)
C(4)-C(5)-C(19)
C(6)-C(5)-C(19)
C(5)-C(6)-C(l)
C(5)-C(6)-C(9)
C(1)-C(6)-C(9)
C(2)-C(7)-H(7A)
C(2)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(2)-C(7)-H(7C)
H(7A)-C(7)-H(7C)
H(7B)-C(7)-H(7C)
C(4)-C(8)-H(8A)
C(4)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
C(4)-C(8)-H(8C)
H(8A)-C(8>-H(8C)
H(8B)-C(8)-H(8C)
C(6)-C(9)-H(9A)
C(6)-C(9)-H(9B)
C(17)-C(16)-H(16)
C(16)-C(17)-H(17A)
C(16)-C(17)-H(17B)
H(17A)-C(17)-H(17B)
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126.4(4)
121.2(4)
118.6(4)
120.1(4)
118.7(4)
119.9(4)
121.4(4)
121.3(4)
119.3(4)
119.3(4)
118.7(4)
120.9(4)
120.3(4)
121.1(4)
118.7(4)
120.0(4)
118.9(4)
120.9(4)
120.2(4)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
108.3
109.5
109.5
109.5



N(1)-C(10)-C(3)
N(1)-C(10)-H(10A)
C(3)-C(10)-H(10A)
N(1)-C(10)-H(10B)
C(3)-C(10)-H(10B)
H(10A)-C(10)-H( 108)
N (1)-C (11)-N (2)

N (I)-C (I)-H (1 1)

N (2)-C (I1)-H (1)
C(13)-C(12)-N(2)
C(13)-C(12)-H(12)
N(2)-C(12)-H(12)
C(12)-C(13)-N(I)
C(12)-C(13)-H(13)
N(1)-C(13)-H(13)
N(2)-C(14)-C(16)
N(2)-C(14)-C(15)
C(16)-C(14)-C(15)
N(2)-C(14)-H(14)
C(16)-C(14)-H(14)
C(15)-C(14)-H(14)
C(14)-C(15)-H(15A)
C(14)-C(15)-H(15B)
H(15A)-C(15)-H( 15B)
C(14)-C(15)-H(15C)
H(15A)-C( 15)-H(15C)
H(15B)-C(15)-H(15C)
C(18)-C(16)-C(14)
C(18)-C(16)-C(17)
C(14)-C(16)-C(17)
C(18)-C(16)-H( 16)
C(14)-C( 16)-H( 16)
H(24A)-C(24)-H(24B)
C(23)-C(24)-H(24C)
H(24A)-C(24)-H(24C)
H(24B)-C(24)-H(24C)
C(27)-C(25)-C(23)

111.5(3)
109.3
109.3
109.3
109.3
108.0
108.7(4)
125.7
125.7
106.9(4)
126.5
126.5
107.5(4)
126.3
126.3
110.7(4)
107.5(4)
114.6(4)
107.9
107.9
107.9
109.5
109.5
109.5
109.5
109.5
109.5
112.0(4)
109.4(4)
110.4(5)
108.3
108.3
109.5
109.5
109.5
109.5
112.3(4)

C(16)-C(17)-H(17C)
H(17A)-C(17)-H(17C)
H(17B)-C(17)-H(17C)
C(16)-C(18)-H(18A)
C(16)-C(18)-H( 18B)
H(18A)-C(18)-H(18B)
C(16)-C(18)-H(18C)
H(18A)-C( 18)-H(18C)
H(18B)-C( 18)-H( 18C)
N(3)-C(19)-C(5)
N(3)-C(19)-H(19A)
C(5)-C(19)-H(19A)
N(3)-C(19)-H(19B)
C(5)-C(19)-H(19B)
H(19A)-C(19)-H( 19B)
N(3)-C(20)-N(4)
N(3)-C(20)-H(20)
N(4)-C(20)-H(20)
C(22)-C(21)-N(4)
C(22)-C(21)-H (21)
N(4)-C(21)-H(21)
C(21)-C(22)-N(3)
C(21)-C(22)-H(22)
N(3)-C(22)-H(22)
N(4)-C(23)-C(24)
N(4)-C(23)-C(25)
C(24)-C(23)-C(25)
N(4)-C(23)-H(23)
C(24)-C(23)-H(23)
C(25)-C(23)-H(23)
C(23)-C(24)-H(24A)
C(23)-C(24)-H(24B)
N(5)-C(31)-H(31)
N(6)-C(32)-C(33)
N(6)-C(32)-C(34)
C(33)-C(32)-C(34)
N(6)-C(32)-H(32)
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109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.2(3)
109.8
109.8
109.8
109.8
108.3
109.5(4)
1253
1253
107.3(4)
126.4
126.4
107.2(4)
126.4
126.4
108.8(4)
109.7(3)
116.3(4)
107.2
107.2
107.2
109.5
109.5
1265
109.1(4)
110.0(4)
114.5(4)
107.7



C(27)-C(25)-C(26)
C(23)-C(25)-C(26)
C(27)-C(25)-H(25)
C(23)-C(25)-H(25)
C(26)-C(25)-H(25)
C(25)-C(26)-H(26A)
C(25)-C(26)-H(26B)
H(26A)-C(26)-H(26B)
C(25)-C(26)-H(26C)
H(26A)-C(26)-H(26C)
H(26B)-C(26)-H(26C)
C(25)-C(27)-H(27A)
C(25)-C(27)-H(27B)
H(27A)-C(27)-H(27B)
C(25)-C(27)-H(27C)
H(27A)-C(27)-H(27C)
H(27B)-C(27)-H(27C)
N(5)-C(28)-C(l)
N(5)-C(28)-H(28A)
C(1)-C(28)-H(28A)
N(5)-C(28)-H(28B)
C(1)-C(28)-H(28B)
H(28A)-C(28)-H(28B)
N(6)-C(29)-N(5)
N(6)-C(29)-H(29)
N(5)-C(29)-H(29)
C(31)-C(30)-N(6)
C(31)-C(30)-H(30)
N(6)-C(30)-H(30)
C(30)-C(31)-N(5)
C(30)-C(31)-H(31)

110.9(5)
108.6(4)
108.3
108.3
108.3
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
110.8(3)
109.5
109.5
109.5
109.5
108.1
109.3(4)
125.4
125.4
107.0(4)
126.5
126.5
107.0(4)
126.5

C(33)-C(32)-H(32)
C(34)-C(32)-H(32)
C(32)-C(33)-H(33A)
C(32)-C(33)-H(33B)
H(33A)-C(33)-H(33B)
C(32)-C(33)-H(33C)
H(33A)-C(33)-H(33C)
H(33B)-C(33)-H(33C)
C(35)-C(34)-C(36)
C(35)-C(34)-C(32)
C(36)-C(34)-C(32)
C(35)-C(34)-H(34)
C(36)-C(34)-H(34)
C(32)-C(34)-H(34)
C(34)-C(35)-H(35A)
C(34)-C(35)-H(35B)
H(35A)-C(35)-H(35B)
C(34)-C(35)-H(35C)
H(35A)-C(35)-H(35C)
H(35B)-C(35)-H(35C)
C(34)-C(36)-H(36A)
C(34)-C(36)-H(36B)
H(36A)-C(36)-H(36B)
C(34)-C(36)-H(36C)
H(36A)-C(36)-H(36C)
H(36B)-C(36)-H(36C)
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107.7
107.7
109.5
109.5
109.5
109.5
109.5
109.5
110.4(5)
111.8(4)
109.5(4)
108.3
108.3
108.3
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5



Table 6. Torsion angles (°) for (156b).

C(6)-C(1)-C(2)-C(3) -0.9(6)  C(10)-N(1)-C(13)-C(12) 176.4(4)
C(28)-C(I)-C(2)-C(3) 179.2(4)  C(11)-N(2)-C(14)-C(16) 114.1(5)
C(6)-C(1)-C(2)-C(7) 179.8(4) C(12)-N(2)-C(14)-C(16) -61.7(6)
C(28)-C(1)-C(2)-C(7) 0.1(6) C(11)-N(2)-C(14)-C(15)  -120.0(5)
C(1)-C(2)-C(3)-C(4) -0.5(6) C(12)-N(2)-C(14)-C(15) 64.2(6)
C(7)-C(2)-C(3)-C(4) 178.8(4)  N(2)-C(14)-C(16)-C(18) -53.1(5)
C(1)-C(2)-C(3)-C(10) 176.7(3) C(15)-C(14)-C(16)-C(18)  -174.9(4)
C(7)-C(2)-C(3)-C(10) -3.9(6) N(2)-C(14)-C(16)-C(17) -175.3(4)
C(2)-C(3)-C(4)-C(5) 3.1(6) C(15)-C(14)-C(16)-C(17) 63.0(6)
C(10)-C(3)-C(4)-C(5) -174.2(3)  C(20)-N(3)-C(19)-C(5) 140.2(4)
C(2)-C(3)-C(4)-C(8) -174.6(4)  C(22)-N(3)-C(19)-C(5) -37.2(5)
C(10)-C(3)-C(4)-C(8) 8.1(6) C(4)-C(5)-C(19)-N(3) -58.7(5)
C(3)-C(4)-C(5)-C(6) —4.2(8) C(6)-C(5)-C(19)-N(3) 116.8(4)
C(8)-C(4)-C(5)-C(6) 173.4(4)  C(22)-N(3)-C(20)-N(4) -0.2(5)
C(3)-C(4)-C(5)-C(19) 171.2(3)  C(19)-N(3)-C(20)-N(4) -178.1(4)
C(8)-C(4)-C(5)-C(19) -11.1(6)  C(21)-N(4)-C(20)-N(3) 0.6(5)
C(4)-C(5)-C(6)-C(1) 2.9(6) C(23)-N(4)-C(20)-N(3) 177.4(4)
C(19)-C(5)-C(6)-C(1) -172.5(3)  C(20)-N(4)-C(21)-C(22) -0.8(5)
C(4)-C(5)-C(6)-C(9) -174.6(4)  C(23)-N(4)-C(21)-C(22) -177.5(4)
C(19)-C(5)-C(6)-C(9) 10.06) N(4)-C(21)-C(22)-N(3) 0.7(5)
C(2)-C(1)-C(6)-C(5) -0.2(6) C(20)-N(3)-C(22)-C(21) -0.3(5)
C(28)-C(1)-C(6)-C(5) 179.6(4) C(19)-N(3)-C(22)-C(21) 177.6(4)
C(2)-C(1)-C(6)-C(9) 177.3(4)  C(20)-N(4)-C(23)-C(24) 63.6(5)
C(28)-C(1)-C(6)-C(9) -2.9(6) C(21)-N(4)-C(23)-C(24) -120.2(5)
C(11)-N(1)-C(10)-C(3) -162.3(4)  C(20)-N(4)-C(23)-C(25) -64.7(5)
C(13)-N(1)-C(10)-C(3) 22.9(6) C(21)-N(4)-C(23)-C(25) 111.5(5)
C(2)-C(3)-C(10)-N(1) 85.3(4) N(4)-C(23)-C(25)-C(27) -57.1(5)
C(4)-C(3)-C(10)-N(l) -97.4(4)  C(24)-C(23)-C(25)-C(27) 178.8(5)
C(13)-N(1)-C(I)-N(2) -0.4(5) N(4)-C(23)-C(25)-C(26) 179.8(4)
C(10)-N(1)-C(1)-N(2) -176.0(4)  C(24)-C(23)-C(25)-C(26) 55.8(6)
C(12)-N(2)-C(I 1)-N(I) -0.3(5)  C(29)-N(5)-C(28)-C(I) -23.1(6)
C(14)-N(2)-C(1 )-N(1) -176.7(4)  C(31)-N(5)-C(28)-C(l) 156.3(4)
C(I)-N(2)-C(12)-C(13) 0.9(5) C(2)-C(I)-C(28)-N(5) -77.6(5)
C(14)-N(2)-C(12)-C(13) 177.2(4)  C(6)-C(I)-C(28)-N(5) 102.6(4)
N(2)-C(12)-C(13)-N(I) -1.1(5)  C(30)-N(6)-C(29)-N(5) 1.5(5)
C(I)-N(1)-C(13)-C(12) 1.0(5) C(32)-N(6)-C(29)-N(5) -176.2(4)
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C(31)-N(5)-C(29)-N(6) -1.6(5)

C(28)-N(5)-C(29)-N(6) 177.9(4)
C(29)-N(6)-C(30)-C(31) -0.9(5)
C(32)-N(6)-C(30)-C(31) 176.8(4)
N(6)-C(30)-C(31)-N(5) -0.1(5)
C(29)-N(5)-C(31)-C(30) 1.0(5)
C(28)-N(5)-C(31)-C(30) -178.5(4)
C(29)-N(6)-C(32)-C(33) -127.7(5)
C(30)-N(6)-C(32)-C(33) 55.0(6)
C(29)-N(6)-C(32)-C(34) 105.9(5)
C(30)-N(6)-C(32)-C(34) -71.4(6)
N (6)-C(32)-C(34)-C(35) -57.6(5)
C(33)-C(32)-C(34)-C(35) 179.1(5)
N(6)-C(32)-C(34)-C(36) 179.7(4)
C(33)-C(32)-C(34)-C(36) 56.4(6)

Table 7. Anisotropic displacement parameters (A2x 107 for (156b). The anisotropic
displacement factor exponent takes the form: -2D2[h2 a”~u™ + .. + 2 hk a* b*
ulz].

Atom un u22 U Uz (ONK} U
P(I) 34(1) 50(1) 27(1) -12(1) -3(1) -1(1)
F(l) 128(5) 201(7) 198(7) -90(6) -36(5) 99(5)
F(2) 78(3) 309(9) 41(2) -15(3) 3(2) -106(4)
F(3) 48(2) 241(7) 84(3) -83(4) -14(2) -8(3)
F(4) 95(3) 232(6) 50(2) -49(3) 3(2) -99(4)
F(5) 52(2) 179(5) 70(3) 24(3) -15(2) -28(3)
F(6) 151(6) 78(4) 290(10) -87(5) -23(6) 34(4)
PQ) 27(1) 33(1) 27(1) -8(1) -4(1) 1(1)
F(7) 91(3) 58(2) 83(2) -38(2) -39(2) 39(2)
F(8) 42(2) 87(3) 44(2) 9(2) -5(1) -14(2)=
F(9) 51(2) 51(2) 40(2) -19(1) -17(2) -2(1)
F(10) 37(2) 64(2) 46(2) -22(1) -17(1) 3(1)
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F(11) 70(2) 70(2) 81(2) -50(2) -42(2) 37(2)

F(12) 51(2) 123(3) 38(2) 18(2) -9(2) -42(2)
P(3) 30(1) 26(1) 41(1) -12(1) -1(0 3(1)
F(13) 40(1) 25(1) 43(1) -9(1) 4(1) -1(1)
F(14) 84(2) 46(2) 67(2) 17(2) -33(2) -20(2)
F(15) 76(2) 73(3) 114(3) -60(2) 49(2) -25(2)
F(16) 37(2) 70(2) 82(2) -53(2) 2(1) -4(1)
F(17) 58(2) 80(3) 97(3) 17(2) -37(2) 7(2)
F(18) 33(2) 49(2) 89(2) -28(2) -1(2) -5(1)
P(4) 26(1) 24(1) 46(1) -13(1) -10(1) 4(1)
F(19) 38(2) 37(2) 97(3) -24(2) -16(2) 3(1)
F(20) 36(1) 40(2) 53(2) -22(1) -5(1) 9(1)
F(21) 57(2) 48(2) 48(2) 3(1) -19(1) -1(1)
F(22) 42(2) 21(1) 77(2) -13(1) -1(1) -1(1)
F(23) 31(1) 36(2) 92(2) -35(2) -18(1) 11(1)
F(24) 52(2) 89(2) 45(2) -28(2) -13(1) 30(2)
P(5) 55(1) 29(1) 45(1) 0(1) -18(1) -3(1)
F(25) 202(6) 139(5) 81(3) -60(3) -54(4) 18(4)
F(26) 87(3) 46(2) 138(4) 8(2) -60(3) 10(2)
F(27) 74(2) 48(2) 86(3) 6(2) -14(2) -19(2)
F(28) 102(3) 101(3) 46(2) -9(2) 9(2) 22(2)
F(29) 57(2) 55(2) 96(3) -23(2) -24(2) 8(2)
F(30) 94(3) 35(2) 194(5) 19(2) -76(3) -15(2)
P(6) 41(1) 129(2) 77(1) -69(1) -10(1) 9(1)
F(31) 102(5) 610(20) 292(11) -363(14) 102(6) -143(9)
F(32) 62(2) 73(2) 65(2) -38(2) -16(2) 9(2)
F(33) 299(11) 136(6) 195(7) 16(5) -131(8) -139(7)
F(34) 78(3) 263(8) 130(4) -147(5) -18(3) 2(4)
F(35) 330(14) 164(8) 560(20) -124(11) -372(17) 138(9)
F(36) 45(2) 321(10) 199(6) -171(7) -11(3) -36(4)
N (1) 27(2) 21(2) 28(2) -9(1) -3(1) 1)
N(2) 30(2) 26(2) 27(2) -7(2) 0(1) 0(1)
N(3) 25(2) 25(2) 20(2) -5(1) 1(1) 0(1)
N (4) 24(2) 26(2) 29(2) -3(1) -3(1) 3(1)
N(5) 34(2) 20(2) 30(2) -1(1) -8(2) 2(1)
N(6) 35(2) 27(2) 30(2) -3(2) -7(2) -1(2)
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c)

C(2)

C(3)

C(4)

C(5)

C(6)

c(7)

c(8)

C(9)

C(10)
c (I
c(12)
C(13)
c(14)
C(15)
C(16)
c(7)
c(18)
C(19)
C(20)
c(21)
C(22)
C(23)
C(24)
C(25)
C(26)
c(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)

C(36)

19(2)
21(2)
22(2)
21(2)
24(2)
22(2)
39(2)
47(3)
48(3)
26(2)
28(2)
29(2)
33(2)
42(3)
94(5)
36(2)
59(4)
59(3)
32(2)
28(2)
23(2)
26(2)
29(2)
50(3)
38(2)
75(4)
71(4)
28(2)
35(2)
41(3)
47(3)
34(2)
54(3)
40(2)
68(4)

47(3)

24(2)
32(2)
22(2)
22(2)
24(2)
24(2)
28(2)
25(2)
24(2)
31(2)
22(2)
26(2)
22(2)
35(2)
54(3)
56(3)
95(5)
45(3)
24(2)
30(2)
42(3)
31(2)
28(2)
47(3)
30(2)
35(3)
54(3)
24(2)
25(2)
32(2)
23(2)
43(3)
74(4)
38(3)
49(3)

86(5)

36(2)
30(2)
31(2)
31(2)
26(2)
31(2)
35(2)
31(2)
34(2)
25(2)
29(2)
36(2)
27(2)
37(2)
45(3)
28(2)
38(3)
35(3)
29(2)
31(2)
34(2)
29(2)
35(2)
34(2)
47(3)
71(4)
69(4)
40(2)
33(2)
33(2)
38(2)
36(2)
59(3)
35(2)
74(4)

51(3)
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-11(2)
-10(2)
-10(2)

-10(2)

-6(2)

-11(2)

-7(2)

-10(2)

-7(2)

-13(2)

-7(2)

-11(2)

-6(2)

-18(2)

-17(3)

-9(2)

-21(3)

-5(2)

-9(2)

-10(2)

-8(2)
-4(2)

0(2)
-6(2)
-9(2)

1(3)

-31(3)

-9(2)
-6(2)
-1(2)
-3(2)

-5(2)

-29(3)

-6(2)

-25(3)

-23(3)

1(2)
-3(2)
-2(2)

0(2)
-1(2)

3(2)

-10(2)
-6(2)

0(2)

0(2)
-1(2)
-8(2)
-7(2)

0(2)

0(3)
-4(2)

4(2)
-7(2)
-1(2)
-7(2)
-8(2)
-2(2)
-3(2)
-5(2)
-6(2)

-13(3)
-24(3)
-7(2)
-11(2)
-5(2)
-13(2)
-7(2)
-1(3)
-7(2)
11(3)

-5(3)

1(2)
0(2)
-2(2)
-2(2)
0(2)
1(2)
4(2)
9(2)
-1(2)
-3(2)
-1(2)
3(2)
-4(2)
2(2)
37(3)
-5(2)
15(3)
3(2)
-5(2)
3(2)
4(2)
4(2)
-4(2)
1(2)
1(2)
4(3)
13(3)
5(2)
0(2)
-2(2)
5(2)
-3(2)
-23(3)
1(2)
-13(3)

10(3)



Table 8. Hydrogen coordinates (x 107) and isotropic displacement parameters (A2x
10 3) for (156b).

Atom X y z U(eq)
H(7A) -1217 5792 2598 51
H(7B) -1866 6883 2688 51
H(7C) -2947 5851 2856 51
H(8A) 238 3259 5109 51
H(8B) 155 3016 4438 51
H(8C) -1286 2804 4973 51
H(9A) -866 7730 4582 54
H(9B) -365 6833 5186 54
H(9C) -2100 7060 5147 54
H(10A) -1565 3195 3809 32
H(10B) -2198 4075 3231 32
H (1) -651 3160 2440 32
H(12) 3454 4160 2562 36
H(13) 1697 4552 3424 33
H(14) 1290 2855 1619 44
H(15A) 4148 2615 2073 97
H(15B) 3573 2001 1611 97
H(15C) 2803 1749 2344 97
H(16) 3673 4423 1305 49
H(17A) 2370 3455 475 97
H(17B) 4026 3266 665 97
H(17C) 3600 4406 221 97
H(18A) 2110 5622 695 71
H(18B) 1329 5219 1429 71
H(18C) 774 4746 897 71
H(19A) 234 4436 5600 34
H(19B) -820 5364 5724 34
H(20) -906 2862 6537 35
H(21) -5124 2865 6180 40
H(22) -3835 4512 5442 36
H(23) —1431 1260 7071 40
H(24A) -2016 1656 7692 68
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H(24B)
H(24C)
H(25)

H(26A)
H(26B)
H(26C)
H(27A)
H(27B)
H(27C)
H(28A)
H(28B)
H(29)

H(30)

1-1(31)

H(32)

H(33A)
H(33B)
H(33C)
H(34)

H(35A)
H(35B)
H(35C)
H(36A)
H(36B)
H(36C)
H(43A)
H(43B)
H(43C)
H(44A)
H(44B)
H(44C)
H(45A)
H(45B)
H(45C)
H(46A)
H(46B)
H(47)

H(48)

-3501

-3587

-1355

-3781

-2426

-2125

-2144

-2644

-3844

-2750

-2151

1163

1174

-1454

3670

3971

5201

3726

3304

3082

3199

1782

5815

5537

5756

2307

2934

4071

3548

3256

4882

1530

1356

2902

2562

1476

6696

2364

951

2217

834

-654

-393

-991

47

1259

317

7690

8035

7352

9904

9494

7927

10041

9414

9800

8593

6512

6730

7120

8667

7534

7605

5329

4472

5211

5463

6661

6340

9190

8877

9386

6782

7687

9426

9199

8028
7744
6759
7396
7739
7195
6026
5843
6211
3331
3903
3475

1929
2456
2889
2029
2452
2799

1542
2432

1666
2048

1574

1468
2171
6218
6808
6227
8732
8739
8485
6930
6286
6362
5681
5810
4969

4826

211

68

68

47

95

95

95

91

91

91

36

36

37

44

44

47

91

91

91

46

96

96

96

92

92

92

71

71

71

50

50

50

52

52

52

35

35

38

34



H(49)

H(50)

H(51 A)
11(51B)
H(51C)
H(52)

H(53A)
H(53B)
H(53C)
I-1(54A)
11(54B)
H(54C)
H(55A)
11(55B)
H(56)

11(57)

5624

3585

6694

5624

5407

5979

4088

3960

2834

3943

5709

5073

4143

4793

796

1286

7810

10764

10504

11192

9924

11504

12230

10956

11637

12709

12667

13242

4220

4642

4734

2410

5824
4043
3733
3246
3506
4564
5165
5388
4926
3735
3541
4068
7499
8032
7989

9602

212

35

47

75

75

75

48

75

75

75

91

91

91

40

40

37

50



Table 9. Bond length (A) and angles (°) for (179).

I(1)—Pd
I(2)-Pd
Pd-C(l)
Pd-C(15)
C(NH-N(2)
C(1)-N(I)
N(1)-C(3)

N (1) C(4)
C(4)-C(5)
C(4)-H(4A)
C(4)-H(4B)
C(5)-C(6)
C(5)-C(13)
C(5)-H(5)
C(6)-C(7)
C(6)-C(9)
C(6)-H(6)
C(7)-C(8)
C(7)-H(7A)
C(7)-H(7B)
C(8)-C(12)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-C (Il
C(10)-H(10A)
C(10)-H(10B)
C(10)-H(10C)
C(11)-H(11A)
C(11)-H(11B)
C(11)-H(11C)
C(12)-C(13)
C(12)-H(12A)
C(12)-H(12B)

C(13)-H(13A)

2.6595(4)
2.6533(5)
1.989(5)
1.999(5)
1.352(6)
1.360(6)
1.388(6)
1.463(6)
1.539(7)
0.9900
0.9900
1.526(7)
1.564(7)
1,0000
1.549(7)
1.564(8)
1.0000
1.543(8)
0.9900
0.9900
1.506(8)
1.556(8)
1.0000
1.520(8)
1.522(9)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.555(8)
0.9900
0.9900

0.9900

C(13)-H(13B)
C(2)-C(3)
C(2)-N(2)
C(2)-H(2)
C(3)-H(3)
N(2)-C(14)
C(14)-H(14A)
C(14)-H(14B)
C(14)-H(14C)
C(15)-N(3)
C(15)-N(4)
N(3)-C(16)
N(3)-C(18)
C(18)-C(19)
C(18)-H(18A)
C(18)-H(18B)
C(19)-C(20)
C(19)-C(27)
C(19)-H(19)
C(20)-C(21)
C(20>-C(23)
C(20)-H(20)
C(21)-C(22)
C(21)-H(21A)
C(21)-H(21B)
C(22)-C(26)
C(22)-C(23)
C(22)-H(22)
C(23)-C(24)
C(23)-C(25)
C(24)-H(24A)
C(24)-H(24B)
C(24)-H(24C)
C(25)-H(25A)

C(25)-H(25B)
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0.9900
1.338(7)
1.378(6)
0.9500
0.9500
1.457(6)
0.9800
0.9800
0.9800
1.355(6)
1.361(6)
1.370(6)
1.472(6)
1.539(6)
0.9900
0.9900
1.538(7)
1.558(7)
1.0000
1.536(7)
1.561(7)
1.0000
1.547(7)
0.9900
0.9900
1.530(8)
1.560(7)
1.0000
1.523(7)
1.528(7)
0.9800
0.9800
0.9800
0.9800

0.9800



C(25)-H(25C)
C(26)-C(27)
C(26)-H(26A)
C(26)-H(26B)
C(27)~H(27A)
C(27)-H(27B)
C(16)-C(17)
C(16)-H(16)
C(17)-N(4)
C(17)-H(17)
N (4)-C(28)
C(28)-H(28A)
C(28)-H(28B)

C(28)-H(28C)

C(l)-Pd-C(15)
C(1)—Pd—1(2)
C(15)-Pd-I(2)
C (I)—Pd—1(1)
C(15)-Pd-I(l)
1(2)—Pd—4(1)

N (2)-C(1)-N(D)
N(2)-C(1)-Pd
N (1)-C (I)-Pd
C()-N(1)-C(3)
C(H-N(1)-C(4)
C(3)-N(I)-C(4)

N (1)-C(4)-C(5)

N(1)-C(4)-H(4A)

C(5)-C(4)-H(4A)
N(1)-C(4)~H(4B)

C(5)-C(4)-H(4B)

H(4A)-C(4)-H(4B)

C(6)-C(5)-C(4)
C(6)-C(5)-C(13)
C(4)-C(5)-C(13)

C(6)-C(5)-H(5)

0.9800
1.543(7)
0.9900
0.9900
0.9900
0.9900
1.339(7)
0.9500
1.382(7)
0.9500
1.467(6)
0.9800
0.9800

0.9800

90.47(18)
170.43(13)
86.38(13)
90.19(12)
170.45(14)
94.415(14)
104.9(4)
129.3(4)
125.7(3)
110.4(4)
124.0(4)
125.5(4)
113.8(4)
108.8
108.8
108.8
108.8
107.7
114.9(4)
111.0(4)
109.4(4)

107.1

C(13)-C(5)-H(5)
C(5)-C(6)-C(7)
C(5)-C(6)-C(9)
C(7)-C(6)-C(9)
C(5)-C(6)-H(6)
C(7)-C(6)-H(6)
C(9)-C(6)-H(6)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7A)
C(6)-C(7)-H(7A)
C(8)-C(7)-H(7B)
C(6)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(12)-C(8)-C(7)
C(12)-C(8)-C(9)
C(7)-C(8)-C(9)
C(12)-C(8)-H(8)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(10)-C(9)-C(I 1)
C(10)-C(9)-C(8)

C (I1)-C(9)-C(8)
C(10)-C(9)-C(6)

C (I1)-C(9)-C(6)
C(8)-C(9)-C(6)
C(9)-C(10)-H(10A)
C(9)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(9)-C(10)-H (10C)
H(10A)-C (10)-H (10C)
H(10B)-C(10)-H (10C)
C(9)-C(11)-H (11A)
C(9)-C(11)-H (1IB)
H(11A)-C(11)-H(11B)
C(9)-C(11)-H(11C)
H(11A)-C(11)-H (11C)

H(11B)-C(11)-H(11C)
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107.1
105.8(4)
114.7(4)
88.0(4)
115.0
115.0
115.0
86.0(4)
114.3
114.3
114.3
114.3
111.5
108.2(5)
112.4(5)
88.5(4)
114.9
114.9
114.9
106.9(6)
111.2(5)
119.3(5)
112.9(5)
120.3(5)
85.1(4)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

109.5



C(4)-C(5)-H(5)
C(8)-C(12)-H (12A)
C(13)-C(12)-H(12A)
C(8)-C(12)-H(12B)
C(13>-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(12)-C(13)-C(5)
C(12)-C(13)-H(13A)
C(5)-C(13)-H(13A)
C(12)-C(13)-H(13B)
C(5)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(3)-C(2)-N(2)
C(3)-C(2)-H(2)
N(2)-C(2)-H(2)
C(2)-C(3)-N(I)
C(2)-C(3)-H(3)

N (1)-C(3)-H(3)
C(-N(2)-C(2)
C()-N(2)-C(14)
C(2)-N(2)-C(14)
N(2)-C(14)-H (14A)
N(2)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
N(2)-C (14)-H (14C)
H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)
N(3)-C(15)-N(4)
N(3)-C(15)-Pd
N(4)-C(15)-Pd
C(15)-N(3)-C(16)
C(15)-N(3)-C(18)
C(16)-N(3)-C(18)
N(3)-C(18)-C(19)

N (3)-C(18)-H (18A)
C(19)~C(18)-H(18A)
N (3)-C(18)-H (18B)

C(19)-C(18)-H (18B)

107.1
109.2
109.2
109.2
109.2
107.9
115.5(5)
108.4
108.4
108.4
108.4
107.5
107.6(4)
126.2
126.2
106.6(4)
126.7
126.7
110.6(4)
124.0(4)
125.4(4)
109.5
109.5
109.5
109.5
109.5
109.5
104.7(4)
131.2(4)
124.1(3)
110.6(4)
125.4(4)
124.0(4)
111.7(4)
109.3
109.3
109.3

109.3

C(8)-C(12)-C(13)
H(18A)-C(18)-H(18B)
C(20)-C(19)-C(18)
C(20)-C(19)-C(27)
C(18)-C(19)-C(27)
C(20)-C(19)-H(19)
C(18)-C(19)-H(19)
C(27)-C(19)-H(19)
C(21)-C(20)-C( 19)
C(21)-C(20)-C(23)
C(19)-C(20)-C(23)
C(21)-C(20)-H(20)
C(19)-C(20)-H(20)
C(23)-C(20)-H(20)
C(20)-C(21)-C(22)
C(20)-C(21)-H(21A)
C(22)-C(21)-H(21A)
C(20)-C(21)-H(2 1B)
C(22)-C(21)-H (2 IB)
H(21A)-C(21)-H(21B)
C(26)-C(22)-C(21)
C(26)-C(22)-C(23)
C(21)-C(22)-C(23)
C(26)-C(22)-H(22)
C(21)-C(22)-H(22)
C(23)-C(22)-H(22)
C(24)-C(23)-C(25)
C(24)-C(23)-C(22)
C(25)-C(23)-C(22)
C(24)-C(23)-C(20)
C(25)-C(23)-C(20)
C(22)-C(23)-C(20)
C(23)-C(24)-H(24A)
C(23)-C(24)-H(24B)
H(24A)-C(24)-H(24B)
C(23)-C(24)-H(24C)
H(24A)-C(24)-H(24C)

H(24B)-C(24)-H(24C)
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112.3(4)
107.9
111.9(4)
111.5(4)
112.8(4)
106.7
106.7
106.7
107.0(4)
87.8(4)
114.7(4)
114.7
114.7
114.7
86.3(4)
114.3
114.3
114.3
114.3
111.4
108.7(4)
112.2(4)
87.4(4)
115.1
115.1
115.1
107.2(4)
112.3(4)
119.6(4)
110.9(4)
120.5(4)
85.0(4)
109.5
109.5
109.5
109.5
109.5

109.5



C(23)-C(25)-H(25A)
C(23)-C(25)-H(25B)
H(25A)-C(25)-H(25B)
C(23)-C(25)-H(25C)
H(25A)-C(25)-H(25C)
H(25B)-C(25)-H(25C)
C(22)-C(26)-C(27)
C(22)-C(26)-H(26A)
C(27)-C(26)-H(26A)
C(22)-C(26)-H(26B)
C(27)-C(26)-H(26B)
H(26A)-C(26)-H(26B)
C(26)-C(27)-C(19)
C(26)-C(27)-H(27A)
C(19)-C(27)-H(27A)
C(26)-C(27)-H(27B)

C(19)-C(27)-H(27B)

109.5

109.5

109.5

109.5

109.5

109.5

112.9(4)

109.0

109.0

109.0

109.0

107.8

115.3(4)

108.4

108.4

108.4

108.4

Table 10. Torsion angles (°) for (179).

C(15}-Pd-C(1)-N(2)
1(2)-Pd-C (1)-N(2)
1(1)-Pd-C(1)-N (2)
C(15)-Pd-C(I)-N(l)
1(2)-Pd-C(1)-N (1)
1(1)-Pd-C(1)-N (1)

N (2)-C (1)-N (1)-C (3)
Pd-C(1)-N(1)-C(3)
N(2)-C(1)-N(1)-C(4)
Pd-C(1)-N(1)-C(4)
C(1)-N(1)-C(4)-C(5)
C(3)-N(I)-C(4)-C(5)
N (1)-C(4)-C(5)-C(6)
N (I)-C (4)-C (5)-C(13)
C(4)-C(5)-C(6)-C(7)

C(13)-C(5)-C(6)-C(7)

-70.9(4)

-141.5(6)

99.6(4)
104.3(4)

33.7(10)
-85.2(4)

0.9(5)

-175.3(3)

-177.6(4)

6.3(6)
96.9(5)
-81.4(6)

91.6(5)

-142.9(4)

-178.6(4)

56.7(6)

H(27A)-C(27)-H(27B)

C(17)-C(16)-N(3)

C(17)-C(16)-H(16)

N(3)-C(16)-H(16)

C(16)-C(17)-N(4)

C(16)-C(17)-H(17)

N(4)-C(17)-H(17)

C(15)-N(4)-C(17)

C(15)-N(4)-C(28)

C(17)-N(4)-C(28)

N(4)-C(28)-H(28A)

N(4)-C(28)-H(28B)

H(28A)-C(28)-H(28B)

N (4)-C(28)-H(28C)

H(28A)-C(28)-H(28C)

H(28B)-C(28)-H(28C)
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C(4)-C(5)-C(6)-C(9)
C(13)-C(5)-C(6)-C(9)
C(5)-C(6)-C(7)-C(8)
C(9)-C(6)-C(7)-C(8)
C(6)-C(7)-C(8)-C(12)
C(6)-C(7)-C(8)-C(9)
C(12>-C(8)-C(9)-C(10)
C(7)-C(8)-C(9)-C(10)
C(12)-C(8)-C(9)-C(l 1)
C(7)-C(8)-C(9)-C(I1)
C(12>-C(8)-C(9)-C(6)
C(7)-C(8)-C(9)-C(6)
C(5)-C(6)-C(9)-C( 10)
C(7)-C(6)-C(9)-C(10)
C(5)-C(6)-C(9)-C(11)

C(7)-C(6)-C(9)-C (I 1)

107.5
107.7(4)
126.2
126.2
106.6(4)
126.7
126.7
110.4(4)
125.9(4)
123.6(4)
109.5
109.5
109.5
109.5
109.5

109.5

86.2(5)
-38.5(6)
-89.0(5)

26.2(4)

86.8(5)
-26.3(4)
164.3(6)
-86.6(6)

39.1(7)
148.2(5)
-83.1(5)

26.1(4)

-168.5(5)

85.0(6)

-40.7(7)

-147.2(5)



C(5)-C(6)-C(9)-C(8)
C(7)-C(6)-C(9)-C(8)
C(7)-C(8)-C(12)-C(13)
C(9)-C(8)-C(12)-C(13)
C(8)-C(12)-C(13)-C(5)
C(6)-C(5)-C(13)-C(12)
C(4)-C(5)-C(13)-C(12)
N(2)-C(2)-C(3)-N(I)
C(N-N()-C(3)-C(2)
C(4)-N()-C(3)-C(2)

N (1)-C(1)-N(2)-C(2)
Pd-C(1)-N(2)-C(2)
N(1)-C(1)-N (2)-C(14)
Pd-C(1)-N(2)-C(14)
C(3)-C(2)-N(2)-C (1)
C(3)-C(2)-N(2)-C(14)
C(1)-Pd-C(15)-N(3)
I(2)-Pd-C(15)-N(3)
1(1)-Pd-C(15)-N(3)
C(1)-Pd-C(15)-N(4)
1(2)-Pd-C(15)-N(4)
1(1)-Pd-C(15)-N(4)

N (4)-C(15)-N(3)-C( 16)
Pd-C(15)-N(3)-C(16)
N(4)-C(15)-N(3)-C(18)
Pd-C(15)-N(3)-C(18)
C(15)-N(3)-C(18)-C(19)
C(16)-N(3)-C(18)-C(19)
N (3)-C(18)-C(19)-C(20)
N (3)-C(18)-C(19)-C(27)
C(18)—C(19)-C(20)-C(21)
C(27)-C(19)-C(20)-C(22)
C(18)-C(19)-C(20)-C(23)
C(27)-C(19)-C(20)-C(23)
C(19)-C(20)-C(21)-C(22)
C(23)-C(20)-C(21)-C(22)

C(20)-C(21)-C(22)-C(26)

A20yQA2)-c(22)-c(23)

80.5(5)
-26.0(4)
-51.7(6)

44.4(7)

10.4(7)

-13.1(7)

-140.8(5)

0.2(5)
-0.7(5)
177.7(4)
-0.7(5)
175.2(3)
178.6(4)
-5.4(6)

0.3(5)

-179.0(4)

-70.4(5)

100.6(4)

-164.3(5)

113.5(4)
-75.6(4)
19.5(11)

2.4(5)

-174.3(4)

178.9(4)

2.2(7)
-70.9(6)
105.1(5)
176.7(4)

-56.6(5)

-176.6(4)

56.1(5)
87.9(5)
-39.5(6)
-87.7(4)
27.4(4)
85.2(5)

-27.5(4)
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C(26)-C(22)-C(23)-C(24)
C(21)-C(22)-C(23)-C(24)
C(26)-C(22)-C(23)-C(25)
C(21)-C(22)-C(23)-C(25)
C(26)-C(22)-C(23)-C(20)
C(21)-C(22)-C(23)-C(20)
C(21)-C(20)-C(23)-C(24)
C(19)-C(20)-C(23)-C(24)
C(21)-C(20)-C(23)-C(25)
C(19)-C(20)-C(23)-C(25)
C(21)-C(20)-C(23)-C(22)
C(19)-C(20)-C(23)-C(22)
C(21)-C(22)-C(26)-C(27)
C(23)-C(22)-C(26)-C(27)
C(22)-C(26)-C(27)-C(19)
C(20)-C(19)-C(27)-C(26)
C(18)-C(19)-C(27)-C(26)
C(15)-N(3)-C(16)-C(17)
C(18)-N(3)-C(16)-C(17)
N(3)-C(16)-C(17)-N(4)
N(3)-C(15)-N(4)-C(17)
Pd-C(15)-N(4)-C(17)
N(3)-C(15)-N(4)-C(28)
Pd-C(15)-N(4)-C(28)
C(16)-C(17)-N(4)-C(15)
C(16)-C(17)-N(4)-C(28)

plane(ring 1)-plane(ring2)

167.3(4)
-83.6(5)
40.4(6)
149.5(4)
-82.1(5)
27.0(4)

84.8(5)

-167.5(4)

-148.9(5)

—41.2(6)
-27.2(4)
80.5(4)
-50.8(6)
44.2(6)
9.6(6)

-11.9(6)

-138.8(5)

-1.4(6)

-177.9(4)

-0.3(6)
-2.5(5)
174.5(3)
178.9(4)
-4.2(7)

1.8(6)

-179.6(5)

85.0(1)



Table 11. Atomic coordinates ( x 10") and equivalent isotropic displacement
parameters (A2x 1(P) for (179). U(eq) is defined as one third of the trace of the
orthogonalized UD tensor.

Atom X y z U(eq)
1(1) 3667(1) 3787(1) 1711(2) 16(1)
1(2) 7066(1) 3779(1) 1001(1) 18(1)
Pd 5342(1) 2466(1) 1326(1) 11(1)
c() 4262(4) 1404(3) 1676(2) 13(1)
N (1) 4254(3) 1082(3) 2300(2) 13(1)
C(4) 4961(4) 1542(4) 2825(2) 17(1)
C(5) 4180(5) 2259(3) 3235(2) 16(1)
C(6) 3546(5) 1808(4) 3828(2) 24(1)
c(7) 2796(6) 2647(5) 4151(3) 38(2)
c(8) 4012(6) 2861(4) 4534(3) 33(1)
C(9) 4386(6) 1771(4) 4450(3) 28(1)
C(10) 3827(9) 1142(5) 4983(3) 57(2)
c (I 5772(6) 1499(4) 4399(3) 35(2)
c(12) 4819(5) 3535(4) 4134(3) 27(1)
C(13) 5020(6) 3148(4) 3434(3) 31(1)
c(2) 2967(4) 118(3) 1777(2) 16(1)
c(@3) 3461(4) 283(3) 2363(2) 17(2)
N(2) 3456(4) 806(3) 1360(2) 14(1)
C(14) 3148(5) 897(4) 674(2) 21(1)
C(15) 6451(4) 1482(3) 896(2) 15(1)
N(3) 7276(4) 829(3) 1146(2) 15(1)
c(18) 7518(4) 674(3) 1841(2) 15(2)
C(19) 8234(4) 1538(3) 2143(2) 16(1)
C(20) 8422(4) 1407(4) 2877(2) 17(1)
C(21) 9068(5) 2336(4) 3127(3) 27(1)
C(22) 10324(5) 1824(4) 2958(3) 24(1)
C(23) 9634(5) 833(4) 3070(2) 19(1)
C(24) 9599(6) 545(5) 3783(3) 32(1)
C(25) 10040(5) -69(4) 2688(2) 20(1)
C(26) 10617(5) 2004(4) 2242(3) 25(1)
c(27) 9502(5) 1755(4) 1792(3) 24(1)
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C(16) 7917(5) 364(4) 660(2) 22(1)

C(17) 7482(5) 704(4) 94(2) 22(1)
N (4) 6562(4) 1381(3) 242(2) 17(1)
C(28) 5843(5) 1919(4) -248(2) 22(1)

Table 12. Anisotropic displacement parameters (A2x liP) for (179). The anisotropic

displacement factor exponent takes the form: -2D2[ h2 + .. +2hka*b*
ui1l2]

Atom U Uz U uz uB U
1(1) 18(1) 12(1) 18(1) 1(1) 0(1) 3(1)
1(2) 24(1) 14(1) 17(1) -1(1) 5(1) -6(1)
Pd 14(1) 9(1) 10(1) 0(1) 1(1) -1(1)
c() 12(2) 12(2) 16(2) -2(2) 0(2) 2(2)
N (1) 14(2) 13(2) 12(2) 1(2) 1(1) -1(2)
C(4) 15(2) 24(3) 11(2) -1(2) -1(2) -3(2)
C(5) 22(2) 11(2) 14(2) 0(2) -5(2) -2(2)
C(6) 26(3) 21(3) 23(3) -5(2) 8(2) -6(2)
c(7) 27(3) 36(4) 50(4) -30(3) 11(3) -2(3)
C(8) 46(4) 26(3) 26(3) -18(2) 4(3) -5(3)
C(9) 50(4) 18(3) 16(2) -2(2) 1(2) -12(2)
C(10) 116(7) 39(4) 17(3) -3(3) 15(4) -28(5)
c (1) 57(4) 20(3) 28(3) -6(2) -23(3) 4(3)
C(12) 31(3) 18(3) 33(3) -5(2) -11(2) -2(2)
C(13) 42(3) 19(3) 31(3) 4(2) -8(3) -12(2)
C(2) 21(2) 5(2) 23(2) -2(2) 3(2) -2(2)
C(3) 18(2) 10(2) 23(2) 5(2) 5(2) 2(2)
N(2) 13(2) 10(2) 21(2) -3(2) -4(2) 0(1)
C(14) 25(3) 19(2) 19(2) 0(2) -2(2) -1(2)
C(15) 16(2) 10(2) 19(2) -1(2) 4(2) -3(2)
N(3) 16(2) 13(2) 16(2) 0(2) 2(2) 2(2)
c(18) 11(2) 16(2) 19(2) 3(2) 0(2) -1(2)
C(19) 14(2) 14(2) 18(2) 0(2) 2(2) 2(2)
C(20) 17(2) 19(3) 15(2) -5(2) 2(2) 0(2)
c(21) 22(3) 19(3) 39(3) -10(2) -4(2) 1(2)

219



C(22)
C(23)
C(24)
C(25)
C(26)
c(27)
c(16)
c(17)
N(4)

C(28)

21(3)
13(2)
34(3)
19(2)
13(2)
25(3)
26(3)
31(3)
27(2)

35(3)

20(3)
24(3)
38(3)
14(2)
15(3)
22(3)
17(2)
18(3)
13(2)

20(3)

32(3)
20(2)
23(3)
26(2)
47(3)
24(3)
22(2)
18(2)
12(2)

11(2)

-5(2)

-1(2)

4(2)
1(2)
3(2)

5(2)

-4(2)
-8(2)
-2(2)

-1(2)

-9(2)
-3(2)

-7(3)

2(2)
4(2)
7(2)
4(2)
5(2)

1(2)

-2(2)

1(2)
0(2)
8(3)

3(2)

-2(2)

-2(2)

6(2)

3(2)

-4(2)

2(2)

Table 13. Hydrogen coordinates (x 10”) and isotropic displacement parameters

(A2x 10 3) for (179).

Atom

H(4A)
H(4B)
H(5)
H(6)
H(7A)
H(7B)
H(8)
H(10A)
H(10B)
H(10C)
H(11A)
H(11B)
H(11C)
H(12A)
H(12B)
H(13A)
H(13B)
H(2)
H(3)
H(14A)

H(14B)

5687

5298

3496

3050

2541

2081

3878

3955

2924

4240

6165

6193

5849

5646

4416

5913

4858

2385

3301

3396

2240

1897

1025

2517

1202

3174

2427

3073

451

1275

1293

1549

1946

829

3612

4186

2957

3688

-382

=77

1545

810

2638
3113
2950
3740
3850
4422
4993
4879
5020
5396
4827
4098
4239
4348
4114
3385
3126
1668
2748

519

614
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U(eq)

20

20

19

28

45

45

39

86

86

86

53

53

53

33

33

37

37

19

20

31

31



H(14C)
11(18A)
H(18B)
H(19)

11(20)

H(21A)
1121B)
H(22)

H(24A)
H(24B)
H(24C)
H(25A)
H(25B)
11(25C)
H(26A)
H(26B)
H(27A)
H(27B)
H( 16)

H(17)

H(28A)
H(28B)

H(28C)

3600

8016

6708

7692

7647

8946

8893

11033

9069

9252

10454

10857

10110

9413

11352

10846

9732

9371

8556

7753

5112

6379

5559

395

70

587

2128

1214

2460

2927

1961

-35

1085

400

-297

97

-587

1603

2698

1178

2308

-115

516

1532

2044

2542

428
1898
2070
2084
3120
3595
2866
3263
3837
4039
3932
2848
2227
2743
2115
2181
1529
1491
714
-327
-381
-626

-66

22!

31

18

18

19

20

32

32

29

47

47

47

29

29

29

30

30

28

28

26

26

33

33

33



Appendix Il- anion titration data.
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Figure 1. Experimental data and Calculated curves for receptor (156a).
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Figure 2. Experimental data and Calculated curves for receptor (156c).
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Figure 3. Experimental data and Calculated curves for receptor (156d).
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Appendix Ill- published paper.
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Abstract— This paper describes the synthesis and use of a homochiral tripodal imidazolium salt that can distinguish between

sodium (,R)-2-aminopropionate and sodium (S')-2-aminopropionate. The imidazolium salt complexes with the (R) enantiomer but

not with the (S) enantiomer. © 2001 Elsevier Science Ltd. All lights reserved.

In spite of their very important roles in chemistry and
biology, substrates or cofactors for enzymes,1 nucle-
ophiles, bases, redox agents and phase transfer cata-
lysts, the synthesis of receptors designed to recognise
and coordinate anions has only relatively recently
become an area of intense research activity. The combi-
nation of a metal unit as a Lewis acid together with an
amide N -H group as a hydrogen bond donor have been
demonstrated to be the essential components for anion
recognition. As such this combination has been widely
applied to the design of anion receptors.2 Recently the
ability of 1,3-disubstituted imidazolium cations to enter
into hydrogen bonds with halide ions3-7 has led to the
design of new systems based on the azolium entity that
have anion recognition properties, such as molecules 1
and 2.8°10

We were intrigued by the tripodal anion receptor 1 used
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by Sato8 and the possibility that it could be modified to
incorporate chirality. A homochiral tripodal anion
receptor may have the potential ability to distinguish
between chiral anions and therefore hold promise in
biomedical applications.

Therefore, we synthesised four novel homochiral
molecules 3-6 according to a similar procedure used by
Sato and Dias,11 but incorporating chirality into the
compounds. The general synthesis of compounds 3-6 is
given in Scheme 1. The A-((-)-cw-myrtanyl) imidazole
(7), for example, was formed using a modified
Arduengol2 protocol whereby an amine can react with
aqueous formaldehyde, glyoxal and aqueous ammonia
to effect a ring closure and produce a N-substituted
imidazole. This was subsequently reacted with 1,3,5-
tris(bromomethyl)-2,4,6-trimethyl benzene 813 to form
the [,3,5-tris[/V-((-)-ci.?-myrtanyl imidazolium)methyl]-

* Corresponding author. Tel.: +353 1 7005312; fax: +353 1 7005503; e-mail: joshua.howarth@dcu.ie

0040-4039/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PIl: $0040-4039(01)01 108-X


mailto:joshua.howarth@dcu.ie

J, Howarth, N. A. Al-Hashimy/ Tetrahedron Letters 42 (2001) 5711-5119

2,4,6-trimethyl benzene trisbromide salt (9).9 Finally
this was converted to the corresponding trishex-
aflaorophosphate salt 3.

In series of '"H HMR experimentsl4 sodium (Q-Z'
aminopropionate, sodium (S)-2-aminopropionate or a
racemic mixture were added separately to each of the
four tripodal molecules 3-6 in an 1:1 ratio [1:1:1 for the
racemic system (tripodal compound:("*)-anion:(5)-
anion)]. The rational behind these experiments was that
if the tripodal molecules act as receptors for the anion
enantiomers, a diastereomeric complex would be
formed. The formation of a diastereomeric complex
would possibly lead to differences in the '"H NMR
spectra for either the anion enantiomer or that of the
tripodal molecule component of the complex, and those
of the uncomplexed components. Should the potential
receptor distinguish between anion enantiomers we
might see a shift difference in the Ovalue for a particu-
lar proton in the complex, and the magnitude of the
shift could depend on which one of the two possible
diastereomic complexes is formed. If this were the case,
we can establish which complex is formed
preferentially.

Scheme 1.

The results from these experiments were very interest-
ing. For tripodal compounds 4-6, we observed no
difference in the '"H NMR spectra when mixed with
either of the anion enantiomers or the racemic mixture.
However, when compound 3 was mixed with the anions
there was a distinct down-field shift of the value of
the aproton for the sodium (i?)-2-aminopropionate
anion to 4,42 ppm and broadening of the signal was
observed, indicating the formation of a diastereomeric
complex. In the absence of 3 this proton has a O value
of 3.62 ppm and is a distinct quartet. In the corre-
sponding experiment with the sodium (,S)-2-aminopro-
pionate there was no shift in the value for the
corresponding proton and the signal remained as a
quartet. When the experiment was carried out with the
1:1:1 (compound 3:(-R)-anion:(,S)-anion) system both
the shifted signal at 4.42 ppm and the unshifted signal
at 3.62 ppm were observed in an 1:1 ratio, indicating
that all the (7?)-anion enantiomer has been complexed
over the (S)-anion enantiomer. Although these are
preliminary observations, they suggest that the tripodal
homochiral imidazolium salt 3 can distinguish between
sodium (i?)-2-aminopropionate and sodium (S)-2-
aminopropionate.

3 82% yield

90% yield
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procedure for the using

1,3,5-tris[iV-((-)-EU'-myrtany]

synthesis of compounds 3-6
imidazolium)methyl]-2,4,6-
trimethyl benzene trishexafluorophosphate 3 as an exam-
imidazole: To a

ple. Formation of (-)-cw-myrtanyl

solution of (-)-cw-myrtanylamine (2.86 g, 18.6 mmol)

and agueous ammonia (1.00 mL, 18.6 mmol) in propan-
I-ol (10 mL), a solution of glyoxal (2.34 mL, 20.00 mmol)
and aqueous formaldehyde (37%, 1.45 mL, 20.0 mmol) in
propan-l-ol (20 mL) were added dropwise. The solution

was then heated to 80°C and left stirring for 2 h. It was

13.

14.

5779

then cooled to room temperature and water was added.

Subsequently, the mixture was extracted with
dichloromethane (3x30 mL) and the combined extracts
were washed with water (2x20 mL), dried (anhydrous

M gS04), filtered and the dichloromethane removed in
vacuo to leave 7 as a brown oil (3.20 g, 87% yield). This
was used without purification in the following step. A
small sample of (-)-cw-myrtanyl imidazole 7 was purified
(flash chromatography, silica gel, 10:1 ethylac-
etate:methanol) with the following analytical data:

(400 MHz, 8 (ppm)=0.83 (1H, d,

7=9.6 Hz), 1.02 (3H, s), 1.3 (3H, s), 1.45 (1H, m), 1.70

'"H NMR cDClj)
(1H, m), 1.84 (4H, m), 2.27 (1H, m), 2.39 (1H, m), 3.84
(1H, d, 7=8.4 Hz) overlapping 3.85 (1H, d, 7=8.0 Hz),
6.81 (1H, s, NCHCH), 6.97 (1H, s, NCHCH), 7.36 (1H,
s, NCHN).
13 NMR (100 MHz, CDC13) 8 (ppm)= 19.8 (CH,), 23.8
(CH?3, 26.1 (CH,), 28.2 (CH,), 33.2 (CH,), 38.9 (CH,),
(CH), 52.9 (C),
137.6 (NCHN).

415 (CH), 43.4 119.4

(NCHCH),

43.0~ (CH),
129.6 (NCHCH),
1,3,5-Tris(bromomethyl)-2,4,6-trimethyl benzene (0.50 g,
1.35 mmol) and (-)-cw-myrtanyl imidazole (1.00 g, 4.80
mmol) in 1,4-dioxane (15 mL) were heated to 100°C for
24 h. The resulting solid, 1,3,5-tris[A'-((-)-c/.v-myrtanyl
imidazolium)methyl]-2,4,6-trimethyl benzene trisbromide,
was collected, rinsed with diethylether (3x100 mL) and
dried to leave a light brown solid in 90% vyield. The
trisbromide salt was converted to the trihexafluorophos-
phate salt by dissolving the trisbromide salt in methanol
(ca. 5% w/v) and adding a saturated aqueous solution of
ammonium hexafluorophosphate until no further precipi-
tation occurred. The precipitate was filtered, washed with
methanol and dried, to yield 3 (82%) with the following
analytical data, mp= 260-262°C.

‘"H NMR (400 MHz, CD3COCD3 D(ppm)=0.94 (3H, d,
7=9.6 Hz), 1.10 (9H, s), 1.20 (9H, s), 1.61 (3H, m), 1.93
(21H, m), 2.39 (3H. m), 2.65 (3H, m), 4.31 (6H, d, 7=8.8
Hz), 5.77 (9H, s) 7.63 (3H, s,

NCHCH), 8.92 (3H, s, NCHN).

NCHCH), 7.81 (3H, s,
I3 NMR (100 MHz, CH3COCH3) 8 (ppm)= 17.1 (CH 3),
19.9 (CH3, 23.8 (CHB3), 26.6 (CH2, 28.4 (CH2), 33.8
(CH2, 39.6 (CH2, 42.3 (CH2), 43.1 (CH), 44.5 (CH),
49.6 (CH), 56.3 (C), 124.5 (CH)),
(NCH), 136.7 (NCH), 143.1 (NCHN).

Van der Made, A. W _;
Chem. 1993, 58, 1262.
A 2xl10~2 molar

123.8 (CH 3), 130.7

Org.
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stock solution for each of the four

homochiral imidazolium hexafluorophosphate salts 3-6

in deuterated acetonitrile was prepared. For each salt

four *H NM R experiments were run. To equal aliquots
of the stock solution, no chiral anion, (.R)-2-aminopropi-
onate anion, (S)-2-aminopropionate anion, and both (R)-
and (S)-2-aminopropionate anions were added in an 1:1
ratio (1:1:1 for the racemic mixture), the anions being
dissolved in deuterated water. The experiments were then
run on a Bruker ADVANCE 400 MHz spectrometer.
2-Aminopropionate: ‘H (400 MHz, CDC13 8

(ppm) = 1.36 (3H, d, J =7.2 Hz), 3.62 (1H, g, 7=7.2 Hz).
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