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Abstract 

"Calix"-compounds have "cup"- or "basket"-like shapes which make them attracti ve 

synthetic targets for host-guest studies and for many other potential applications. The 

research described in this thesis deals with two sets of obj ectives: (a) The synthesis and 

characterization of new generation of calixsalens; and (b) The study of the reactions of 

thiacalix[ 4] arene 1,3 -bistriflate and the chemistry of thiacalix[2]phenoxathi ins. 

Calixsalens are dimeric compound in which the two salen units are connected by 

methylene, ethylene or su lfonyl linking groups, and are usually prepared under Schiff­

base macrocyclizations of bis-salicylaldehydes with diamines. Chiral Mn(UI)-calixsalen 

complexes have been designed to serve as enantioselective epoxidation catalysts which 

act via a host-guest catalytic mechanism in which reactants can be included within the 

chiral cavities of the new complexes. ew calixsalen ligands with large (chiral) cavities 

were synthesized by incorporating new linking groups between the two salen units 

Modified low mol% Pd uzuki conditions efficiently produced the desired targeted bi -

salicylaldehydes which were used as the precursors for the desired calixsalen compounds. 

The second part of this thesis describes the attempted modification of 

thiacalix[ 4]arene to form the narrow rim-functionalized arylethynyl derivative, using the 

onogashira reaction. However, the reactions employed produced instead an unexpected 

new pheoxathiin product under Cu(I)-catalyzed conditions. A host-guest complexation 

study was conducted with the new phenoxathiin and its de-tert-butylated analogue and 

both were shown to be moderate receptors for Ag + and Hg2
+ ions but not at all with the 

neutral C6o and C1o fullerenes . 
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------------------------------------------------------------------ -

Chapter 1.1 Introduction 

1.1.1 Schiff base macrocycles. 

Interest in developing efficient chiff base macrocyclization methods has 

received much attention in the diverse areas of macrocyclic, metal-catalytic and 

supramolecular chemistry. 1 Schiff base macrocyclic heteropolydentate ligands are 

versati le since they are capable of forming mono-, di-, and polynuclear complexes with 

both transition and non-transition metals and have long been postulated in attempts to 

explain the fimction of many biologically important enzymes. Considerable effort has 

also been devoted in order to develop the potential of chiral Schiff base macrocycles as 

artificial molecular receptors for cationic, anionic and/or neutral guests, and particularly, 

for chiral recognition and chiral catalytic applications, using Schiff base-containing salen 

complexes. 

As a result of the potential applications indicated above, there has been a great 

need during the past two decades for developing convenient methodologies to produce 

metal-free Schiff base macrocycles starting from various dicarbonyl compounds such as 

1 and diamines such as 2 (Scheme 1. 1-1 ). Simple, one-pot Schiff base macrocyclization 

reactions can produce a mixture of cyclic and macrocyclic products such as the [1+1 ], 

[2+2], [3+3] and [4+4] coupled products represented as 3-6, respectively, as well as 

linear oligomers such as 7 (Scheme 1.1-1 ). The undesirable formation of linear oligomers 

presents the most challenging prob lem to overcome for this type of simple cyclization 

chemistry. Some examples of macrocyclic Schiff bases which have been reported to date 

will be reviewed in the following paragraphs. 

2 



2 

X, Y = alky l or aryl 

[3+31 

5 

[1 + 1 J 

3 

14+41 

6 

[2+2] 

4 

Oligo mas 

7 

Scheme 1.1-1: Generalized Schiff base macrocyclization reaction. 

8 9 M = Q(ll) or NI(ll) 
Figure 1.1-1: Achiral Robson-type macrocycles. 

Robson-type macrocycles such as 8 are wel l-known examples of Schiff base 

macrocyclic ligands (F igure 1.1-1 ). They were fir t reported by Robson in 1970 u ing 

..., 

.) 



templated cyclization reactions of 2,6-diformyl-4-methylphenol with 1 ,3-diaminopropane 

in the presence of several different first row transition metal ions.2
a Later on, these same 

Robson-type macrocycles were prepared as free-metal ligands by reacting the same 

starting materials in methanol, under highly-diluted and acid-catalyzed conditions? b 

Robson-type macrocycles are versatile and useful ligands because they can coordinate 

two metal ions in close proximity to each other, and can form both homo- and hetero-

dinuclear complexes.3 Magnetic properties for different Robson-type metal complexes 

have been extensively studied. In particular, the di-Ni(II) and di-Cu(II) complexes 9 

showed antiferromagnetic properties that depend linearly upon the M-0-M bridge angle 

as well as upon the intramolecular M---M distance.4 

10 11 12 
M = Mn(lll ), Co(! I), Cu(II) 

Figure 1.1-2: Chiral Robson-type macrocycles. 

Chiral Robson-type macrocycles have been effectively used in different 

asymmetric reactions. The manganese(III) complex 10 (Figure 1.1-2) catalyzed the 

epoxidation styrene in 71% ee, and the Co(ll) catalyst 11 induced good enantioselectivity 

in the reduction of aromatic ketones. 5 For example, the borohydride reduction of 

4 



acetophenone in the presence of 11 afforded the corresponding alcohol in 48% ee . 

Furthermore, oxidative coupling of 2-naphthol with the chiral dicopper(II) macrocycle 

complex 12 gave chiral binaphthol in 86% ee and 84% yield.6 

H~: H 
I I 

0 H 0 

A 
N OH N"'' 

13 

14 

A 
N OH N"'" 

M(OAc~, 

15 

16 17 

a b c d e f 
M =Cu(ll) , Ni(ll), Zn( ll ) o( ll), Fe(lll) and Mn( lll) 

Scheme 1.1-2: Formation and complexation reaction f 15. 

The metal-free chiff base macrocycle 15 has been prepared from the reaction of 

(1R,2R)-diaminocyclohexane (13) with 2,6-diformyl-4-methylph no! (14) under reflux in 

MeOH (Scheme l.l-2).7
a Treating 15 at room temperature with up to 3 molar 

eq uivalents of m tal ions such as Zn2
+, u2

+ Ni2
+, Co2

+, Fe2
+ or Mn2

+ all failed to give 

the desired trinucl ar complexes, but formed the mono-metal ion-containing complexes 

16 instead. Ligand 15 disproportional d under the reflux compl xation reaction with 
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same metal ions forming the di-metal ionic-salen-dimer complexes 17. The n-electron 

delocalization and the crystallization of the Schiff base compounds 15 and 17 in a non-

centrosymmetric space group prompted investigations of their non-linear optical 

properties. The ligand 15 itself and the bimetallic complexes 17c-f containing Zn(II), 

Co(II), Fe(III) and Mn(III) ions, resp ctively, showed modest second harmonic 

generation ( HG) properties. The bi-metal ionic complexes of u(II) 17a or i(II) 17b, 

however, did not show any HG properties . 

Reduction of macrocycle 15 gave the hexaaza triphenolic macrocycle 18, which 

has striking tructural features ( cheme 1.1-3). It is a C3-symmetric molecule in which 

the macrocyclic cavity is defined by 27 atoms and is stabilized by intramolecular (0-

H ... N; N-l-1···0 and N-H···N) H-bonding.7b This chiral cavity makes this class of ligand a 

very good candidate to utilize for "host-guest" asymmetric catalysis . 

A 
NH 0 1-1 liN''" 0 0 

0 HO 

0 " A 18 
+ __ ,.. 

-1 ZnEt2 

0 2N 
02N 

19 20 21 

LOH HO~ 
~NHfjN~ 

18 

Scheme 1.1-3: Asymmetric aldol condensation catalyzed by Zn(II) complex of 18. 
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The corresponding trinuclear Zn(ll) complex of 18 showed high efficiency in 

catalyzing asymmetric aldol condensations. For example, the ~-hydroxyketone 21 wa 

obtained in 95% ee from the aldol condensation of acetone (20) with p-nitrobenzaldehyde 

(19) in the presence of 1 and 3 molar equivalents of 18 and ZnEt2 respectively.8 

However, the chiral polyaza macrocycle 22 (Figure 1.1-3), which was prepared by 

reducing the Schiff base macrocycle precursor, was less efficient in its asymmetric 

catalysis of the aldol condensation of p-nitrobenzaldehyde (19) and 20.9 This aldol 

condensation in the presence of ZnEt2 and 22 in DMSO afforded the ~-hydroxyketone 21 

in only 56% ee (Scheme 1.1-3). When compared with chiral 22, the use of racemic 23 

(Figure 1.1-3) formed the same ~-hydroxyketone 21 in lower % ee. This example 

illustrates the impact of the chiral environment created by the chiral centers in 22 on the 

reactants. 

P
HI,( NHq 

lj ~ 

-

d~N~HN H~ 

Q 

P
HN HNq 

lj ~ 

-

o"N~Nb 
22 23 

Figure 1.1-3: Polyaza macrocycles 22 and 23. 

7 



.------------------------------~~------------

The thiophene-based polyaza macrocycle 24 is similar in some respects to 22 and 

23 10 and has been evaluated as a catalyst in asymmetric reactions. The alcohol 27 was 

obtained in 75% ee using the Cu(II) complex of 24 as a catalyst in the Henry reaction of 

nitromethane (25) with benzaldehyde (26). (Scheme 1.1-4 ). 

25 26 

24 

24 

Cu(ll) o-cNOz 

OH 

27 

Scheme 1.1-4: Asymmetric Henry reaction catalyzed by Cu((II) complex of 24. 

~Cl-IO Fe 
@-Cl-IO 

28 

Q 
H2N N l-12 

13 

CH2CI2 

Molecular sieves 

N N 

~Fe ©r 
29 

Scheme 1.1-5: Schiff base reaction of formation offerrocene- based macrocycle 29 . 

The [3+ 3)-type Schiff base 29 was formed by the reaction of ferrocene dialdehyde 

(28) and ( 1 R, 2R)-diaminocyclohexane (13) under non-templated Schiff base 
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condensation conditions ( cheme 1.1-5). 11 A chiral concave cavity with a rim diameter 

of 3.6 A and a depth of 4.7 A exists in this macrocycle around the pseudo-C3 axis. This 

chiral cavity allowed 29 to be an excellent receptor for the enantioselective encapsulation 

of 1 1'-bi-2-naphthol and was effective for its chiral resolution. 

In 1994, Brunner reported the synthesis of the chiral bisbinaphthyl macrocycl 30 

(Figure 1.1-4) which is an example of a large chiral salen-dimer. 12 Reduction of the imin 

functional groups in this class of compounds afforded the more stable chiral amine 

macrocycles such as 31-33 each of which also has a chiral cavity. Compounds 31-33 

therefore, have the potential capacity fo r chiral recognition. Furthermore, becaus 

compounds 31-33 have naphthalene moieties, they can also function as fluorescence 

sensors. Thus the chiral amine macrocycles 31-33 showed high efficiency in 

enantioselective fluorescent recognition of a-hydroxycarboxylic acids.13
·
14 

R R 

R R 

30 3 1 R = H 

32 R = -o-OEt 

33R=~ 

Figure 1.1-4: aphthalene-based tetraimine and tetraamine macrocycles 30-33. 
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NH2 

l'\N~ 
H~ 

OH OH 

(-)-Adenosine 

34 35 

xe-\_, 0 ppx ~ 
"-=( 'N /~ -00' YO -.....___oY;) 

1 """ YO I "" 
.o N-\ ~ 

60 
~ - X 

36 

a: X = 3,5-di-t-Bu, Y = Me 
b: X = 3,5-di-1, Y = Me 
c: X = 4-0H, Y = Me 
d: X = 3-0H, Y = H 

Figure 1.1-5: Peptide- and calixarene-like chiff base macrocycle 34 and 36. 

The "peptide-like" chiff base macrocycle 34 (Figure 1.1 -5) was highly effective 

as an enantioselecti ve receptor in the recognition of nucleotides such as (-)-adenosine 

35. 15 "Calix-like" oxazaboron Schiff base macrocycles such as 36 (Figure 1.1-5) possess 

cone-like conformations with C3 symmetry and deeper cavities than typical calixarenes. 16 

Good host-guest complementary relationships were therefore expected with primary alkyl 

amines such as e.g. methyl-, ethyl-, n-propyl- and benzylamine, or with their anunonium 

salts. Host-guest titrations monitored by UV -spectrometry revealed that compotmds 36a-

d were indeed modest receptors for alkyl amines and their ammonium salts. Among th 

n-alkyl amines tested, n-propylamine gave the highest association constants: with 36c in 
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CHCb Kassoc = 2,828 ± 329. The association constant for 36c with benzylamine was 

higher (Kassoc = 3,520 ± 390) which was attributed to 7r-7r interactions between the guest 

and the salicylidene moieties and not to any host-guest size complementary relationship 

as was postulated for n-propylamine. This investigation also showed that receptor 36b 

had a very high association constant (Kassoc = 5. 70 x 10
9 ± 3.13 x 1 0

8
) with 

benzylammonium chloride in methanol, which was attributed to the formation of 

additional -H .. . . 7r interactions. 

The biscalix[ 4]arene Schiff bases 37a-e (Figure 1.1 -6) are poor hosts for alkyl 

ammonium salts. 17 The host-guest properties of these compoLmds for different 

bipyridinium salts 38a-d were investigated using 
1
H NMR titration experiments, which 

suggested that 37a is the best receptor. Among these compounds, bipyridinium 38d 

showed the highest binding constant values (Kassoc = 727 M-
1
) 

II 
N 

Q" 
'-... 

N 
II 

37 

II 
N, Q 

/ 
N 
II 

Q = 

a 

38a: R = H, R' = Me 
38b: R = R' = Me 
38c: R = Me, R' = Et 
38d: R = R' = Et 

b 

_![)___ 
s ;)....... 
c d e 

__![J_ 
0 ~ -o-

Figure 1.1-6: Biscalix[4]arene Schiff base macrocycles 37a-e. 
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Bis(tripyrrolyl) cryptand 39 was synthesized tmder [2+3] Schiff base 

condensation conditionsi 8 The compound was designed to encapsulate a guest molecule 

with the pyrrole nitrogen atoms attracting the guest molecule by hydrogen bonding 

interactions. Macrocycle 39 was found to strongly bind 1 ,2-diaminoethane and 1,2-

ethanediol in CHCh solution. The porphyrin macrocycle 40 can include polar molecules, 

such as ethanol, trifluoroethanol or phenol, inside its cavity via hydrogen binding and 7r-7r 

stackingi9 Using 1H NMR titration experiments, catechol was shown to bind to receptor 

40 with an association constant of around 104 
M-

1
. 

39 

aAo 

G0 
~N~N\ 

MeO~N NyYOMe 

MoO~N~NKN~~OMo 

(\Jl 
40 

0 0 0 

QNH ~~v QNH ~~v ~v \~ I I ~ \ ~ 
N N N N N 
I \ I \ \ 

41 42 43 

Figure 1.1-7: Pyrrole-containing macrocycles 39-43. 
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Pyrrole-containing macrocycles 4 1-43 (Figure 1.1-7) showed high binding 

affmities for anionic guests such as Cr, Br-, CH3COO-, HS04- and H2P04-.
20

•
21 

The 2,6-

diamidopyridine-based macrocycle 41 had higher binding constant than 42 and 43.
21 

1.1.2 Mn(III)-salen asymmetric epoxidation catalysis 

Enantiopure epoxides are very important because they are u eful intermediates in 

asymmetric organic synthesis and are chiral bui lding blocks for many biologically-active 

compounds and natural products. The d velopment of methodologies to obtain chiral 

epoxides with high enantioselectivity has been the focus of many re arch group . In 

1980, harpless developed a titanium-based catalyst for asymmetric epoxidation of 

allylic alcohols, usually with greater than 90% ee, but this methodo logy has not been 

demonstrated as suitable for epoxidation of unfunctionalized ole:fins.
22 

hiral porphyrin-

transition metal complexes displayed moderate- to low enantioselectivities and even 

lower chemical yields .23 

44 

X = I, 0 2 and Me 

Figure 1.1-8: Kochi ' achiral Mn(III)-salen. 

In the 1980s, Kochi24 and Burrows25 reported the non-stereoselective epoxidation 

of alkene , using achiral manganese salen complexes such a 44 (Figure 1.1-8) in th 

presence of iodosylmesitylene as the oxidant. A breakthrough in the ti ld of a ymmetric 
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epoxidation of unfunctionalized alkenes was achieved by Jacobsen
26 

and Katsuki
27 

in 

1990. Jacobsen-type catalysts such as 45-47 (Figure 1.1-9) contain salen units with two 

chiral centers in the diamine moieties and two bulky groups at the 3 and 3' positions. 

Katsuki-type complexes such as 48 and 49 (Figure 1.1-9) contain four chiral centers: two 

at the diamine moiety and another two chiral centers at the 8 and 8' positions. Since then, 

many chiral Mn(III)-salen catalysts e.g. 50-61 (Figure 1.1-1 0), have been prepared m 

order to improve the enantioselectivity of epoxidation of unfunctionalized alkenes?
8 

Jacobsen catalyst 

45: R = Ph, R' = 1-1, R" = 1-1 
46: R = 1-1, R' = Ph, R" = Ph 

47: R = Ph, R' = H, R" = 'Bu 

Katsuki catalyst 

R' R' 

R··'>--fR 
- N N----, 

.r- '-~ / \ ;Qlo/ n" o /"= \ 
\ 8 y ; - AcO H H> , 8 . 8 

PI{ Ph ·_ 

48: R = H, R' = Ph 
49: R = Ph, R' = H 

Figure 1.1 -9: First-generation Jacobsen and Katsuki catalysts. 

1.1.2.1 The Jacobsen-Katsuki methodology 

The epoxidation of unfunctionalized alkenes by Mn(III)-salen based catalysts 

requires initial oxidation of the metal by a terminal oxidant 63 such as iodosylbenzene 

(Phi0),24
•
26

·
27 NaOC129 or m-chloroperoxybenzoic acid (m-CPBAi0 

(Scheme 1.1-6). 

This oxidation step forms oxo-Mn(IV) intermediate 64, which is the active species 

responsible for delivering the oxygen atom to the alkene.
31 

Subsequently, the alkene 
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captures the oxygen atom from the metal oxid to form the radical oxide intermediate 66 

32
-
34 which collapses to form the desired epoxide 67. 

Ph Ph 

50 A= Me 
51 A = 1-Bu 
52 A = OS~1- Pr)] 

SJ A = OMe 
54 A= N02 

Ph Ph 

-s: R1 = Ph 
59: R1 = 4-t-Bu-Ph 

55 A = Me 
56 A = t-Bu 
57 A= OS1(1-Pr)] 

60: R2 = Ph. R3 = Me 
6 1: R~ = ( H~)4 • R = Ph 

Figure 1.1 -10: Various examples of Jacobsen- and Katsuki-type Mn(III)- alen catalysts. 

1.1.2.2 Steric effects of the salen ligand on the enantio electiv ity of 

epoxidation with Jacob en-Katsuki cataly ts 

The enantios lectivity seen with the Jacobsen-Katsuki cataly ts for epoxidation is 

thought to result mainly from the steric effects of the substituents on the alen skeleton. 

Furthermore, the sub trate functionalities on the salen unit al o ori nt the approach of the 

alkene to the oxo-Mn(IV) active specie ( cheme 1.1-6). These on iderations will be 

elaborated upon in the fol lowing sections. 
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- Mn(III)- + OX 

62 63 

0 

II >=< -Mn(JV)- + -

64 65 

+ 0 
I 

- Mn(lll) -

66 

0 
II 

__ .,.. - Mn(JV)- + X 

64 

+ 0 
I 

-Mn(ll l)-

66 

VY ~ +-Mn(lll)-

67 62 

cheme 1.1-6: General m tal-catalyzed epoxidation. 

The high enantioselectivities obtained with these cataly t re ul t from the 

presence of the asymmetric centers in the thylenediimine units and th nature of the two 

bulky sub tituent at the 3 and 3' po ition ofthe salen ligand (Figure 1.1-11). The steric 

effects of the bulky group in the 3 and 3' positions direct th a lk nes away from 

approaches e, d and d' and toward the chira l center s ide of the ethylenediamine-Mn(IV) 

moiety (approaches a , b and b'). 
a 

Figure 1.1-11 : Different approaches for an alkene to attack the oxo-Mn al n spec1e . 

16 



Jacobsen a cribed the enantio electivity found with his cataly t to a "side-on" 

perpendicular approach of the alkene to the metal-oxo bond (Figure 1. 1- 12). Th 

incoming alkene follows a pathway in which it faces the least amount of steri 

interactions with the bulky substituent on the phenyl rings and also with the substituent 

on the chiral ethylenediamine moieties in 47 and 56. Jacobsen rationalized that path c 

with 47 and path a with 56 in Figure 1.1 -1 1 are the most favorab le pathways to produce 

epoxides in high enantioselectivities from the corresponding un ymmetricaJ cis-

disubstituted alk n s. 35 

11 ~ (favored ) 

===:? 
(favored) H 

47 56 

Figure 1.1-12: Po sible "side-on" approaches to an oxo-Mn-salen intermediate.
35 

In contra t, Katsuki proposed approache b and b' ( Figure 1.1-11) as the 

orientation which alkenes follow to capture the oxygen atom from th ox -Mn species in 

the cata lyst.36 This argument was based on the idea that the ligand of th oxo-Mn-salen 

is non-planar (Figure 1.1 -13) as confirmed by an X-ray crystallographic structure. 
7 

Katsuki suggested that the five-membered ring in the oxo-Mn-salen intermediate, which 

is formed from the chelating ethylenediamine with mangane e ion, adopt a half-chair 
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conformation. The two substituents at the ethylenediamine could be organized to be in 

two axial or two equatorial position . Th refore, the oxo-Mn-salen intermediate should 

form two conformers, Xdiax and Xdieq , in equilibrium (Figure 1.1-13). The equilibriwn 

shifts toward the most stable conformer Xdieq since the steric interaction between the 

'R" groups and "L" require the two R substituents on the ethylenediamine to be in 

pseudo-equatorial positions (Figure 1.1-13 ) . 

RO 
-N....: II~R ---o= '- N-

Mn----

R' o....--:~9-, 0 ~'\: R' 
L -

R" 
R" 

Figure 1.1-13: Proposed conformers for oxo-Mn-salen. 

Katsuki rationalized that the high enantioselectivity ob erved in the epoxidation 

of alkenes with Mn(III)-salen catalysts i attributed to the steric interactions between th 

alkene skeleton with Xdieq, and following controlled pathways, b and b' (Figure 1.1 -11), 

because all the Lmfavored-pathways ( c, c' , d, d' and e) are blocked by the A and B 

substituents. The reaction of an alkene with each conformer Xdiax or Xdicq can give eith r 

the S- or R-epoxide. The chiralty of Xdieq dictates the enantiosel ctivity of the resulting 

epoxide format ion. In contrast, shifting the equilibrium towards another conformer Xdiax , 

should favour formation of the other enantiomer. Thus, using an achiral alen cataly t for 

epoxidation lead to a racemic mixture since the catalyst is in a 1: I ratio equilibrium 

between these two conformers. Katsuki uggested that a shift of this equilibrium toward 
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one of the two conformers affo rds one of the epoxide enantiomers 111 larger yield. 

Alternati vely, the other epoxide enantiomer is produced in maller yield because the 

amount of the confo rmer complex that generates that particular enanti omer is sma ll. 

70 

68 

d-b 
\ I 
0 0 
e e 

catalyst 69 ~ I 02xef-
Ph!O. 0 °C ~ S S_ 

3.3'-d imethyl-2.2'-bipyridine AcNII '· · b 

69 

CH2C I2-H20 
(30 I ) 7 1a 

86% c:e of3S.4S 

Scheme 1.1-7: Epox idati on of 2,2-dimethy lchromene by achiral M n(Jll )-salen 69 in the 
pre ence o r a chira l additi ve. 

Katsuki supported thi model with experimental results. Cata lytic epox ida ti on of 

the 2,2-dimethylchromene 68, using achira l salen 69 in the presence of a chira1 ax ial 

donor ligand, such as 3,3 '-dimethyl-2,2'- bipyridine-N.N-diox ide (70), afforded epoxide 

71a with high enantioselecti v ity (86% ee)(Scheme 1.1 -7).38
-
40 A racemic mix ture of 

epox ides is normally produced using the achira l Mn(lll)-salen complex alone, s ince the 

two conform ers Xdiax and Xt~icq (R = H) exist in a I : 1 rati o . However, ax ia l coordination 

o r a chira l donor to the meta l cente r of the cata lyst leads to a diastereomcric mixture. A 

a result, the equi librium shifts towards the confo rmer which reacts w ith a greater amount 

of the alkene to afford the respective epoxide enantiomer in high % ee. 
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72-axial 

72 R=~ 

Figure 1.1-14: The axial conformer of the oxo-Mn species of the catalyst 72 bearing a 
carboxylic acid group. 

68 

catalyst 72 

PhiO 
3,3 '-dimethyl- 2,2' -bipyridine 

CH2Clr H20 

AcNH 

71b 

Scheme 1.1-8: Reversing the conformation of epoxide 70a by using catalyst 72 to form 
the enantiomer 71b. 

Further evidence derives from the reversal of the conformation of the chiral 

Mn(III)-salen complex 72 bearing a carboxylate group. Axial coordination shifts the 

equilibrium toward the diaxial conformer 72axial (Figure 1.1-14) resulting in a reversal of 

the configuration of the resulting epoxide 71 b from 2,2-dimethylchromene (Scheme 1.1-
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Table 1.1-1: Asymmetric epoxidation of cis-P-methylstyrene with different Mn(III)­
salen catalysts. 

R R 

Ph"-._/ 
- + Oxidant ------------

Ph 

X= Cl, OAc 0 

Entry R A B oxidant ee0/o Ref. 

1 Ph, Ph H H NaOCI <10 26 

2 Ph, Ph H, Me t-Bu NaOCI 84 26 

3 Ph, Ph H Si(t-Bu)Me2 NaOCl 53 33 

4 (CH2)4 Me t-Bu NaOCI 80 42 

5 (CH2)4 t-Bu t-Bu NaOCI 92 42 

6 (CH2)4 Si(t-Bu)Me2 t-Bu NaOCI 89 43 

In considering the steric effects of the substituent groups at the 3 and 3' positions 

("B" groups, Figure 1.1-11), it is logical to assume that the more bulky they are, the more 

they cou ld improve the enantioselectivities shown by these Mn(III)-salen catalysts . Table 

l . l-1 shows the results obtained fo r epoxidation of cis-~-methylstyrene using various 

catalysts bearing different B groups. For example, when B = H the corresponding 

epoxide was obtained with lower than 10% ee, but when it is more sterically-hindering, 

such as when B = tert-buty1, the product was obtained with 84% ee. 
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In the Jacobsen-type catalysts, the B groups at the 3 and 3' positions are achiral 

aliphatic groups. However, with the Katsuki-type catalysts they are chiral2"-alkylphenyl 

or 2"-arylnaphthyl groups. Catalysts 73 and 7444
.4

5 showed improved enantioselectivity. 

For example, 73 afforded indene oxide from indene with 98% ee at 0 °C using 

commercially-available bleach as the oxidant45 This high enantioselectivity was 

attributed to the n-n repulsive interactions between a substituent of the oncoming aiken 

and the 2-phenylnaphthyl substituent group at the B positions (Figure 1.1-1 I ). The salen 

structure in 73 and 74 regulates the alkene's orientation efficiently to follow the "b" 

approach, resulting in the formation of epoxides with higher enantioselectivity than what 

is obtained with Jacobsen-type catalyst having only tert-buty l groups at the same 

positions. 

0 

73 74 

Figure 1.1-15: Katsuki catalysts 73 and 74. 

Jacobsen's "side-on" concept failed to explain the poor catalytic results obtained 

from epoxidation of tran -di substituted alkenes.35 In contrast, Katsuki catalysts 73 and 
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74 induced higher% ee for epoxidation of trans alkenes than Jacobsen-type catalysts 50-

54.45 The low efficiency of epoxidation of trans alkenes with a planar oxo-Mn-salen 

transition state i.e. "X" (Figure 1.1-16) is ascribed to the repulsion between one of the 

two alkene substituents with the sal en ligand. This interrupts the desired orientation of the 

incoming alkene from getting to the oxygen atom, and leads to ineffective interactions 

between the alkene substituent groups with the chiral center in the oxo-Mn-salen species. 

R 

~ 
R 

0 ~ 0 

~ II '- II 
- Mn Mn' R 

~~x~~ ''Y' 

- = salen 

Figure 1. 1-16: "Planar" and "folded" oxo-Mn-salen species "X" and "Y" respectively, 
and their interactions with a trans alkene. 

Katsuki proposed that the "folded" oxo-Mn-salen "Y" transition state JS more 

favoured for epoxidation of this type of olefin because the structure of this species 

facilitates the approach of the alkene to attack the oxygen atom of the manganese oxide. 

Furthermore, the skeleton of the folded transition state "Y" offers more effective non-

bonding interactions with the alkene which in turn also induces higher enantioselectivity . 

In catalysts 73 and 74, the two phenyl substituents at the 3 and 3' positions attractively 

interact with an additional axial ligand such as water, or an alcohol via n-n interactions. 

If this interaction acts synergistically with the interactions between the substituents at the 

chelating diamine moiety and the axial ligand, the salen ligand will be deeply folded . 
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----- --------------- --------

Thus, 73 and 74 are good catalysts for epoxidation of trans alkenes. The crystal structure 

of catalyst 61 showed that it is more deeply folded and it showed high efficiency for 

asymmetric epoxidation of these types of alkenes. For example, the epoxidation of trans 

~-methylstyrene by 61 was attained in 91% ee .
46 

The steric effects due to the 5 and 5' groups ("A" groups, Figure 1.1-11) have 

only small influences on the enantioselectivities observed in the epoxidation of cis-di-

substituted,4535 trisubstituted36
·
47 and many tetrasubstituted alkenes.48 However, poor 

enantioselectivities were observed (down to only 5% and 1% ee) in the epoxidation of 

highly sterically-hindered tetrasubstituted alkenes when using the bulky 5,5'-substituted 

Jacobsen catalyst 52 (Figure 1.1-11 ; A = -0Si(i-Pr)3).
48 

/~ 
I 

R__.,______, · · · R 

'Bu 'Bu 

75 R = Me 
76 R = H 

Figure 1.1-17: Jacobsen's catalysts 75 and 76. 

The steric effects due to the substituent groups on the diaminocyclohexane unit 

(Figure 1.1-17) on the enantioselectivities and the yield of epoxides are unclear. The 

Jacobsen-type catalyst induced low chemical yields and enantioselectivity in the 

epoxidation of cis-~-methylstyrene when R was bulky. For example, using catalyst 75 (R 
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= Me) afforded only a 54% yield of the corresponding epoxide with 49% ee. In contrast, 

using catalyst 76 (R = H), led to the same epoxide in 81% yield with 92% ee.35 

These results were used as evidence to prove that the alkene follows the approach 

from the ide of the diaminocyclohexane moiety (approach a, Figure 1.1-ll ). Therefor , 

the less sterically-hindered diaminocyclohexane facilitates th alkene approach to the 

oxo-Mn sp cies and induces higher enantioselectivity. In contrast, a more sterically­

hindered catalyst leads to poorer yields and lower optical puritie . However, the Katsuki­

type catalysts 73 and 74 where the substituents (R = 3,5-(CH3) 2 6H3 and Ph, respectively) 

are more sterically-hindering, showed high enantioselectivity with many alkenes. For 

example, the epoxidation of 1 ,2-dihydronaphthalene using 73 and 74 led to th 

corresponding epoxide in 92% and 96% ee, respectively.44
·
45 

1.1.2.3 Advances in alen-ba ed M n catalys is 

After Jacob en and Katsuki developed their Mn(III)-salen methodologies, other 

groups synthesized different types of chiral Mn(III)- alen complexes. Pedro49 prepared 

less-active Mn(III)-salen complex 77 (Figure 1.1-18) bearing a chiral se quiterpene­

derived component. This catalyst afforded epoxides from variou alk ne in high yield 

by using different oxidants, but the enantioselecti vi ty observ d was low (between 5-l 0% 

ee in all cas s) and only 1 ,2-dihydronaphthalene gave an epoxide with as much as 25% e 

when iodosylbenzene was used as the oxidant. 

In order to control the orientation of the oncommg alkene via a chemical 

recognition process, a salen unit ha been attached to a calixarene to form the Mn(III)­

salen complex 78 (Figur Figure 1.1-18). 50 
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" 0 --y 
0 

77 

79a:R = H 
b:R = Me 
c: R = Bn 
d: R = 2-NaphCH2 

c : R = Tr 

0 

Ph Ph 

Q 
~N N_ 

\_____)----- 0 H H 0 

78 

R' r(o)~<~oh R' 

~' CI'-y 
R R 

80a: R= R' =Cl 

b: R= R' = N02 

c: R = H, R' = F 

r<N:~<~h 
~oc1 °V 

S i(Me )) (Me))Si 

81 

Figure 1.1-18: Different types ofMn(III)-Salen catalysts. 

It was anticipated that the oncoming alkene would be encapsulated inside the 

cavity of the calixarene and that the cavity could control the approach of the alkene to 

become asymmetrically epoxidized by the Mn(III)-salen. However, the results obtained 

with 78 did not support this prediction. Mosset and Saalfrank synthesized a series of 

Mn(III)-salen catalysts such as 79a-e which contained benzyl ether functionalities on the 
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diamine moiety5 1 These catalysts showed moderate-to-good enantiocontrol for 

epoxidation of indene and 2,2-dimethylchromene. 

Unexpectedly, catalyst 79c inverted the configuration of the resulting epoxides 

from the (R,R) enantiomer, which Jacobsen' s 56 and Katsuki's 58 induced, to (S,S). The 

authors did not provide a clear explanation for this behaviour. Katsu.ki, however, 

attributed this phenomenon to the presence of the oxygen atoms on the diamine moiety in 

the salen unit which makes the complex act analogously to catalyst 72 (Figure 1.1-14). 

On the other hand, a very low yield and poor enantioselectivity was obtained when the 

bulky trityl substituted complex 79e was used with bleach as the oxidant. 

Attempted utilization of the chiral influence of a binaphthyl unit in the structure 

of the Mn(III)-complex 80 to develop the potential chiral catalytic behavior of the salen 

unit did not show much improvement in stereoselectivity. Epoxidation of cis-~-methyl­

styrene by 80a and 80b gave only 43% and 54% ee, respectively, with high diastereo­

selectivity for the cis-epoxide.52 However, the difluoro derivative 80c afforded the 

epoxide from trans-~-methylstyrene in 86% ee by using m-CPBA as the oxidant, at low 

temperature (-78 °C). This fundamental improvement was ascribed to the strongly 

electron-withdrawing fluoro substituents 53 Despite involving larger trimethylsilyl 

substituents at the 3 and 3' positions, 81 gave low enantioselectivities for the epoxidation 

of styrene and cis-~-methyl styrene. 54 This result was ascribed to the length of the C-Si 

bond which is 20% longer than the C-C bond.
42 
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82 R = 83 R = 

Figure 1.1-19: ,8-Ketoiminate salens 82 and 83 bearing a chiral ester auxiliary. 

Mukaiyama developed the non-classical Mn-salen catalysts 82 and 83 bearing a 

chiral auxiliary group such as cyclooctylester 82, or (- )-borneol 83 (Figure 1.1-19) from 

ethylenebis-~-ketoiminate.55 Catalyst 83 afforded the corresponding (3R,4S)-epoxide 

from benzocycloheptene with 84% ee using 0 2-pi valaldehyde as the oxidant. Changing 

the terminal oxidant to NaOCl(aq) gave the (3S,4R)-enantiomer with 41% ee. 

Fluorous biphasic systems (FBS)56 have been employed in Mn(III)-salen 

epoxidation methodology to solve the problem of catalyst recovery. Pozzi developed two 

generations of fluorous Mn(III)-saJen catalysts 84-88 (Figure 1.1-20).57 The first 

generation perfluorooctanyl Mn(III)-salen catalysts 84, were soluble in perfluorocarbon 

solvents but were completely insoluble in commonly used organic solvents like 

acetonitrile, dichloromethane, or chlorobenzene. Both complexes showed high yields of 

epoxides from various alkenes, but with very low enantioselectivity, except with indene, 

where the product was obtained with 90% ee. 57
a 

28 



84 a: R = (CH2,)4 

b : R = Ph 

86: R1 =Ph, R2 = C8F17, R3 = C8F17, X= Cl 

87: R1 = (CHz)4, R2 = 1-Bu, R3 =--Q-O(CHv3CsF17, X= C7F15Coo-

C8F !7(CH2,)p O(CH2,)3CsF 11 

CsF11 

8H, = (CH,),, R, = ' '""· R, = ---Q , X - C,F ,em 

CsF11 

Figure 1.1-20: Perfluoroalkyl-sbstituted Mn(III)-salen complexes. 

The second-generation catalysts 85-88 afforded the corresponding epoxides from 

different alkenes with modest to very good enantioselectivities. For example, catalyst 87 

oxidized triphenylethylene to give triphenylethylene oxide in 98% yield and 87% ee 

using PhiO as the oxidant and pyridine N-oxide (PNO) as the additive in a CH3CN-

perfluorooctane solvent system at 100 °C. 57
b 

1.1.3 Host-guest catalysis and epoxidation reactions 

Host-guest or supramolecular catalysis is an important consideration for the 

enantioselective catalysis of reactions with hydrocarbon substrates, particularly where 

there is no functionality on those substrates which can enhance any selectivity. In this 

type of catalysis, the catalyst is designed to have a cavity in which the active center 

resides. The reactant molecule is directed towards an active center in the cavity in order 

to react inside this cavity and give products with high stereoselectivity. This selectivity 
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arises not just from the steric effects imposed by the environment of the active site upon 

substrate approach, but also from specific binding at the active site. In host-guest 

catalysis, molecular recognition is the key to enhancing regio- and stereoselectivity by 

directing the reactant molecules toward the reactive site. 

Cavity 

Figure 1.1-21: Cytochrome P-450 oxidation model. 

Host-guest oxidative catalysis attempts to imitate enzymatic catalysis, especially 

that of the monooxygenase enzyme of the cytochrome P-450 family, 58 which selectively 

oxidizes a C-H bond in a hydrocarbon compound making it more water-soluble. The 

active site in this enzyme is an Fe(III)-porphyrin, the heme unit being coordinated axially 

to the body of the enzyme by a cysteine thiolate group (Figure 1.1-21 ). 

It is presumed that the oxidation process in cytochrome P-450 goes through the 

formation of an oxo-ferryl ion species as the active oxygen transfer agent. 59 The enzyme 

spontaneously rearranges itself to create cavities or clefts around the active site. The 

regioselectivity in the oxidative behavior of cytochrome P-450 is attributed to the 
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accessibility of the reactant hydrocarbon molecule to the cavity. Also, binding the 

reactant substance by the enzyme membrane inside the cavities maximizes the steric 

interaction between this substance and the skeleton of the porphyrin moiety in the active 

site, which increases the stereoselectivity of the reaction. The versatility of cytochrome 

P-450 catalysis has inspired many chemists to design enzyme-mimetic systems for regia­

and stereoselective catalysis. These systems can be classified under two types of models; 

(i) the synthetic complexes with active sites, such as the porphyrin and Schiff base 

catalysts; (ii) zeolite models. 

Zeolites are constructed from i04 and Al04 tetrahedra linked through oxygen 

bridges. Each oxygen atom is shared by two silicon or aluminum atoms. 60 The tetrahedral 

coordination of S i-0 and A 1-0 permits a variety of ringed structures which are joined to 

form prisms and more complex cages. These cages can act similarly to an enzyme cavity 

if they have an active site encapsulated inside, such as Mn(III)salen or metal-porphyrin 

units (Figure 1.1-22). The cavity walls can embrace the alkene substituents and create 

the steric interactions necessary with the skeleton of the active site to produce epoxid s 

with high enantioselectivity. The structures of zeolites also contain tmiformly-sized 

pores and channels in the range of 4 to 13 A and are, therefore, able to recogni ze , 

discriminate and pre-organize substrate molecules for subsequent reactions. Thus, since 

zeolites have rigid cages and channels with definite and uniform size, they can induce 

very interesting properties for designing new and selective supported catalyst. 
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Active site 

Channel -

Figure 1.1-22: Zeolite catalytic model. 

In addition to the host-guest potential capacity of zeolites which can be 

incorporated into Mn(III)-salen asymmetric epoxidation catalys is, recovery of the cataly 

is another crucial objective with this methodology. The use of a zeolite therefore, has 

also been a target for much research. However, the efficiency of these zeolite-bound 

Mn(III)-salen complexes in terms of induced enantioselectivity has so far been 

cons istently similar to, or lower than the results obtained using the same unsupported 

complexes in a homogeneous phase. For example, when chiral Mn(IIl)-salen complex 

90 was encapsulated within zeolite Y (Scheme 1.1-9), which has 13 A cavities, the 

highest ee that was achieved was 58% fo r the epoxidation of cis-~-methyl styrene 91.61 

On the other hand, when the Jacobsen catalyst 89 was encapsulated inside AI- Ga-, and 

Fe-substituted mesoporous silicates,63 the heterogeneous catalysts showed poorer results 

compared to the free catalyst 89 under homogenous cond itions. In contrast , when th 

same reaction occurred under the homogeneous conditions of the Jacob en catalyst 89 

pattern, product 92 was obtained in 74% ee. 
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89 90 

X = 89 or 90 

NaOCI 

91 92 

Scheme 1.1-9: hiral Mn(III)-salen catalyst encapsulated within zeolite Y (90) for 
enantio elective epoxidation 91. 

The arne catalyst 89 was trapped in the cages of crystalline zeolite EMT, and it 

showed similar ffectiveness as the arne free Jacobsen cataly t und r homogeneou 

conditions. However, Mn(III)-salen encapsulated m zeolit MT exhibited 

chemoselectivity in the epoxidation of alkenes having bulky sub titutents.62 Thus, no 

epoxidation of cholesterol under the heterogeneous conditions of zeo lite EMT up to 18 h 

of reaction could be detected, whereas I '"'% of cholesterol epoxide was produced under 

homogeneou conditions. It was rationalized that the large size of cholesterol prevented it 

from entering the zeolite pore and r acting with an oxo-Mn(III)- alen unit incorporat d 

therein. T hi particular reaction illustrated the ro le that the zeolite pore sizes can play in 

the chemical recognition of the reactant and suggested that the epoxidation reacti n 

occurred in ide th cage. These findings opened the door to the u of z olites to impro 

host-guest catalysis. 
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The achiral zeolite-encapsulated Mn(III)-salen 94 catalyst was more efficient than 

93 in the epoxidation ofa wide range ofalkenes (Scheme 1.1-10).
64 

All ofthe epoxid s 

were obtained in higher yields using the heterogeneous catalyst than wer obtained und r 

the homogen ou conditions. This provides add itional evidence that the epoxidation 

reaction under heterogeneous conditions occurs inside the zeo lite cage. Also, the host-

guest mechanism enhanced the reactivity by preventing formation of the unfavorable f-1.-

oxo-manganese dimer (Mn-0-Mn) which is a factor in deactivating epoxidation reactions 

under homogen ous conditions. 

93 94 

+ 

94a 94b 94c 

18% 70% 

Scheme 1.1-10: Achiral Mn(III)-salen cataly t encapsulated within z o li te 94 for regio­
selecti ve epoxidation. 

The observation that the porphyrin moiety is the acti ve site in cytochrome P-450 

enzyme has stimulated an extensive area of re earch into ynthetic porphyrin-mimetic 

enzymatic sy terns. Porphyrin itself is not efficient in catalytic enantioselective 
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epoxidation because it has a planar and therefore achiral structure and cannot create an 

asymmetric environment near the reaction site.65 However, even the chiral-substituted 

iron(lll)-porphyrin complex 99 induced moderate enantioselectivity of 51% ee in the 

epoxidation of p-chlorostyrene ( cheme 1 . I-ll ).66
·
23

b,c This finding pro mot d the design 

of synthetic super-structured porphyrin model with a controlled steric environment such 

as "clip" and " trapped" porphyrins. Such structures were intended to create a cavity 

around the porphyrin in order to have effective steric interactions between the alkene' s 

substituents and the porphyrin skeleton of the oxo-iron interm diate, which could induce 

formation of epoxides with higher enantioselectivities (Figure 1.1-23). 

Cl~ 

99 

2,4,6-Me3C6H210 

toluene, 0 °( 
Cl 

0 

98 51 %ee 

R 

100 

CONH+ 

Scheme 1.1-11: hiral iron( lll )-porphyrin catalyst 99 for enantioselective epoxidation. 
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Cavil) 

101 
Figure 1.1-23: Porphyrin enzyme mimic system for epox idat ion. 

Strapped-porphyrins are models of enzyme mimic catalysts bearing straps of 

chiral moieti es at one, or two, faces of a porphyrin (Figure l . l-24). This class of 

porphyrin has a chiral cavity that can enhance the enantioselectivity of epox idation in a 

supramolecular manner. For example, threitol-strapped Mn(lii)-porphyrin complex 102 

resulted in high enantiose lectivity in the epox idation of' cis-disubstituted olefins of up to 

88% ee and 79% ee with monosubstituted olefins.67 

R= 

102 

Figure 1.1-24: " Strapped"-porphyrin 102. 
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105 103 

R= 

104 

Figure 1.1-25: Enantioselecti ve epoxidation catalysts bearing chiral 1, I ' -binaphthyl 103-
105. 

"Twin-Coronet" porphyrins 104 and 105 (Figure 1.1-25) have been synthesized 

bearing two chiral 1, 1'-binaphthyl groups protecting the two faces of the porphyrin and 

creating cavities with a chiral environment6 8
,2Jb,c These catalysts induced high 

enantioselectivities in the epoxidation of electron-deficient styrenes; for example, up to 

96% and 89% ee were obtained in the epoxidation of 3,5-dinitro- and 2-nitrostyrene, 

respectively. This high efficiency was attributed to n-n* interactions between the 

electron-deficient substrate and electron-rich binaphthyl straps of the catalyst which are 

believed to orient the approach of the alkene. Murahashi adopted the same idea in the 

Mn(III)-salen complex 103 (Figure 1.1 -25) with a chiral strapping unit. Catalyst 103 
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,-------------------------------------

provided the corresponding (3S,4S)-epoxide with 93% ee and in 50% yield from 

epoxidation of 2,2-dimethylchromene using PhiO as the oxidant and 4-phenylpyridine-N-

oxide (PPNO) as the axial ligand at -30 °C. Also, epoxidation of cis-~-methylstyrene was 

achieved with 82% ee.69 

-
( ) - Ax1al llgand 

106 

Figure 1.1 -26: Clip porphyrin 106 . 

The "clip" porphyrin 106 was designed to have a metal-porphyrin molecule 

situated above the receptor cavity (Figure 1.1-26). Its cavity is rigid , relatively closed 

and well-defined, having a diameter of approximately 9 A. 70 The clip catalyst 106 is 

capable of binding an alkene molecule inside the cavity where the epoxidation reaction 

takes place. However, a strong axial coordination of a ligand to the metal from the 

outs ide is crucial to prevent any epoxidation occmring outside of the cavity. Furthermore, 

oxidizing the metal inside the cavity prevents the formation of undesired ~t-oxo-metal 

dimers and prevents deactivation of the catalyst. Indeed, this example of a porphyrin 

38 



complex show d high stereoselectivity for the epoxidation of ci. - til bene: th cis-epoxide 

was formed in 95% yield and the trans-stilbene stereospecifically formed the trans-

epoxide. 

Cyclodextrins (CDs) are interesting natural products which have been intensively 

investigated as enzyme mimic catalytic model systems. The best-known and best-studied 

representative are CDs 107 and 108 (Figure 1.1-27) . The e CDs are cyclic 

oligosaccharides which possess relatively rigid shallow bowl-shaped tructures consisting 

of 6 and 7 glucopyranose units, re pectively,71 with an electron-rich, hydrophobic interior. 

The size of this hydrophobic cavity varie from 0.5 to 0.8 nm depending on the number 

of glucopyranose units forming the cyc lodex trin. As a result of the e features, CDs 107 

and 108 are efficient water-soluble host molecules for a range of organic guest molecules 

including aliphatic and aromatic hydrocarbons, alcohols, phenols, th rs, carboxylic acids, 

esters, amin , etc . 

OH 
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Figure 1.1-27: a- and 13- yclodextrins 107 and 108 . 
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One of the first examples of a CD-enzyme mimic catalyst used for epoxidation is 

the sandwiched-porphyrin 109 (Figure 1.1-28).72 Two ~-CD 108 rings were attached at 

the two faces of the porphyrin establishing two binding pockets of cyclodextrins that can 

recognize various types of hydrophobic organic compounds in an aqueous solution. CD 

109 was effective in the epoxidation of cyclohexene in aqueous solution to give the 

epoxide in 55% yield, while a very low yield was detected when water-soluble porphyrin 

110 was used (2%). This result was attributed to effective binding of alkenes in the 

cyclodextrin cavities. Also, inclusion of the alkene inside the CD ring not only increases 

alkene solubility in aqueous solution, but also protects the epoxide from decomposition. 

110 

109 
~-cyclodextnn 

108 

Figure 1.1-28: Sandwiched-porphyrin 109. 

Another example of a CD employed for catalytic epoxidation is the cyclodextrin­

linked porphyrin 111 (Scheme 1.1-12). 73 ~-CD was covalently-bonded by a diether 
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linking group. Moderate results were obtained by photocatalytic oxygenation of chiral a-

pinene 112 in the presence of 111. The highest de obtained was 67% in the presence of2-

methyl pyridine. 

OMe 

MeO'ifO O HO ( _0 

OMe~Y;OMe 
~M:O McO 

M 

MeO OH ~HO 
0 

OMe 
MeO OMe 

H OH 0 O 
0~e0 

MeO 
0 

~ 
0 

111 

(S)-112 

2-Me-py 

hv. 0 2 

113 

Scheme 1.1-12: Metal-porphyrin complex 111 bearing a ~-CD for chiral photocatalytic 
oxygenation of chiral a-pinene 112. 

A very useful metal-free epoxidation methodology employs dioxiranes that can be 

generated in situ from the reaction of oxone (KHS05) with a catalytic amount of ketone. 

Attaching CD 108 to a ketone functionality should therefore, in principle, enhance 

selectivity for epoxidation of unsubstituted alkenes 74 It was anticipated that CD 114 

should chemically recognize and bind the alkene inside its cavity prior to reaction with a 

dioxirane intermediate, as in 115 (Figure 1.1-29). The best results were achieved in the 
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epoxidation of styrene to produce styrene oxide in 40% ee. It was rationalized that this 

improvement in styrene epoxide enantioselectivity was a result of inclusion of the styrene 

aromatic ring within the chiral cavity of the CD. The bridged a-cyclodextrin 116 was 

designed to act similarly to 114. However, 116 gave poorer enantioselectivity in 

epoxidation of styrene (30% ee). 

0
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Figure 1.1-29: Cyclodextrins 114 and 116 bearing a ketone functionality act as enantio­
selective catalysts for epoxidation via dioxirane intermediates. 
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1.1.4 Development of calixsalen complexes 

Jablonski's group developed a series of macrocyclic salen dimer complexes 117.76 

ince these complexes have calixaren -like structures with an internal chiral cavity, they 

were named a calix(n]salens (Figure 1.1-30). X-ray crystallography of calixsalen 117d 

showed it to have a well-defined macrocyclic structure with a large internal cavity 

(Figure 1.1-31 ). 77 

reo::i~~ 
/"=\' Cl r\ 
o~• 

0 
c 1 apl:r ~ 0 

"" ~,/ -

/ " - a Q = CH2, R = II 

11 7 

b Q = CH2, R = Me 
c Q = CH2. R = t- Pr 
d Q = CH2. R = t-Bu 
e Q = OCH2CH20 . R = II 

Figure 1.1-30: Examples of calix[2)salens 117. 

Calix[n]salen complexes are presumed to function as enzyme mimic with oxyg n 

transfer occurring inside the chiral cavity.78 The main appr ach in calix[n)salen 

methodology is to direct the alkene to enter the chiral cavity from an unblocked side to 

capture the oxygen atom from the oxo-Mn species and not from the opposite side which 

is protected by the alkyl substituent groups (e.g., Me, i-Pr or t-Bu) (Figur 1.1-32). Also, 

using relatively large axial donors, uch a 4-phenylpyridine- -oxide, to coordinate the 

manganese atom from outside of the cavity should force alkene to be poxidized in ide 
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the cavity. Furthermore, if the alkene epoxidation occurs inside the cavity via a radical 

intermediate, steric interactions within the chiral cavity should minimize bond rotation 

and lead to higher optical yields. 

n.3 A 

7.7 A 

Figure 1.1-31: X-ray crystal structure ofsyn-calix[2]salen Mn(III) complex 117d. 

It will be recalled that Jacobsen's catalyst 57 generated the epoxide from styrene 

m 86% ee. 30
a It was rationalized that the rotation of the C-C bond in the radical 

intermediate during the epoxidation process racemizes the product resulting in lower 

enantioselectivity. Interestingly, epoxidizing styrene with 117d and m-CPBA as the 

oxidant in the presence of N-methylmorpholine-N-oxide as the additive at -78 °C, 

afforded the corresponding epoxide with 98% ee.77 This result is consistent with the 

envisaged mechanism that has been proposed for this catalyst. 
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c-------------·------------------·------·--------

R 

) ov-R 

Sterically blocked 

Figure 1.1-32: Proposed mechanism of syn-calix[2)salen-epoxidation methodology. 

Calixsalen 117e potentially offers a larger ring size than 117d, however, since the 

- OCH2CH20- linker group is flexible, it assumes a conformation driven by rr-stacking. 

Therefore, replacement of the -CH2-linking groups in 117d by a larger groups such as an 

o-, m- or p- phenylene, or a disubstituted naphthyl (naphthylene) group for example, 

should expand the cavity size and keep the structure rigid (Figure 1.1-3 3 ). The 

availability of large ring-sized calixsalens will increase the range of the cavity stzes 

avai !able and may improve the potential of calix[ n )sal en catalysts for stereoselective 

epoxidation of larger more sterically-hindered alkenes such as cis-stilbene. 

The research reported in this thesis involves the synthesis of calix[2]salen ligands 

of complexes 118 (Figure 1.1-33) generated by linking the salen units to phenylene, 

naphthylene and anthracylene groups. The synthetic strategy employed various Schiff 
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base macrocyclization methodologies to prepare the desired salen dimer ligands 

efficiently from the corresponding dialdehyde systems. Furthermore, the Suzuki-Miyaura 

coupling reaction was used to efficiently link two salicylaldehyde units to dibromoaryl 

compotmds such as dibromobenzene and dibromonaphthalene. The synthesis of an 

anthracene-based analogue employed a Ni-catalyzed coupling reaction. All of th se 

approaches will be described and discussed in this thesis. 

118 

Q = phenylene, naphthylene or anthracylene 

Figure 1.1-33 : Target calixsalens constructed from salen dimer 118. 

In hapter 2, the synthesis of the bisaldehyde precursors required for the designed 

Schiff base macrocycles will be described. Chapter 3 contains the description of the 

synthetic methodologies which were used to form the targeted Schiff base macrocyclic 

ligands. The second part of this thesis is devoted to research conducted by this author on 

the chemistry of thiacalixarene, a different macrocyclic system unrelated to the chiff 

base macrocycles discus ed in Part 1 (Chapters 1-3). 
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Chapter 1.2. Synthetic approaches towards 

the preparation of the bisaldehydes 

1.2.1 Introduction 

As described in Chapter 1.1, a new type of highly constrained chiral cavity-

containing Mn(III)-calixsalen dimer 117d (Figure 1.1-30), in which the linking group 

"Q" is a methylene (CH2) group, was highly efficient for the asymmetric epoxidation of 

alkenes such as styrene and indene.1 This high efficiency is attributed to structural 

features which maintain a rigid cavity to facilitate the epoxidation reaction in a chiral and 

sterically-biased environment. Therefore, in any newly-designed and targeted calixsalen 

dimer such as 1 (Scheme 1.2-1 ), replacing the methylene (CH2) linking group ("Q" in 

117d, page 43) with larger, and more rigid groups "Q" should increase the cavity size 

while maintaining the rigid shape of the desired ligands 1. 

2 

4 5 

Q= tr 

HOh Q ~H 
~y~: 

H 3 H 

6 

Scheme 1.2-1: Synthetic strategy for rigid ring-expanded calixsalens 1. 
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The strategy employed to construct this new series of Schiff base macrocyclic 

ligands was to initially prepare bisaldehyde systems such as 3 and then to react them with 

( 1 R, 2R)-diaminocyclohexane (2) under Schiff base reaction conditions to form the 

desired sal en dimers 1 (Scheme 1.2-1 ). Bisaldehyde systems (e.g. 3) were constructed 

from two alkylsalicylaldehyde units connected by non-flexible linking groups (where Q = 

4, 5, 6 or 7) using Suzuki-Miyaura methodology. In this chapter, the synthetic 

approaches to prepare the bisaldehyde systems 3 will be discussed. Furthermore, an 

improved Suzuki-Miyaura methodology using a low mol% of the Pd (0) catalyst for 

coupling of alkyl substituted p-methoxyphenyl boronic acid with dibromoaryl systems 

will be highlighted. 

8 

Figure 1.2-1: McAuliffe's Mn(III)-salen dimer. 

A similar structure to the targeted Mn(III)-calixsalens was reported in 1994 by 

McAuliffe, who introduced two 1 ,8-naphthylene groups in the Mn(III)-salen dimer 8 

(Figure 1.2-1).2 Complex 8 was constructed in situ from the reaction of 1,8-bis(J-formyl-

4-hydroxyphenyl)naphthalene with 1 ,3-propanediamine in the presence of Mn(Cl04) 2 . 

The synthesis 1 ,8-bis(J-formyl-4-hydroxyphenyl)naphthalene was achieved via Suzuki-

Miyaura coupling of 1 ,8-naphthalenediboronic acid with 4-bromosalicylaldehyde. 
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an11- ll syn-J I 

R R 

12= 

Qn/1- 12 syn-12 

R 
R 

13 = 

an11- IJ :,yn-13 

Figure 1.2-2: Conformational isomers ofbisaldehyde compounds 9-13 (R = H, or alkyl). 
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In the research reported herein, McAuliffe's strategy was applied using bisaldehydes 

9-12 as the linking groups. The syn conformers of 9-13 (Figure 1.2-2) would be the 

required ones to form the desired salen-dimer macrocycles via Schiff base 

macrocyclization reactions. Since the barriers to rotation of the aryl substituted in 9 and 

12 are expected to be lower than in 13, the syn conformations of 9-12, should be better 

candidates than the 1,8-naphthylene group used by McAuliffefor for the objectives 

envisioned. 

C02 Me 

CO? Me 

¢ 
3 mol% Pd(PPh3)4 

Na2C03 

benzene 
reflux for 6 h 

Br 
94% 

14 IS 16 

Scheme 1.2-2: The first example of Suzuki-Miyaura coupling. 

Many methods for aryl-aryl bond formation to build triaryl systems have been 

reported.3 Suzuki-Miyaura coupling has been widely used and is remarkably efficient at 

directly linking two aromatic systems.4 This methodology utilizes the Pd(O)-catalyzed 

coupling of an arylboronic acid with an aryl halide under basic conditions. In the first 

example of this type of coupling, Suzuki isolated biaryl 16 in 94% yield from the reaction 

of phenylboronic acid (14) with methyl 4-bromobenzoate (15), under reflux conditions 

for 6 h in benzene, in the presence of sodium carbonate and 3 mol% of Pd(PPh3)4 catalyst 

(Scheme 1.2-2). 
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Despite the fact that boronic acids are not always easily prepared, they have low 

toxicity, are easier to handle and are environmentally-friendlier than other commonly 

used organometallic reagents such as aryllithium, arylzinc or Grignard reagents, which 

are frequent ly used in other coupling methodologies. Also, Suzuki-Miyaura coupling 

normally works smoothly with various substituted aryl halides including esters, halides, 

phenols and other functional groups. 

The efficiency of this type of coupling depends on various parameters such as the 

halide used, the substituted functionality on the aryl halide as well as the boronic acid, 

and the reaction conditions. As expected, the reactivity of the aryl halides decreases in 

the order I > Br > Cl.5 Investigations of the influence of the base on the coupling 

reactions of different boronic acids with various aryl halides at ambient temperature, 

revealed that thallium hydroxide gave the best result in the presence of 2 mol% of 

Pd(PPh3) 4 catalyst in dimethylacetamide (DMA) as the solvent (Scheme 1.2-3).6
•
7 

~ 
Br 

Mo06 
2 mol % Pd(PPh3)4 

TIOH, DMA 

B(Ol-1)2 rt, 12 h. 

MeO 

17 18 19 

Scheme 1.2-3: Efficient ambient temperature conditions for Suzuki-Miyaura coupling. 

Snieckus realized from the synthesis of chlorodihydroxybiphenyls, that the 

efficiency of palladium-catalyzed cross-coupling in the presence of a base, is also 

facilitated by the nature of the solvent used. Typically, the best results were achieved 
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wi th a2C0 3 a the ba e and DME as the olvent. However, K3P04 acti vated the reaction 

remarkably when DMF wa used as the solvent.8 

Fluoride salts reportedl y enhanced the rates and yield normou ly for Suzuki-

Miyaura coupling reacti ons. ln particular, Wright found that cesium nuoride gave the 

best yield fo r the product 21 (Scheme 1.2-4).9 

+ 9 
0 2CI-13 

Pd(PPh3)4, CsF 

DME, 100 °C 

2 h 
Br 100% 

14 20 21 

chcme 1.2-4: C sium fluoride-catalyzed uzuki-Miyaura coupling. 

1.2.2 Strategies and retro ynthetic analy as 

As described earl ier in thi chapter, the synthetic strategy to prepare the targeted 

sa len macrocycli e ligands is based upon tran formation of the bisaldehyde adduct 3 to the 

desired compound 1 using a Schiff base condensation reaction in the final tep ( cheme 

1.2-1 ). At the er beginning of this project, thr e synthetic r ut s were propo ed to 

prepare 1.4-b is("-/ert-buty1-5-fo rmy1-4-hyd rox pheny1)benzene (22) a a repre entative 

example of the targeted bisaldehyde system ( ch me 1.2-5). Each or these pathways 

was based upon li11king two alkyl- ubstituted sa licylaldehyde unit l an aromatic ri ng in 
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either the meta- or para- positions using Suzuki-Miyaura coupling as the key reaction 

step. 

1.2.2.1 Retrosynthetic Route A 

This strategy involves preparation of boronic acid 24 having a protected aldehyde 

and phenolic hydroxyl group. Reaction of 24 with the dihalobenzene 25 under uzuki­

Miyaura coupling conditions would form 23. Bisaldehyde 22, in turn, could be easily 

synthesized by deprotection of the aldehyde and phenol groups, in 23. Protection of the 

aldehyde and phenol groups respectively, in 26, is crucial for the generation of boronic 

acid 24 from the cotTesponding organometallic (lithium or magnesium) reagent. 

1.2.2.2 Retrosynthetic Route B 

This proposed route is more straightforward than the other two since it does not 

require the u e of as many protecting groups. uzuki-Miyaura coupling of the I ,4-

pheylnediboronic acid 27 and 5-bromo-3-tert-butyl-2-methoxybenzaldehyde (28) leads 

to bisaldehyde 22 after demethylation. In this route, protection of the aldehyde group in 

28 is not required. Formylation of phenol 29 followed by bromination leads to 28. 

Protecting the hydroxy group in 28 however is a crucial step for the envisioned Suzuki­

Miyaura coupling reaction. 
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Scheme 1 2 5· R . . - . etrosynthesJs ofbisaldehyde 22 . 

{':o 0~ 
0 0 

CH30 

R 

23 

~ Suzuki-Miyaw·a 
coupling 

x-Q-x + 

OMeO~ 
Rylylo y 
H0/

8
'0H 

25 24 

26 



1.2.2.3 Retrosynthetic Route C 

In this pathway, the formylation step is delayed to the end of the synthesis since 

the aldehyde group is sensitive to nucleophilic organometallic reagents. The 

transformation from boronic acid 30 to bisaldehyde 22 requires the following series of 

steps: initial uzuki-Miyaura coupling of dihalobenzene 25 and boronic acid 30 , 

deprotection of the phenolic hydroxyl groups, and finally , formylation of the resulting 

bisphenol terphenyl compound to give 22 . Boronic acid 30 can be prepared from 

precursor 29 by bromination followed by prot ction of the hydroxy l group a a required 

step prior to the generation of the desired boronic acid 30 via the corresponding 

organolithium or Grignard reagent. 

1.2.3 Synthesis of Bisaldehydes 

1.2.3.1 Synthetic Route A 

This roule ( cheme 1.2-6) wa employed to prepare boroni acid 35 with a 

protected aldehyde group, as a crucial precursor for the Suzuki-Miyaura coupling with a 

dihalobenzene. 3-1 opropylsalicylaldehyd (31), which was previously prepared in our 

laboratory, 1 wa u ed a the starting material and was bromenated to form 32 . 

Protection of the aldehyde group in 32 was performed efficiently with I ,"­

propanediol under acid-catalyzed conditions in carbon tetrachloride, u ing acidic alumina , 

Al20 3 (pH = 4.0), in the presence of sodiLm1 sulfate. 10 The reaction mixture was heated at 

reflux for 60 h, and after work-up, 33 was obtained as a clean crude product in 93% yield. 

In contrast, u ing toluene as the so lvent led to 33 in lower yield (53%). one of the 
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---------------------------------------------- ---- -

desired product however, was obtained when ethylene glycol was employed to form the 

corresponding dioxolane-protected analogue. 

OH 0 
OH 0~ RV H Br2,CC~ HOCH2CH2 H20H 1¢10 rt, 94% A~03, ~ 

reflux 

Br 93% 
Br 

31 32 33 

OCH3 0~ 0 H3 0~ 
CH3I RV O '~ "" RV O 

K2C03, acetone I 
reflux 

88% Br B(OH)2 

34 35 

cheme 1.2-6: ynthetic route A (R = isopropyl). 

Application of the same a lumina-catalyzed methodology u ed for 33 to protect 

the aldehyd group with 1 ,3-propanediol in the corresponding methoxy derivative 36 

(prepared by the reaction of 32 with methyl iodide), surpri ingly, was not successful 

( cheme 1.2-7). It should be noted that the alumina-catalyzed methodology used t 

protect aldehyde 32 with 1 ,3-dihydroxypropane was efficient only in small-scale 

reactions. When relatively large amounts (more than 3.0 g) of starting materials wer 

used, a sticky so lid formed which prevented efficient stirring and led to an intractabl 

product. 
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H 

)( 
Br Br 

36 34 

Scheme 1.2-7: Attempted protection of aldehyde group in 36. 

The 1H NMR spectrum of the crude product was consistent for the expect ed 

structure of 33. The acetal hydrogen in the newly-formed 1,3 -dioxane ring appeared as a 

singlet at 8 = 7.99 ppm. The 13C NMR spectrum showed a new signal at 8 = 102.60 ppm 

due to the acetal carbon atom, in addition to two high-field signals for the dioxane ring 

carbons at 8 67.83 and 25 .81 ppm. 

Heating a mixture of 33 with methyl iodide in dry acetone at reflux in the 

presence of anhydrous potassium carbonate afforded 34 in 88% yield . 11 Its 1H NMR and 

13C NMR spectra were consistent with the structure of 34. A singlet at 8 = 5.60 ppm for 

the phenolic hydrogen in the spectrum of 33 was replaced by a signal at 8 = 3. 78 ppm due 

to the newly introduced methoxy group . In the 13C NMR spectrum, the corresponding 

carbon for the methoxy group appeared at 8 = 67.72 ppm. The mass spectrum showed 

the presence of a molecular ion at m/z = 3 15.0, corresponding to 34. 

Subsequently, however, efforts to prepare the corresponding boronic acid 35 

from bromide 34 using Grignard or organolithium reagents were terminated because the 

other routes, particularly route C, proved to be more productive and convenient, since 
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route A still required several more subsequent steps m order to de-protect both the 

aldehyde and phenolic functional groups. 

1.2.3.2 Synthetic Route B 

Bisaldehyde 39 was prepared by Suzuki-Miyaura coupling of the diboronic ester 

38, with 36 (Scheme 1.2-8). Reaction of 32 with methyl iodide in acetone in the 

presence of anhydrous potassium carbonate gave 36 in 55% yield. The 1H NMR spectrum 

of 39 showed a sharp singlet at 8 3.89 ppm for the methoxy group while the same group 

appeared at 8 65.14 ppm in its IJC NMR spectrum. 

Diboronic ester 38 was prepared through a multi-step procedure from 1 ,4-

dibromobenzene (37). Quenching the corresponding Grignard reagent formed from 37 

with trimethyl borate, followed by hydrolysis of the product with dilute hydrochloric acid, 

furnished 1 ,4-benzenediboronic acid (27). 12 Heating 27 with pinacol in methanol at 

reflux afforded the diboronic ester 38 in 30% overall yield for the two steps. 

The desired bisaldehyde 39 was obtained, albeit in low yield, from the Suzuki­

Miyaura coupling of 38 with bromoanisole 36. None of the desired product however was 

obtained when using non-aqueous conditions, that is, toluene under reflux for 24 hours, in 

the presence of silver carbonate, or cesium carbonate, as the base. 13 In contrast, aqueous 

barium hydroxide and 1,2-dimethoxyethane (DME) at 80 °C for 24 h, afforded 39 in low 

yie ld (12%). 14 

The 1H NMR spectrum of compound 39 showed a singlet at 8 = 7.82 ppm 

assigned to the four hydrogens of the bridging phenyl ring. Its 13C NMR spectrum 

showed the corresponding carbon atoms at 8 = 127.70 ppm, in addition to the other seven 
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signals in the aromatic region, an aldehydic carbon at 8 = 190.51 ppm and two isopropyl 

group carbons at 8 = 23.96 and 26.43 ppm. Finally, the mass spectral data showed a 

molecular ion at m/:: = 432.2 which corresponds to 39. 

LJr--Q-l3r 

37 

0 1-1 

Br 

32 

I ) Mg. I'! IF • 

2) (Mc0)3B. -78 °C 

3) 2M Hqaq) 

0 

1-1 Cl-!31 

K2C03- acetone 

rciiLLx. 4h 

55% 

36 1.8 cq. 38 
Ba(OII )2. l-I20 

DME 
rdlux, 72 h 

12% 

27 

Br 

36 

II 

0 

II 

Scheme 1.2-8: Syntheti c route B. 

Pinaco l 

MeOI I, MgS04 

n.: llLLx. 30% 

39 

I I 

II 

-o 

38 

Although route B gave the desired dialdehyde 39, it was abandoned due to the 

low yield obtained in the Suzuki-Miyaura step. Also, preparation of other I .3-

phenylcnediboronic acids proved more difficult than diboronic acid 27. Therefore, effo rts 

were focused upon approaches using a monoboronic acid as a precursor. such as 35 

(Route A in Scheme 1.2-6), or 43 (Route C in Scheme l .2-9). 
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1.2.3.3 Synthetic Route C 

This route proved to be easier, more effective, and more versatile than routes A 

or B. The key point in this pathway was to build the teraryl systems via Suzuki-Miyaura 

coupling of boronic acid 43, with either dibromoaryl compounds 1 ,4-dibromobenzene 

(37), 1 ,3-dibromobenzene ( 44), or 2,7-dibromonaphthalene ( 45) (Scheme 1.2-1 0). 

Subsequent deprotection of the phenolic groups in each of the resulting triaryl systems 

(Scheme 1.2-13), followed by regioselective formylation of the resulting bisphenolic 

adducts, afforded the target dialdehyde compounds 57-60 (Scheme 1.2- I 4). 

OH 01-1 R'O Br2, cs2 R'¢ CHJI 
,..... 

-60 °C 
K2C03, acetone 

reflux, 4h 
80% Br 

100% 

40 4 1 

R~l 1) Mg, THF R~l 
2) (Me0)3B, -78 °C 
3) 10 % Hqaq) 

Br 68% 8 
HO ,..... ' 01-1 

42 43 

Scheme 1.2-9: Synthetic route C to boronic acid 43 (R = tert-butyl). 
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Boronic acid 43 was prepared in several steps from commercially available 2-

tert-butylphenol ( 40) (Scheme 1.2-9). Bromination of phenol 40 led to a mixtme of the 

corresponding o- and p-monobrominated isomer . low addition of a solution of bromine 

in CS2, under high dilution conditions at low temperature ( -60 °C) increased the para vs . 

ortho selectivity to give 41 as the major product (80% yield). Th 1H MR spectrum 

showed a sharp singlet for the tert-butyl group at 8 = 1.40 ppm, a doublet coupled to 

ortho-hyd.rogen (J = 9.0 Hz) corresponding to the ortho-hydrogen to the phenol at 8 = 

6.56 ppm and two doublets for the two meta-hydrogen atoms at 8 = 7. 18 and 7.36 ppm. 

The 13C NMR spectrum shows eight peaks: two which wer assign d to the tert-butyl 

group, and six to the aromatic carbons. 

Methylation of the phenol group in 41 led to 2-tert-butyl-4-bromoanisole (42) 

in quantitative yi ld. Compound 41 was heated overnight at reflux in anhydrous acetone 

with methyl iodide in the presence of anhydrous potassium carbonate to give, after work-

up, 42 as a colourless solid. Its 1H- and 13 MR spectra showed the presence of the 

methoxy group at 8 = 3.83 and 55.76 ppm, r pectively, and its rna p ctrum revealed a 

mo lecular ion at m/z = 244.0, consistent with the calculated value for 42. 

Boronic acid 43 was obtained from bromoanisol 42 via the corresponding 

Grignard reagent, which was generated in itu in THF. Quenching with trimethyl borate 

at low temperature ( -78 °C) followed by hydrolysis with aqueous I 0% HCI and 

crystall ization from ether:hexane afforded the desired boronic acid 43 as a colourle 

so lid in 68% yield. 15
·
16 The 1H- and 13 MR pectra of the product showed lower fie ld 

68 



aromatic signals when compared with 42. The molecular ion at m/z 601.3 in its mass 

spectrum confirmed that the product was the trimer of the desired boronic acid 43. 

1.2.3.3.1 Suzuki-Miyaura coupling reactions 

~] 
Br-o-Br 

Pd(PPh3)4 

+ DMA CH]O OCH3 
Ba(OH)2.H20 

80 °C, 48 h 
_.,.. B 99% 

HO ' oH 37 46 
43 

. 
Pd(PPh3)4 CH30 

2 OCH3 

"''0"' DMA 
43 + Ba(OH)2 H2~ 

R R 
80 °~b 48 h 5 

10 Yo 
10 

44 47 
. 

2 

"'"W"' Pd(PPh3)4 CH]O OCH3 

DMA 
43 Ba(OI-Ih.H20 

~ ,.9 
80 °C 48 h 

R R 

96% 

45 48 

Scheme 1.2-10: Suzuki-Miyaura coupling reactions of 43 (R = tert-butyl) . 

The Suzuki-Miyaura coupling reaction was used to prepare the teraryl products 

from the reactions of 37, 44, and 45 with boronic acid 43 (Scheme 1.2-10). 15 The 

efficiency of the coupling reaction between boronic acid 43 with 37 and 44, respectively, 

depended on the nature of the solvent. The yield of the product obtained from the 
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reaction with 1 ,3-dibromobenzene 44 was found to also depend strongly on the mol% of 

Pd(O) catalyst used. 

Table 1.2-1: Effect of mol% of catalyst on yields of Suzuki-Miyaura coupling. 

Entry Starting Solvent Mol% of T ime of Percentage 
material catalyst reflux (hr) yield (%) 

1 37 DME 13 24 76 

2 44 DME 13 24 45 

3 37 DMA 13 48 98 

4 44 DMA 13 48 50 

5 44 DMA 1 48 70 

6 44 DMA 0.5 48 82 

7 44 DMA 0.025 48 100 

8 45 DMA 0.025 48 96 

As shown in Table 1.2-1 , the use of dimethyl ethylene glyco l (DME) as the 

so lvent at 80 °C for 24 h, in the presence of barium hydroxide, water and 13 .0% 

Pd(PPh3) 4 as the catalyst led to products 46 and 47 in 76% and 45% yields from the 

reaction of 43 with 37 and 44, respectively. In the case of 37, mono-coupling products 

were also detected by 1H NMR monitoring of the reaction. In contrast, changing the 

solvent to N,N-dimethylacetamide (DMA), with the same mol% of the Pd catalyst, 

considerably improved the yield of 46 to 99%. However, using the same conditions with 

1,3-dibromobenzene (44) afforded 47 in only 50% yield and decreasing the reaction 

times did not improve its yield. Decreasing the mol% of Pd catalyst from 13.0% to 
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0.025% and using DMA as the solvent at 80 °C for 48 h with 44, however, significantly 

improved the yield of 47 from 50% to quantitative (Table 1.2-1 ). 17 
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I 
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\ PdL4 OH 
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LPd-PdL2 
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Ar-A.r' 
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49e I 
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+ 2L 
49f Ar'B(OH)2 

X = Cl, Br and I 

Scheme 1.2-11: Suzuki-Miyaura coupling mechanism. 

It was rationalized that at higher concentrations Suzuki-Miyaura coupling is 

diminished as a result of Pd(PPh3) 4 self-coupling to form a species such as 49b (Schem 

1.2- 11 ). 16 At high Pd(PPh3) 4 concentration the effective [Pd(PPh3) 4] available for the 
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Suzuki-Miyaura catalytic cycle is reduced. In contrast, at low concentrations, catalyst 

leakage by this process is effectively diminished. As shown in Scheme 1.2-11 , the 

formation of intermediate 49a is crucial for the coupling reaction. The high efficiency of 

this type of palladium-catalyzed reaction is atributed to the generation of species 49c 

which is more reactive than intermediate 49a. It is logical to expect that species 49b 

and/or 49e could be formed at high catalyst concentrations because Pd-Pd dimer 

complexes are well-known to be stable. These two species (e.g. 49b and 49e) are 

inactive in this catalytic cycle. At low Pd(PPh3) 4 concentration, therefore, reaction 

deactivation via formation of the inactive species 49b and 49e is diminished. The 

recognition of these factors in the Suzuki-Miyaura coupling reaction was very helpful. 

Use of decreased, rather than higher, mol% of Pd(PPh3) 4 catalyst with 44 also makes this 

class of reaction less expensive. Additionally, the crude product 47 obtained under the 

low mol% catalyst conditions was cleane r, as revealed by its 1H NMR spectrum, and 

crystallized as large colourless crystals directly from the DMA reaction solution on 

standing overnight. 

Teraryl compound 46 derived from reaction of 37 with 43 gave satisfactory 

analytical data. Its 1H NMR spectrum showed that the aromatic peaks were shifted 

upfield compared to those of boronic acid 43. Additionally, a singlet at 8 = 7.62 ppm was 

observed and corresponds to the four equivalent aromatic hydrogens are due to 1,4-

phenylene group in 46. The methoxy group showed as a singlet peak at 8 = 3.93 ppm. 

The hydrogens at C-2,2'; C-3,3' and C-5 ,5' appeared as a doublet, a doublet of doublets 

and doublet at 8 = 7.01 (ortho, J = 9.0 Hz), 7.5 1 (meta, J = 2.0 and ortho, J = 8.5 Hz), 
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7.62 (meta, J = 2.5 Hz), respectively. The 13C NMR spectrum confirmed the structure of 

46. The spectrum consisted of eight aromatic signals, including the characteristic sharp 

signal of the 1 ,4-phenylene group at 8 = 127.34 ppm; three signals at higher field, 

corresponding to the methoxy groups at 8 = 55.61 ppm, and those at 8 = 30.25 and 35.46 

ppm due to the tert-butyl substituent groups. 

The 1H NMR spectrum of 47 in C6D6 also was consistent with its structure. The 

central 1 ,3-phenylene group was observed as a triplet at 8 = 7.39 ppm (ortho, J = 7.5 Hz), 

a doublet of doublets at 8 = 7.60 (meta, J = 2.0 Hz and ortho, J = 7.8 Hz) and a triplet at 8 

= 8.07 ppm (meta, J = 1.8 Hz). The p-methoxyphenyl moiety showed up in the 1H NMR 

spectrum as a doublet at 8 = 6.82 ppm (ortho, J = 8.0 Hz) for the hydrogens at C-2,2' 

(Scheme 1.2-10), a doublet of doublets for the hydrogens at C-3 ,3' at 8 = 7.48 (meta. J = 

3.0 Hz and ortho, J = 8.0 Hz) and a doublet for the hydrogens at C-5 ,5' at 8 = 7.81 ppm 

(meta, J = 2.5 Hz). The methoxy and the tert-butyl groups appeared as two singlets at 8 

= 1.69 and 3.36 ppm, respectively. The 13C MR spectrum revealed ten aromatic signal 

due to the six carbons for the p-methoxyphenyl moiety (with the characteristic signal for 

the methoxy-substituted carbon at 8 = 158.77 ppm) and the other four due to the carbon 

of the central I ,3-phenylene group. The signal at 8 = 142.63 ppm was attributed to the p­

methoxyphenyl-substituted carbons (C-7,7') . Of the three signals at high field , two are 

assigned to the tert-butyl groups at 8 = 30.36 and 35 .57 ppm and the third at 8 = 55 .69 

ppm to the methoxy group carbons. 

The uzuki-Miyaura coupling reaction of 45 with 43 under the same conditions 

that were used optimally with 45 afforded the desired disubstituted naphthalene 48 in 
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96% yield (Scheme 1.2- 1 0). 2 ,7-Dibromonaphthalene ( 45) was prepared by the 

substitution reaction of2,7-dihydroxynaphthalene with bromine at 340 °C in the presence 

of PPh3.18a The 1H NMR spectrum of the product, 48 in CDCb , revealed a doublet of 

doublets at 8 = 7.73 ppm (meta, J = 1.5 Hz and ortho, J = 8.5 Hz), a doublet at 8 = 7.9 1 

ppm (ortho, J = 8.5 Hz), and a singlet at 8 = 8.05 ppm due to the 2,7-naphthylene group. 

The 1H NMR signals of the p-methoxyphenyl substituent groups were similar to those in 

47. The hydrogens at C-2,2'; C-3 ,3' C-5,5' (Scheme 1.2-10) appeared as a doublet, a 

doublet of doublets and a doublet at 8 = 7.03 ppm (ortho, J = 8.5 Hz), 7.59 ppm (meta, J 

= 3.0 Hz and ortho, J = 8.8 Hz) and 7.70 ppm (meta, J = 3.0 Hz), respectively. The 

singlet at 8 = 3.93 ppm was assigned to the methoxy groups. The 13C NMR spectrum was 

also consistent with 48, and revealed twelve signals in the aromatic region. Six of these 

signals are due to the p-methoxyphenyl substituent groups and six are assigned to the 2,7-

naphthylene group. Furthermore, three additional signals showed at high field for the tert-

butyl and methoxy groups. As shown in Table 1.2-2, all of the compounds 46-48, 

showed accurate mass measurements for their respective structural formulas. 

T bl 1 2 2 E t I . f S I" M . d t a e - . ' xac mo ecu ar mass anatys1s o uzu {J- tyaura pro uc s. 
Compound Structural formula Found Calculated 

No 
46 C2sH3402 402.25577 402.25508 

47 C28H3402 402.25780 402.25508 

48 C32H360 2 452.27 160 452.27153 

The anthracene-based compound 52, which could also serve as a different linker 

towards a calixsalen, was also targeted for synthesis. It was considered to potentially be 
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better than the naphthalene-based linker used by McAuliffe2 in 8, for several reasons. 

Foremost, a larger cavity size was anticipated. Also, since the two aryl groups on the 

anthracene scaffold at C-1 and C-8 are further apart from each other than they are in the 

naphthalene ring-based precursors for 8, there would be less of a barrier to free rotation 

of these groups. This should therefore facilitate the desired macrocyclization process over 

any potential oligo- or polymerization in the Schiff base formation step. 

Cl 0 Cl 

50 

l )Zn, N H 3(aq) 

2) HC I (aq) · 

~ 
l)lN 

51 

Ni(acac)2. PPh3 

THF. re flux .. 7 h 

THF 
~R 

Br 

42 

10 

52 70% 

R = /erl·buty l 

Scheme 1.2-12: Prepartion of 1 ,8-bis(J-tert-butyl-4-methoxyphenyl)anthracene (52). 

The 1 ,8-diaryl-substituted anthracene, 52 , was obtained by Ni-catal yzed coupling 

of 1 ,8-dichloroanthracene (51) with the corresponding Grignard reagent generated in situ, 

in THF, from bromoanisole (42) (Scheme 1.2- 12) .18
b The Grignard reagent derived from 

42 was added to a solution of 51 and Ni(acac)2 in the presence of PPh3. Using 3 

equivalents of 42 afforded the desired product in 70% yield. 1 ,8-Dichloroanthracene 

itself was obtained from 1 ,8-dichloroanthraquinone (50) via two steps involving 
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reduction by zinc in aqueous ammonia (30%), followed by hydrolysis using a solution of 

hydrochloric acid in propanol. 18
b 

The 1H NMR spectrum of 52 was consistent with the proposed structure. Two 

singlet peaks at 8 = 8.55 and 8.90 ppm were assigned to the hydrogens at C-9 and C-1 0 

(Scheme 1.2-12) and two doublets at 8 = 7.39 (ortho, J = 6.5 Hz) and 8.02 ppm (ortho, J 

= 8.5 Hz) were assigned to the hydrogens at C-2,7 and C-4,5, respectively. The two 

hydrogens at C-3 ,6 in the anthracene moiety appeared as pair of doublets at 8 = 7.52 ppm 

(ortho. J = 6.5 Hz) and 7.53 ppm (ortho, J = 7.5 Hz) . The signals assigned to the top­

methoxyphenyl substituent groups at C-2' ,2"; C-5' ,5" and C-3',3", were respectively, as 

follows: a doublet at 8 = 6.93 ppm (ortho, J = 8.0 Hz), another doublet at 8 = 7.31 ppm 

(meta, J = 2.5 Hz) and a doublet of doublets at 8 = 7.43 ppm (meta, J = 2.3 Hz and ortho, 

J = 8.3 Hz). The 13C NMR spectrum, revealed fourteen signals in the aromatic region: 

six signals are due to the to p-methoxyphenyl moiety and eight signals are due to the 

anthracene ring, the two to p-methoxyphenyl-substituted carbons 1 and 8 being at 8 = 

14 1.22 ppm.16 Two signals at 8 = 29.87 and 34.95 ppm are due to the tert-butyl group, 

and a third at 8 = 55 .00 ppm, is due to the methoxy group. An exact mass measurement 

for the predicted structural formu la C36H3s0 2 further supported the structure 52. 

Finally, the relatively simple 1H- and 13C NMR spectra of 46-48 and 52 for each 

compound provide additional evidence that these compounds are symmetrical structures 

having C 2v symmetry. 
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1.2.3.3.2 Demethylation of phenol groups 

The methoxy groups in 46- 48 and 52 were demethylated using boron tribromide 

in dry dichloromethane to afford the corresponding phenolic products 53-56 in excellent 

yields. 
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Scheme 1.2-13: Demethylation reactions of compounds 46- 48 and 52. 
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(Table 1.2-3 and Scheme 1.2-1 3 ). 19 The demethylation step for these compounds was 

crucial fo r the subsequent formylation step. Treating 46 with boron tribromide afforded a 

product which was purified by silica gel column chromatography, to afford the 

corresponding phenol 53 in 92% yield. Demethylation of 47 gave 54 in 94% yield which 

was also purified by silica gel co lumn chromatography. However, it proved sufficient to 

simply wash the crude products from the demethylation reactions of 48 and 52 with hot 

hexane to obtain clean products 55 and 56 in 92% and 90% yields, respectively. 

Table 1.2-3 : Yields and 1H-, LJC NMR (CDCh) summary analysis of 53-56. 

Compound Yie ld % 1H NMR IJCNMR 1HNMR 1H NMR 
No of resulting of the phen- of removed of removed 

OH(ppm) olic carbon OCH3(ppm) OCH3(ppm) 
(ppm) 

53 92 4.85 154.00 3.93 55.61 

54 94 4 .82 154.06 3.36 55.42 

55 92 4.84 154. 11 3.93 55.42 

56 90 4 .79 153 .75 3.87 55 .00 

The data presented in Table 1.2-3 shows that the corresponding 1H- and 13C NMR 

signals due to the methoxy groups of the starting materials 46- 48 and 52 (ca. 8 :::::: 3.4- 3.9 

and 55 ppm, respectively) had disappeared and were replaced by characteristic single t 

signals fo r the newly introduced phenolic hydrogens (8 :::::: 4.8 and 154 ppm, respectively) 

fo r compounds 53-56. 

As shown in Table 1.2-4, all of the bisphenolic compounds 53-56 had accurate 

mass measurements consistent with their corresponding structural fo rmulas. 
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Table 1.2-4: Exact molecular masses for compounds 53-56. 

Compound Structural Found calculated 
No formula 

53 C26H3o0 2 374.22744 374.22458 

54 C26H3o0 2 374.22614 374.22458 

55 C3oH3202 424.24190 424.24020 

56 C3,Jf3402 474.25690 474.25590 

1.2.3.3.3 Ortho-regioselective formylation of the bisphenols 53-56. 

Regioselective ortho-formylation was used to generate the desired dialdehyde 

compounds 57-60. This was achieved by refluxing bisphenols 53-56 with anhydrous 

magnesium chloride and paraformaldehyde in either anhydrous acetonitrile,20 or THF, 2 1 

in the presence of triethylamine (Scheme 1.2-14). Anhydrous conditions are crucial 

requirements for these reactions. The mild conditions of magnesium chloride as a Lewis 

acid in this reaction proved to be very effective. 

Table 1.2-5: F ormylation reaction yields in THF and acetoni trile. 

Entry Starting Solvent Time Yield % 
material 

1 53 CH3CN 20 52 

2 54 CH3CN 20 87 

3 55 CH3C 48 65 

4 56 CH3CN 72 50 

5 53 THF 20 92 

6 54 THF 20 90 

7 55 THF 20 90 
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Using THF as the solvent afforded the desired products in high yields and a 

"cleaner" crude products than when acetonitrile was used (Table 1.2-5). The crude 

product from the reaction of 56 was a mixture. Using silica gel column chromatography, 

several different solvent systems were tried but were unsuccessful in purify ing this 
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mixture. Nevertheless, one of the products was eventually isolated by simple 

precipitation from CH2C[z solution as a fairly clean product in 50% yield. 

The 'H-and 13C NMR spectra were consistent for the structures of 57-60. The 1H 

NMR spectra of 57-60 showed that the phenolic hydrogen atoms appeared at low fields at 

8 :::::: 11 .8 ppm (Table 1.2-6). The aldehydic hydrogen atoms appeared as singlet peaks 

around 8 :::::: 10 ppm and the 13C NMR spectra showed signals at around 8 :::::: 197.6 ppm 

due to the aldehydic carbons. 

Table 1.2-6: 1H-, 13C NMR summary analysis of 57-60. 

Compound 1HNMR 13CNMR 1HNMR 13CNMR 
No of -Cl-IO of -Cl-IO of -OH of -OI-l 

57 10.00 197.45 11.83 161.60 

58 10.00 197.41 11.86 161.23 

59 10.02 197.39 11.87 161.01 

60 9.87 196.94 11.79 160.83 

Furthermore, the hydrogens at C-2 and C-2' (Table 1.2-7) in the starting materials 

53-56 (Scheme 1.2-14), which appeared as doublet signals at 8 = 6.77 ppm (ortho, J = 8.0 

Hz), disappeared from the 1H NMR spectra of the products 57-60. Also, the carbon 

signals for C-2,2' were shifted downfield from 8 :::::: 117 ppm to 138-139 ppm. The 

chemical shifts of the hydrogens at C-3 ,3' in 53-60, which usually appeared as doublets 

of doublets at 8 :::::: 7.35-7.47 ppm (meta, J = 2.5-1.0 Hz and ortho, 8.5-8 .0 Hz), were 

shifted to lower field in 57-60 appearing at 8 = 7.56-7.95 ppm (meta , J = 1.5-2.0 Hz). 
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Table 1.2-7: 1H- and 13C NMR summary analysis of 53-60. 

Compound 
1HNMRof o-J of 13C NMR of 1HNMRof Jof 

H-C-2 ,2' H-C-2,2' C-2,2' H-C-3 ,3' H-C-3 ,3' 
No 

(ppm) (Hz) (ppm) (ppm) (Hz) 

53 6.76 8.5 117.17 7.35 2.5, 8.0 

54 6.77 8.0 117.16 7.35 2.3 , 9.4 

55 6. 80 8.5 11 7.27 7.47 2.3 , 8.0 

56 6.72 8.5 116.82 7.23 2.3 , 7.3 

57 - - 139.35 7.82 1.5 

58 - - 139.17 7.84 2.0 

59 - - 138.22 7.95 1.5 

60 - - 138.22 7.56 2.0 

T bl 12 8 E a e - f d 57 60 xact mo ecu ar masses or compoun s -
Compound Structural 

Found 
calculated 

No formula 

57 C28H3o0 4 430.21431 430.2 1443 

58 C2sl-ho0 4 430.21280 430.2 1443 

59 c 32H3204 480.22990 480.23006 

60 c 36H34o4 530.24570 530.24571 

As shown in Table 1.2-8 , the compounds 57-60, gave satisfactory accurate mass 

measurement values for the proposed structural formulas. 
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1.2.4 Summary 

The target bisaldehyde systems 57-60 were successfully synthesized in - 46, 4 6, 

44 and 26% overall yields, respectively, in six steps starting with 2-tert-butylphenol 40. 

The strategy of performing the regioselective formylation step at the end of the synthesis, 

after building the terphenyl systems via uzuki-Miyaura coupling was very efficient. This 

synthetic route was shortened by avoiding several steps required for protection and 

de protection of the aldehyde groups . Furthermore, this strategy used only one stable, and 

easy to make, boronic acid. Route B involved preparation of different diboronic acid s, 

most of which have not been reported in the literature. The uzuki-Mi yaura coupling 

reaction afforded the desired terphenyls 46-48 in high yield (99, 100 and 96%, 

respectively) and its efficiency was attributed to the use of low mol percentages of the 

Pd(PPh3)4 catalyst in DMA as the solvent. All the compounds thus produced were 

characterized by 1H NMR, 13C N1v1R and accurate mass spectrometry. 
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1.2.5 Experimental Section 

Materials 

Chemical reagents and so lvents were purchased from Sigma-Aldrich and were 

used as received. THF used for synthesizing the bisaldehyde systems was further purified 

by distillation over sodium. Dichloromethane was dried over phosphorus pentoxide and 

then distilled over calcium hydride. 

Methods 

All react ions for the syntheses of bisaldehyde systems were conducted under 

argon or nitrogen. Nitrogen gas was purified by passing through a series of columns 

containing DEOX (Alpha) catalyst heated to 120 °C, granular P40 10, and activated 3 A 

molecular sieves. Organic solvents were evaporated under reduced pressure using a 

rotary evaporator. Flash chromatography was performed on SAl silica gel, particle size 

32-63 ~m, pore size 60 A. Preparative thin-layer chromatography plates (PLC) were 

made from SAl F-254 silica gel for TLC (particle size 5-15 ~m) . Thin-layer 

chromatography was performed using percolated SAl F-254 silica gel plates layer 

thickness 200 ~m 

Instrumentation 

Melting points (mp) were determined on a l\1EL-TEl'v1P II apparatus and are 

uncorrected. Mass spectra of compounds were obtained using LCMS (HP series 11 00) or 

GCMS (HP 5972 series II) . Unless otherwise specified, all 1H- and 13C NMR were 
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recorded on a GE-300 MHz spectrometer or on a Bruker AM-500 Fourier Transform 

spectrometer using CDC13 containing Me4Si as an internal standard. Chemical shifts for 

the 1H NMR spectra are relative to the internal standard at 0.00 ppm. Data were reported 

as follows: chemical shift, multiplicity (s = singlet, d = doublet, dd = doublet of doublets, 

t = triplet, b = broad, h = heptet, m = multiplet), coupling constant (J, Hz), integration and 

assignment (mH-x , where m denotes the number of protons at position x in the molecule). 

1H- and 13C NMR spectra were processed using "Nuts" software. Chemical shifts for 13C 

NMR spectra are relative to the solvent 77.23 ppm for CDC13 . 

Syntheses: 

4-Bromo-6-formyl-2-isopropylphenol (32). 

A solution of bromine (9.74 g, 0.0610 mol) in CCl4 (50 

mL) was added dropwise over 1 h to a solution of 5-formyl-2-

isopropylphenol (10.0 g, 0.0610 mol) in CC14 ( 100 mL) at room 

temperature. The reaction mixture was stirred for 4 h. The 

solvent was evaporated under vacuum to give a product with a 

OH 

Br 

32 

0 

1-l 

clean 1H NMR spectrum (13.7 g, 94%): mp 75-77 °C; 1H NMR (CDC~)) 8 1.25 (d, J = 

7.0 Hz, 6H ), 3.35 (h, 1 H), 7.52 (d, J = 2.0 Hz, 2H), 7.53 (d, J = 2.5 Hz, 2H), 9.83 (s, 2H). 

11.30 (s, 11--I); 13C NMR (CDC~)) 8 22.28, 26.67, 111.63, 121.50, 133.21, 136.66, 140.18, 

158.50, 195 .95 . ; MS (ESMS) m/z 243.2 (M+), calcd for C 1ol-I 11 Br02 243.0. 
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2-[5-Bromo-3-isopropyl-2-hydroxyphenyl]-1,3-dioxane (33). 

In a 50 mL round-bottom flask, a stirred mixture of 32 
OH 

(2.00 g, 8.20 mmol), 1,3-propanediol (1.25 g, 16.0 mmol), sodium 

sulfate (2.00 g) and alumina (pH = 4, 2.00 g) in dry CC14 (10 mL) 

was heated at reflux for 60 h. The reaction mixture was cooled 
Br 

and the product was extracted with dichloromethane (3 x 25 mL), 33 

then filtered. The filtrate was washed with water (2 x 20 mL) then dried over MgS04 and 

filtered. The solvent was evaporated to give a colourless so lid having a clean 1H NMR 

spectrum (2.30 g, 93%): mp 92-94 °C 1H NMR (CDCI3) : o 1.22 (d, J = 6.5 Hz, 6H), 2. 18-

2.3 1 (m, 2H), 3.30 (h, J = 6.5 Hz, !H) 3.98-4.04 (m, 2H), 4.30-4.33 (m, 2 H), 5.59 (s, 1 

H), 7.17 (d, J = 2.5 Hz, I H), 7.27 (d, J = 2.5 Hz, 1H), 7.99 (s, 1H); 13C NMR (CDCb) 8 

22.58, 25.8 1, 26.99, 67.83, 102.60, 111.815, 123.66, 127.92, 130.21 , 139.05, 151.82; MS 

(ESMS) m/z 300.0 (M+), calcd for C13H 17Br03 301.18. 

2-[5-Bromo-3-isopropyl-2-methoxyphenyl]-1,3-dioxane (34). 

A mixture of phenol 33 (1.57 g, 5.23 mmol), anhydrous K 2C03 

(3.60 g, 26.0 mmol) and iodomethane (7.41 g, 52.4 mmol) in dry 

acetone (22 mL) was stirred overnight under reflux. After the 

Br 
reaction mixture was cooled to room temperature, the acetone was 

34 
evaporated under vacuum. The residue was dissolved in 

dichloromethane (20 mL) and fi ltered. The solvent was evaporated under vacuum to give 

34 as a colourless solid (1.45 g, 88%): mp 108-110 °C; 1H NMR (CDCb) 8 1.2 1 (d, J = 

6.9 Hz, 9 H), 2.20-2.29 (m, 2 H), 3.29 (h, J = 6.9 Hz, 1 H), 3.78 (s, 3 H), 3.97-4.02 (m, 2 
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H), 4.23-4.27 (m, 2 H), 5.77 (s, 1H), 7.35 (d, J = 2.5 Hz, 1 H), 7.6 1 (d, J = 2.5 Hz, l H); 

13C NMR (CDCh ) 8 23.85 , 25.894, 26.54, 63.22, 67.72, 97.27, 11 7.95, 128.22, 130.70, 

134. 11 , 144.3 8, 154.03; ESMS (m/z) 316 (M+H), calcd for C 14H 19Br0 3 315.2. 

5-Bromo-3-isopropyl-2-methoxybenzaldehyde (36). 

A mixture of phenol 32 (3 .00 g, 0.0123 mol), anhydrous OMe 0 

K 2C0 3 (8.5 1 g) and iodomethane (17.44 g, 0. 123 mol) in dry H 

acetone (51 mL) was stirred overnight under reflux. Cooling the 
Br 

reaction mixture to room temperature was fo llowed by 
36 

evaporation of acetone under vacuum. The residue was 

dissolved in hexane (50 mL), filtered and then pmified by silica gel column 

chromatography using 5% ethyl acetate:hexane to afford 36 as a colourless liquid (1 .76 g, 

55 .3%): 1H MR (CDCI3) 8 1.25 (d, J = 6.9 Hz, 6H), 3.34 (h, J = 6.9 Hz, 1H) 3.89 (s, 3H), 

7.60 (d, J = 2.5 Hz, 2H), 7.79 (d, J = 2.5 Hz, 2H) 10.29 (s, 2H); 13C NMR (CD b) 8 

23.68, 26.31, 65. 14, 11 6.90, 129.30, 130.51, 136.25, 153.67, 160,06, 189.08; MS (ESMS) 

1,4-Benzenediboronic acid, dipinacol ester (38). 

A dry 250 mL round-bottom flask was 

charged with magnesium turnings (1.22 g), a crystal 

of iodine and dry THF (50 mL). A few drops of a 

solution of 1 ,4-dibromobenzene (6 .00 g 2.55 mmol) 38 

in THF (50 mL) were added under nitrogen atmosphere and the mixtme was heated until 
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the reaction initiated. After the rest of the 1 ,4-dibromobenzene (37) solution was added 

dropwise, the reaction was heated at reflux for 8 h. The reaction mixture was cooled to 

-78 °C and the Grignard reagent was treated by dropwise addition of trimethyl borate 

(15.9 g, 0.153 mol). After warming to room temperature the mixture was stirred 

overnight. The reaction was quenched with aqueous HCl solution (50 rnL, 1.0 M), and 

the mixture was stirred for 30 min. The organic layer was separated and the product wa 

extracted with ethyl ether (2 x 40 rnL) . The organic layer was dried over Mg 0 4 , fi l tered 

and the solvent was evaporated to give 27 ( 1.54 g) as a colourless o lid . The crude 

product wash ated at reflux for 12 h in a 50 mL-round bottom flask w ith pinacol (5.32 g 

0.045 mol) and anhydrous Na2S04 (1.00 g) in 20 mL of toluene . The reaction was cool d 

and dichloromethane (30 mL) was added. The mixture was washed with water (2 x ..., 0 

mL) and the combined separated organic layers was dried over Mg 0 4, filtered and the 

solvent was evaporated. The product was purified by silica gel column chromatography 

using 30% ethyl ether:hexane eluent to afford 38 (2.53 g, 30.0%) as a colomless solid : 

mp 230-232 °C (Lit: 234-236 °C, 22 and 226 °C 23
) ; 

1H NMR (CD b) 8 1.36 (s, 24H), 

13 + 7.82 (s, 4H); C NMR (CDCI3) o 25.08, 84.05 , 134 .09; MS (E MS) rn/z 330.3 (M ) , 

1,4-Bis[4-(5-formyl-3-isopropyl-4-methoxyphenyl)benzene (39). 

A mixture of 38 (0. 14 1 g, 0.904 mmol), 5- H H 

0 0 

bromo-3-isopropyl-2-methoxybenzaldehyde (36) 

(0.420 g, 1 .63 mmol), barium hydroxide 

39 
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monohydrate (1.35 g, 7.20 mmol), 1,2-dimethoxyethane (8.0 mL), H20 (1 mL), and 

Pd(PPh3)4 (0.022 g, 0.018 mmol), was heated at 80 °C for 24 h under nitrogen. The 

resulting mixture was cooled and benzene (25 mL) was added. The mixture was washed 

with water (2 x 20 mL) and the organic layer dried over MgS04 and then filtered. The 

benzene was evaporated under vacuum and the product was crystalLized from 5% ethyl 

acetate:hexane to afford 39 (0.042 g, 12%) as a colourless solid: mp 180-181 °C; 1H 

NMR (CDC13) 8 1.35 (d, J = 6.5 Hz, 6 H), 3.47 (h, 1 H) 3.97 (s, 3 H) 7.80 (s, 4H), 7.81 

(d, J = 2.5 Hz, 2H), 7.98 (d, J = 2.0 Hz, 2H), 10.46 (s, 2H); 13C NMR (CDCb) 8 23.96, 

26.43, 65 .1 0, 125.10, 127.70, 129.64, 131.97, 137.36, 139.39, 143.83, 160.48, 190.5 1; 

MS (APCI) (m/z) 431.2 (M+ +H), calcd for C23H3o04 430.5. 

4-Bromo-2-tert-butylphenol ( 41 ). 

A solution of bromine (2 1.3 g, 0.133 mol) in 50 mL CS2 was 

~ 
Br 

added dropwise over 3 h to a solution of 2-tert-butylphenol 40 (20.0 g, 

0.133 mol) in 100 mL of CS2 kept at -60 °C. The so lvent was evaporated 

41 
and the product was purified by silica gel column chromatography, 

initially by using hexane, then with 20:80 ethyl acetate:hexane eluent. The product was 

dried on a vacuum line for 24 h to give 41 (24.8 g, 80%) : 1H NMR (CDCb) 8 1.40 (s , 

9H), 4.82 (s, 1H), 6.56 (d , J = 9.0 Hz, 1H), 7.18 (dd,J=2.0, 9.0 Hz, lH), 7.36 (d,J= 2.0 

Hz, !H); 13C NMR (CDCb) 8 29.78, 35 .1 8, 113.39, 118.59, 130.01 , 130.60, 139.00, 

153.71 ; MS (APCI) m/z 227.0 [M-H] , calcd for C 10H 13 Br0 228.0. 
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4-Bromo-2-tert-bu tylanisole ( 42). 

A mixture ofphenol41 (12.0 g, 0.0520 mol), anhydrous K2C0 3 (43.0 g) 

and iodomethane (74.0 g, 0.524 mol) in dry acetone (300 mL) was 
Br 

stirred overnight under reflux. The reaction mixture was cooled to 
42 

room temperature and the solvent removed under vacuum. The crude product wa 

dissolved in 50 mL of hexane and filtered. Evaporation of the solv nt under vacuum 

afforded 41 as a colourless solid (12.7 g, 1 00%), mp 31-32 ° (Lit. 24 < 30 ° ); 1H NMR 

(CDC b) 8 1.37 ( 9H), 3.83 (s, 3H), 6.75 (d, J = 9.0 Hz, 1H), 7 .29 (dd, J = 2.5 , 8.5 Hz, 

1 H), 7.37 (d, J = 2.5 Hz 1H); 13C MR ( DCI3) 8 29.94, 35.43, 55.65, 113.32, 11 3.60 

129.9 1, 130.10, 130.19, 141.06, 158.00; M (APCI) m/z 244.1 (M++H), calcd for 

3-tert-Butyl-4-methoxyphenylboronic acid (43). 
0 

A dry round-bottom flask wa charged with magne tum 

turnings (0.979 g, 0.0400 mol), a crystal of iodine and dry THF (I 00 

mL) . A few drops of the solution of 42 (8.50 g, 0.037 mol) inTI-IF (50 

mL) was added und r nitrogen atmosphere and the mixture heated until 43 

the reaction initiat d. Once initiation occurr d, the reaction was maintained at reflux by 

the dropwise addition of the remainder of the solution of 4-bromoani ole. The resulting 

grey solution was heated under reflux for a further 2 h, prior to cooling to -78 °C. To th 

resulting Grignard reagent was then added dropwise, trimethyl borat (8.3 mL, 0.070 mol) 

and the mixture wa allowed to warm to room temperature overnight. The reaction wa 
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r------------------------------------------------ ------

quenched with aqueous of I 0% H CI ( l 0 mL), and the mixture was concentrated under 

vacuum, and partitioned between equal volumes of diethyl ether and aqueous I 0% HCI 

( 150 mL ). The organic phase was dried over MgS04, fil terecl and evaporated, to yie ld a 

lightly-coloured solid which was crystallized from diethyl ether-hexane to give 43 as 

co lo url ess so lid (5.0 g, 69 %): mp 172- 174 °C; I H MR (CDCb) 8 1.48 (s, 9H), 3.94 (s, 

3H). 7.02 (d, J = 8.5 Hz, I H). 8.08 (dd.J = 1.5. 8.0 Hz, I H), 8.2 1 (d, J = 1.5 Hz, lH); 13C 

NMR (CDCI3) 8 30.09, 35 .28, 55.35, 111 .36, 134.54, 135.87, 137.83; MS (APCI) m/::: 

601.3 (JM-1-bO) C33H4sB30 s 60 1.4. 

Suzuki-Miyaura coupling reactions. General procedure: 

A mixture of the respective dibromoaryl compounds 37, 44 or 45 (0.756 g, 3.2 1 

mmol), boronic acid 43 ( 1.46 g, 7.40 mmol), ba rium hydroxide monohydrate (2.42 g, 

0.0128 mol). N.N-cl imethylacetamide (25 mL) and H20 (5 mL) was thoro ughl y degassed 

by a nitrogen stream before the additi on of Pd(PPh3)4 (2.0 mg, 0.00160 mmol). The 

mixture was then heated at 80 °C fo r 48 h under nitrogen. The resultant mixture was 

cooled and dichloromethane (25 mL) added. The organic phase was separated and 

washed with 10% hydrochloric acid (25 mL x 4) and dried over MgS04. The solution or 

the product in the remaining reaction solvent (DMA) was concentrated after evaporating 

of dichloromethane under reduced pressure. The following coupling products were 

obtained: 
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1,4-Bi (3-tert-butyl-4-methoxyphenyl)benzene ( 46). 

The product was crystallized from the 

CH30 
reaction solvent after adding methanol (1 0 mL) to 

give 46 a a colourless solid in 99% yield: mp 

2 18-220 ° ; I H MR (CDC13) 0 1.50 ( ' 18H), 
46 

3.93 (s, 6H), 7.0 1 (d J = 9.0 Hz, 2H), 7 .5 1 (dd, J = 2.0, 8.0 Hz, 2H), 7.62 (d, J = 2.5 Hz, 

2H), 7.62 (s, 4H). ; 
13

C NMR (CDCI3) o 30.00, 35.21 , 55.37, 11 2. 10, 125 .62, 125.81 , 

127.43, 133. 11 138.71, 139.96, 158.36· M (APCI) m/z 403 .3 (M++H), calcd for 

1,3-Bis(3-tert-butyl-4-methoxyphenyl)benzene (47). 

The product crystallized from the r acti on 

so lvent DMA on standing overni ght. The CH30 

colourless crystals w re purified by co lumn 

chromatography and eluted by 5% 
47 

dichloromethane-hexane to give 47 as a colourles solid in 100% yie ld : mp 106- 108 °C; 

1 
H MR ( 60 6) 8 1.69 (s, 18H), 3.36 ( , 6H), 6.82 (d, J = 8.0 Hz, 2H) 7.39 (t , J = 7.5 Hz, 

1 H), 7.48 (dd J = 2.5 , 8.0 Hz, 2H,) 7.60 (dd, J = 2.0, 7.8 Hz, 2H) 7.81 (d, J = 2.5 Hz, 

2H), 8.07 (t, J = 1.8 Hz, 1H); 13C MR ( D 13) 8 30.00, 35.2 1, 55.35, 11 2.08, 125.43 

125.90, 126.0 1, 126.2 1, 129.19, 133 .65, 138 .7 1, 142.28, 158.43 · M (APCI) m/z 403 .1 
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2,7-Bis(3-tert-butyl-4-methoxyphenyl)naphthalene (48). 

The product solution was concentrated and 

the methanol (1 5 mL) was added. The product 48 

crystallized fro m the reaction solvent DMA and 

methanol as a colourless solid in 96 % yield: mp 48 

210-2 12 °C; 1H MR (CDCI3) 8 1.49 (s, 18H), 3.93 (s, 6H) 7.03 (d, J = 8.5 Hz, 2H) 

7.59 (dd, J = 3.0, 8.8 Hz, 2H), 7.70 (d, J = 3.0 Hz, 2H) 7.73 (dd, J = 1.5, 8.5 Hz, 2H), 

7.91 (d, J = 8.5 Hz, 2H), 8.05 (s, 2H); 13C NMR (CDCb) 8 "0.0 1, 35.26, 55.42, 11 2.17, 

125 .42, 125.63, 126.06, 126. 12, 128.19 131.30, 133.35, 134.34, 138.84, 139.44, 158.50; 

MS (AP 1-) m/z [M-H], calcd for C32H360 2 4 52.3. 

1,8-Bis(3-tert-butyl-4-methoxyphenyl)anthracene (52). 

A dry round-bottom flask was charged w ith 
OMe OMe 

magnesium turnings (0.979 g, 0.0400 mol), a crystal of 

iodine and dry THF (60 mL). A few drops of a so lution of 

4-bromoanisole (42) (5.90 g, 24.2 mmol) in THF (30 mL) 

was added under nitrogen atmosphere and the mixture 
52 

was heated until the reaction initiated. Once initiation occurred, the reaction was 

maintained at reflux fo r 2 h by the dropwise addition of the remainder of the solution of 

4-bromoanisole. After cooling to room temperature, the reaction solution was 

concentrated to a vo lume of approximately 65 mL by nitrogen gas blow-down. The 

Grignard reagent solution was then added, dropwise and with stirring over 1 h, to a 

solution of dichloride 51 (2.00 g, 8.07 mmol), nickel(II) acetylacetonate (2 1 mg , 0.084 
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mmol) and Ph3P (43 .0 mg, 0.164 mmol) of in of THF (21 mL). The resulting black 

(colloidal Ni) mixture was heated at reflux for 7 hand after cooling to room temperature 

was then poured aq ueous solution of hydrochloric acid (25 mL, 3.0 M). The crude 

product was extracted by CH2Ch (3 x 30 mL). The combined organic extract was dried 

over MgS04 and filtered. The solvent was evaporated and the product was crystall ized 

from hexane to give 52 (2.29 g, 56%) as a colourless solid. The rest of the product was 

purified by silica gel column chromatography using hexane as the eluent to give an 

add itional amount of 52 (0.57 g, 14% yield) . The combined yield of 52 was 70% yield: 

mp 181-183; °C; 1H NMR 8 1.23 (s, 18H), 3.87 (s, 6H), 6.93 (d, J = 8.0 Hz, 2H) 7.3 1 (d, 

J = 2.5 Hz, 2H), 7.34 (dd, J = 2.3 , 8.3 Hz, 2H), 7.39 (d, J = 6.5 Hz, 2H) 7.52 (d, J = 6.5 

Hz, 1H), 7.53 (d, J = 7.5 Hz, lH), 8.02 (d, J = 8.5 Hz, 2H), 8.55 (s, lH), 8.90 (s, !H); 

13C NMR (CDCl3) 8 29.87, 34.95, 55 .00, 111.50, 124.452, 125.49, 126.09, 126.88, 

128 .17, 128.93 , 130.61, 132.18, 132.54, 137.63 , 141.22, 158.00; MS (APCI) m/z 503.3 

[M+ +H], calcd for C36H3s0 2 502.4. 

General demethylation procedure: 

Boron tribromide (0.5 1 mL, 5.4 mmol) was added dropwise to the solution of anisole , 

46-48 or 52, (2 .5 mmol) in 15 mL of dry dichloromethane under nitrogen in a 50-mL 

round-bottom flask which was cooled in a dry ice-isopropanol bath ( -78 °C). The cooled 

bath was removed and the mixture was stirred for 2 hr, poured into ice water with 10% 

hydrochloric acid, stirred for 0 .5 h, then saturated with salt, and extracted with 

dichloromethane. The extract was drjed (MgS04) and concentrated. The fo llowing 

products were obtained: 
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1,4-Bis(3-tert-butyl-4-hydroxyphenyl)benzene (53). 

The product was purified by silica gel column 
HO OH 

chromatography using 30% ethyl ether-hexane eluent 

to give 53 as a colourless solid in 92% yield: mp 237-
53 

239 °C; 
1H NMR (CDC13) 0 1.48 (s, 18H), 4.85(s, 2H) 

6.76 (d, J = 8.5, 2H), 7.35 (dd, J = 2.5, 8.0 Hz, 2H), 7.55 (d, J = 2.5, 2H) 7.58 (s, 4H); 

13
C NMR (CDCb) 0 29.85 , 34.93, 117.39, 125 .69, 126.30, 127.31 , 133.59, 136.60, 

139.90, 154.00.; MS (APCI) m/z 373 .1 (M-H), calcd for C36I-h80 2 374.2. 

1,3-Bis(3-tert-butyl-4-hydroxyphenyl)benzene (54). 

The product was purified by silica gel column HO 
""-: OH 

chromatography using 6:4 dichloromethane:hexane 

eluent to give 54 as a colourless solid in 94% yield: mp 

146-147 °C; 1H NMR (CDC13) 8 1.48 (s, 18H), 4.82 (s, 
54 

2H), 6.77 (d, J = 8.0 Hz, 2H), 7.35 (dd, J = 2.3, 9.4 Hz, 2H), 7.46-7.48 (m, 3H), 7.55 (d, 

13 J = 2.0 Hz, 2H), 7.69 (s, 1H); C NMR (CDC13) 8 29 .85, 34.93 , 11 7.16, 125.45, 125.8 1, 

125.96, 126.56, 129.19, 134.11 , 136.60, 142. 17, 154.07; MS (APCI) mlz 373 .1 (M-H) 

calcd for c 361-hs02 374.2. 

2,7-Bis(3-tert-butyl-4-hydroxyphenyl)naphthalene (55). 

The product was purified by washing with 

hot hexane to give 55 as a colourless solid in 92% 

yield: mp 2 12-213.5 °C; 1H NMR (CDCb) 8 1.53 

55 
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(s, 18H), 4.84 (s, 2H) 6.80 (d, J = 8.5 Hz, 2H), 7.47 (dd, J = 2.5, 8.0 Hz, 2H), 7.67 (d, J = 

2.5 Hz, 2H), 7.71 (dd, J = 2.3, 9.0 Hz, 2H), 7.91 (d, J = 9.0 Hz, 2H), 8.03 (s, 2H); 13C 

NMR (CDCI3) 8 29.90, 34.98 , 11 7.27, 125.41, 125.61 , 126.13 , 126.63 , 128.22,131.33, 

133.86, 134.315, 136.71 , 139.35 , 154.11 ; MS (APCI-) m/z 423 .3 [M-H] , calcd for 

C3oH3202 424.6. 

1,8-Bis(3-tert-butyl-4-hydroxyphenyl)anthracene (56). 

The product was purified by washing with hot 

hexane to give 56 as a colourless solid in 90% yield: mp 

238.5-239.5 °C; 1H NMR (CDC13) 8 1.30 (s, 18H), 4.79 (s, 

2H) 6.72 (d, J = 8.5 Hz, 2H), 7.23 (dd, J = 2.3 , 7.3 Hz, 2H), 

OH 

7.32 (d, J = 1.0 Hz, 2H), 7.38 (d, J = 6.0, 2H), 7.51 (dd, J = 56 

OH 

6.5 , 6.5 Hz, 2H), 8.01 (d, J = 9.0 Hz, 2H), 8.55 (s, 1H), 8.90 (s, 1H); 13C NMR (CDC b) 8 

29.8 1, 34.71 , 116.82, 124.19, 125.50, 126. 19, 127.00, 127.37, 128.32, 129.41 , 129.48 

130.56, 132.17, 133.02, 135.76, 141.01 , 153.75; MS (APCI-) m/z 473.4 (M-H), calcd for 

c 34H3402 474.6. 

General formylation procedure: 

A dry round-bottom flask was charged with the respective phenolic compound 

(53-56) (58 mmol), dry paraformaldehyde (0.59 g, 19.45 mmol), anhydrous MgCb 

(0 .041g, 6.9 mmol), dry triethylamine (1.47 mL, 10.5 mmol) and dry THF 20.0 mL. The 

reaction mixture was heated at reflux for 22 h under nitrogen and then cooled to room 

temperature. The product was extracted with dichloromethane (50 mL). The organic 
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extract was washed with 2.0 M hydrochloric acid (3 x 50 mL). The organic extract was 

dried over MgS04, filtered and the solvent was evaporated under vacuum. 

1,4-Bis(3-tert-butyl-5-formyl-4-hydroxyphenyl)benzene (57). 

The product was washed with hexane to give H H 
0 0 

57 as a yellow solid in 92% yield: mp 264.5-266 °C; 

1H NMR (CDCl3) 8 1.51 (s, 18H), 7.65 (s, 4H), 7.66 
HO OH 

(d, J = 3.0 Hz, 2H), 7.82 (d, J = 1.5 Hz, 2H), 10.00 (s, 57 

2H), 11.83 (s, 2H); 
13

C NMR (CDC13) 8 29.49, 35.31, 121.05, 127.42, 130.14, 132.05, 

133.23, 139.17, 139.23, 161.00, 197.45; MS (APCI) m/z 429.1 (M-H), calcd for C2sH3o0 4 

430.2. 

1,3-Bis(3-tert-butyl-5-formyl-4-hydroxyphenyl)benzene (58). 

The product was purified by silica gel 

column chromatography and eluted with 6:4 
OI--l 

dichloromethane- hexane to give 58 as a solid in 

90% yie ld : mp 231-233 °C; 1H NMR (CDCl3) 8 1.52 

(s, ISH), 7.54 (m, 3H), 7.66 (d, J = 2.5 Hz, 2H), 
58 

7.69 (s, lH), 7.82 (d, J = 2.0 Hz, 2H), 10.00 (s, 2H), 11,84 (s, 2H); 13C NMR (CDCb) 8 

29.47, 35.30, 121.00, 125.46, 125.91 , 129.74 130.39, 132.65, 133.47, 139.19, 141.26 , 

161.04, 197.41; MS (APCI) m/z 429.1 (M-H), calcd for C23H3o04 430.2. 
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2, 7-Bis(3-tert-butyl-5-formyl-4-hydroxyphenyl)naphthalene (59). 

The product was purified by silica gel column 

chromatography and eluted with 35% diethyl ether­

hexane to give 59 as yellow solid in 90% yield: mp 

190-192 °C; 1H NMR (CDCh) 8 1.53 (s, 18H), 7.73 

(dd, J == 1.8, 9.3 Hz, 2H), 7.76 (d, J == 1.5 Hz, 2H), 

H ..--; 0 

59 

7.95 (d, J == 3.0 Hz, 2H), 7.97 (d, J == 8.0 Hz, 2H), 8.08 (s, 2H), 10.02 (s, 2H), 11 ,85 (s, 

2H); 13C NMR (CDC13) o 29.52, 35.34, 121.08, 125.46, 126.48, 128.65, 130.53, 131.71, 

132.38, 133.47, 134.22, 138.28, 139.19, 161.01 , 197.39; MS (APCI) mlz 479.1 (M-H), 

calcd for C32H320 4 480.2 . 

1,8-Bis(3-tert-butyl-5-formyl-4-hydroxyphenyl)anthracene (60). 

A dry rotmd-bottom flask was charged with 

bisphenol 56 (0 .55 g, 1.58 mmol), paraformaldehyde (0.590 

g, 19.5 mmol), anhydrous MgCb (0.041 g, 6.9 mmo1), dry 

triethylamine ( 1.4 7 mL, 10.5 mmol) and dry acetonitrile 

( 1 1.0 mL). The reaction mixture was heated at reflux for 24 

h under nitrogen and then another portion of dry 

OI-l 

60 R 1 = CHO 

paraformaldehyde (0.590 g, 19.5 mmol) was added. The reaction was heated at reflux for 

OI-l 

a further 48 h, then cooled down to room temperature. The product was extracted with 

dichloromethane (50 mL). The organic extract was washed with hydrochloric acid (2 .0 M , 
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3 x 50 mL). The organic phase was dried over MgS04 and filtered. The solvent was 

removed under vacuum, the crude product was dissolved in CH2Cl2 (5 mL) from which a 

yellow solid precipitated. This precipitation process was repeated three times yielding 60 

(0.308 g, 50% yield): 286-287 °C; 1H NMR (CDCb) 8 1.21 (s, 18H), 7.42 (d, J = 8.5 Hz, 

2H), 7.53 (s, 4H), 7.55 (s, 1H), 7.56 (d, J = 6.5 Hz 1H), 7.57 (d, J = 6.5 Hz 1H), 8.08 (d, 

J = 8.5 Hz, 2H), 8.60 (s, 1H), 9.87 (s, 2H), 11.79 (s, 2H); 13C NMR (CDC13) 8 29.25 , 

34.99, 120.94, 123.06, 125 .62, 126.49, 127.51, 128. 12, 130.48, 131.62, 132.14, 132.55 , 

136.30, 138.22, 139.39, 160.83, 196.94; MS (APCI-) (mlz) 529.2 [M-H], calcd for 

c36H34o4 530.2. 
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Appendix A 

Selected NMR spectra for synthesized compounds 
described in Chapter 1.2 
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Chapter 1.3 Synthesis and characterization of calixsalens 

1.3.1 Macrocyclization methodologies 

Since Hugo Schiff' discovered the condensation reaction of a primary amine with 

a carbonyl group in 1864, this reaction, which has been named in his honour, has been 

widely used in the preparation of a broad variety of azomethines. The acid catalyzed 

Schiff base reaction is efficient, gives high yields of imine products, and its mechanism 

is well-understood (Scheme 1.3-1 ). 

1---·~ + 
RHN 0: H 

\ 
H 

Scheme 1.3-1: General outline for the Schiff base condensation reaction. 

Chiral Schiff bases have been extensively used for the synthesis of chi raJ diimine 

ligands from a variety of aromatic aldehydes. In addition, metal complexes of these 

ligands have been used as efficient catalysts for asymmetric epoxidation, aziridination,2 

nucleophilic epoxide ring opening,3 Michael addition,4 Diels-Alder reactions, 5 

cyanohydration6 and imine formation (Jacobsen-Katsuki catalysts)7 as well as for the 

construction of supramolecular structures.8 In particular, optically-active trans- I ,2-

diaminocyclohexane derivatives and their complexes have been employed as catalysts for 

asymmetric synthetic organic reactions. 9 
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As described in Chapter 1, much effort has been focused on the development of a 

reliable and convenient macrocyclization methodology built on Schiff base chemistry. 

This is due to the fact that Schiff base macrocyclic compounds have important 

applications such as in chemical sensors, catalysts, fluorescent substances and supra-

molecular applications. 10
-
18 

OH HO 

OH HO 

_N N_ 

""I R 

2R-Q 3R-q 
t X = O, S 

Figure 1.3-1: [2+2]-Condensation products of metal-templated Schiff base macro­
cyclization reactions. 

In general, Schiff base macrocyclization reactions take place efficiently between 

dialdehydes or bisaldehydes and dian1ine compounds, under dilute conditions in the 

presence of a Lewis acid template. However, these types of reaction conditions often 

require long reaction times. Hisaeda employed boric acid as the template in a solution of 

1:1 MeOH:CH2Ch to afford the desired calix[2]salens, 2 and 3, in yields of 88% and 

116 



89%, respectively (Figure 1.3-1 ).19 The [2+ 2] sal en crown ether 1 (Figure 1.3-1) was 

synthesized from the corresponding bisaldehyde and 1 ,2-diaminobenzene were heated in 

methanol at reflux in the presence of Ba(CF3S03)2 or Cs(CF3S03) as a template.20 

H~: H 
I \ 

0 H 0 

4 In the presence of one of 
the followmg metal tons 
Nt l+, Cu2+, Zn2+. Pd2+. 

Mn2+ , Fe2+ , Col+, Mg2', -

Cd2~a 1+, K 1+, Rb 1+, La3+ 

or Cs 1+ 

R R 

>--< N NP-
OH HO lj _ ~ or 

N N -

1--< 
R R 

6 

8 

M' = Zn(ll). Pb( ll ). Cd(11) or La(! II ) 

R R 

7 

M = Cu(11). Mn(l l). Fe( II ) and Co(! I ) 

.A R 

R 
...... N/ OH IN 

R 

9 

Scheme 1.3-2 : Templated Schiff base macrocycl ization reactions . 

. 2+ 2+ 2+ 2+ . 2+ F 2+ C 2+ M 2+ The effects of metal templates (e.g N 1 , Cu , Zn , Pb , Mn , e , o , g , 

Na+, K+, Rb+, La3+ and Cs+) on the Schiff base macrocyclization reaction of the chira l 

diamines 5 and the dialdehyde 4 were investigated by Gao et a!. (Scheme 1.3-2)?
1 

Interestingly, Ni2+-templated reactions at 45 °C in MeOH and CH3CN led to the [2+2] 

macrocycles 6 (R = Ph or (CH2)4) in high yie lds (> 90%). Employing, Cu2+, Mn2
+, 

Fe2+ and Co2+ as the template ions, however, afforded the corresponding dimetallic 

complexes, 7, instead, in good yields. In contrast, the mono-metal complexes 8 were 

11 7 



obtained und r Zn2+, Pb2+, Cd2
+ and La3+-templated conditions. Other cations including 

Na +, K+, Rb +, and Cs +, however, did not show meta] templating effects in thi s 

macrocyclization reaction. The [3+3) macrocycles 9 were obtained when exc s 

Ni(Cl04)2 was employed and allowing slow evaporation of the solvent l: I 

MeOH:CH2Ch from the reaction solution. 

H roJ~ 
H HO ~ II 

H H lj ~ 
-

N N-

+ 

IU 

~~0_) 

12 
II 

13 

I~ 

Scheme 1.3-3: [2+ 2 J macrocycle 12, [3+ 3] macrocycle 13 and [4+4] macrocycle 14 
formed under non-templated chiff base m acrocyclization. 

on-tempJated and high-dilution conditions usually g tv lower yields of 

macrocycle than the template-controlled conditions (Schem 1.3-3). For example, th 
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Schiff base macrocyclization reaction of 1,2-bis(2-aminoethoxy)ethane (11) and 

methylenebis(4,4'-methyl-6,6'-salicylaldehyde) (1 0) under high-dilution conditions with 

1:1 MeOH:CH2Cbsolvent furnished a mixture of the [2+2], [3+3] and [4+4] macrocycles 

12, 13 and 14, in 14, 7 and 4% yields, respectively. 22 

I Sa-m 

o, HHOH p 

H~-1 
16 

a: R = H 
b: R = OC2H5 

c: R = OC3H1 
d: R = OC4H9 
e:R =OCsH11 
f: R = OC6H13 

g: R = OC1Hs 

h: R =OC8H11 
i : R = OC 10H21 
j: R = OC 1zHzs 
lc R = OC 141-!29 
1: R = OC 16H33 
m: R = OCH3 

17a-m 

Scheme 1.3-4: Template-free macrocyclization reactions to produce conjugated Schiff 
base macrocycles 17a-m. 

Nabeshima prepared the conjugated [3+ 3] Schiff base macrocycle 17a under 

template-free conditions in 92% yield ( cheme 1.3-4).233 This high yield was achieved 

when lSa and 16 (4 x l0-2 M) were allowed to react in acetonitrile, at room temperature, 

for two weeks. The macrocycle 17a precipitated out directly from the reaction solution. 

However, a lower yield (19%) was obtained and a longer reaction time (one month) was 

required when the reaction was conducted under more dilute conditions (2.5-4.0x 10- 3 M). 

It was rationalized that the driving force of the reaction to produce 17a in high yield was 
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its precipitation from the reaction solution as soon as it was being formed. MacLachlan 

modified the solubility of 17a by functionalizing the phenylenediamine with alkoxy 

groups, to form 17b-m (Scheme 1.3-4).23
b,c The dialkoxyphenylenediamines 15b-m were 

reacted with dialdehyde 16 to form 17b-m in different yields. Those macrocycles having 

the larger alkoxy substituents e.g , 171 and 17k were fo rmed in only 18% and 34% yields, 

respectively, whereas those having the shorter alkoxy groups, e.g 17h and 17f, were 

obtained in much higher yields (87% and 75%, respectively). Furthermore, the reactions 

leading to the formation of the macrocycles having the larger alkoxy substituents were 

slower: for example, the formation of 17f (R = OC6H 13) required 1-3 h to complete, but 

for 171 (R = OC 16H33), more than 12 h was required, and on ly a 34% yield was obtained. 

MacLachlan suggested that the larger alkoxy group-containing phenylenediamine 

reactants required a longer time to aggregate in the reaction so lvent (1: I CHCl3:MeCN), 

and thus are less reactive than their shorter alkoxy group-containing phenylenediamine 

counterparts. 

The same template-free methodology was employed in the macrocyclization 

reactions of bis(salicylaldehydes) 18a-c (Scheme 1.3-5). These macrocycles are flexible 

since there can be free rotation between the phenyl-alkyne bonds as compared with 16 

which has fixed geometry, to form 19a-c in good yields (68 , 62 and 40%, 

. I ) 23d respecttve y . 

120 



lSh,i 

+ 

O~HO -0--<0H O 
~ Q ~ 

H ~ ,1 ~ ,1 H 

18a-c 

'" R = "C,H,7 and/ or Q = 
b: R = "C,ol-12 and/ or Q = 

C: R = "C8H 1 and/ or Q = -=--~>-M-e=-­
MeO 

19a-c 

Scheme 1.3-5: Template-free macrocyclization reactions to produce Schiff base 
macrocycles 19a-c. 

It should be noted that in some cases, the yield of [2+2] macrocycles formed 

under non-templated conditions are relatively higher than those obtained in the examples 

cited previously, in Scheme 1.3-3. For example, the reaction of racemic 3,3'-diformyl-

2,2'-binaphthol (20) and (R,R)-1 ,2-diamino-1 ,2-diphenylethane (21) under high-dilution 

conditions in dichloromethane furnished the optically pure 24-membered macrocycle 22 

in 45% yield from the Schiff base condensation reaction of (S)-3 ,3'-diformyl-2,2'-

binaphthol with 21 (Scheme 1.3-6). The other enantiomer, ((R)-3 ,3'-diformyl-2,2'-

binaphthol), afforded only an enantiomerically-pure polyimine product24 
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Ph Ph 

_0 H2N N I-12 

P)----/-.._Ph 

0(--B( 
N N_ 

OH 21 HO 
OH HO 

+ Olgime1 

CH2CI2 

-o -N N-

P)R--J.__Ph 

(..!:.)-20 22 

Scheme 1.3-6: Schiff base macrocycliztaltion reaction of racemic mixture of 3,3 '­
difo rmyl-2,2'-binaphthol (20) with (R,R)-1 ,2-diamino- 1 ,2-diphenylethan 
(21). 

Macrocyclization of bisaldehydes 23a-g (Scheme 1.3-7) wi th a sen es of chira l 

diamines such as 24 and 25 usmg very short (5 min) microwave irradiation times, 

successfully afforded m ixtures of cali x [n]salens such as 26 in moderate yields. 25 

However, the desi red macrocycle(s) 26 were contaminated with linear oligo- or 

polymeric imines in the reaction mixtures . Furthe rmore, some of th resulting mixtures, 

such as that from the condensation reaction of bisaldehyde 23a with diamine 24a, could 

not be purified . In contrast, the thermal condensation reaction of the bisaldehyde 23h 

with diamine 24a led to a polyimine product.26 As well , under m icrowave irradiatio n 

conditions the reaction of phenyl dialdehydes such as 27a-c with diam ine 25 furnished 

the trimer 28 also in high yields? 5 
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MW, Smin 

24-a: R = (CH2);, X= tam·ate 
b: R = BnOCi-12, X = Cl 

R R 

n 
23 a : Q = C i-12. R' = 1-1 

b: Q ~ CH2• R' = Br 

c: Q = C i-11 . R' = N02 
d: Q = Ci-12. R' = 1-Bu 

n = 0, I and 2 

e: Q = C(CH,h. R' = Br 

f: Q = C(CHJ)J, R' = H 

g: Q = so2. R' = 1-1 

h: Q = C(CH3)J, R' = 1-Bu 

Mo oyy 
1-1 R" 

27a R" = OH 
b R"= OMe 
c R"= H 

+ 
R R MW,Smin 

25 

26 

R R 

>----< 
-r(N~ 

R" <R"R" ~R" 

R--( R" \-R 

)--N~N--\ R ~ /, R 
~ /; 

R' 

28 

Scheme 1.3-7: Schiff base macrocyclization under microwave irradiation conditions. 

McAuliffe employed Mn(Cl04)2 as a template to form the Mn(III)-salen dimer 31 

(Scheme 1.3-8 , discussed earlier in Chapter 2), in situ from the corresponding ligand. 27 

29 

Mn(CI04h 
CH2.ci2:MeOH 

31 

Scheme 1.3-8: McAuliffe's Mn(III)-salen dimer 31 . 
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Li first synthesized novel chiral calix[n]salens (Scheme 1.3-9) using Ba(CI04)r 

templated Schiff base macrocyclization with dialdehydes 32 with 33 under high dilution 

conditions in THF, and in MeOH.28 In addition to the [3+3] and [4+4] macrocycles, the 

[2+2] salen products 34 were obtained as mixtures of different conformers29 It is notable 

that the condensation reactions of bisaldehydes 32a-c afforded product mixtures of the 

[2+2] and [4+4] macrocycles in higher yields than those obtained with the bisaldehyde 

32d which contains tert-buty1 groups. Furthermore, the product mixtures from 32d 

consisted of only small amounts of the [2+2] macrocycle 34d, and mainly of presumed 

polymeric products and the [4+4] macrocycle. This finding was presumed to be a result 

of the steric requirements of 32d, which favored formation of resinous oligomers o r 

polymers over the more highly-strained and thermodynamically less stable macrocyclic 

products. Ligand 34d reacted with a stoichiometric amount ofMn(OAc)3 · 2H20 at room 

temperature to give the corresponding [Mn(III)]2-calix[2]salen complex (compound 117d, 

Figure l.l-30, Section 1.1.4) in 80% yield 29 This complex induced high 

enantioselectivity in the epoxidation of styrene and indene. For example, styrene oxide 

was produced in 97% ee by using m-CPBA as the oxidant at -78 °C and indene oxide was 

obtained in 97% ee in the presence of NaOCl as oxidant at 0 °C. In contrast, trans­

stilbene was epoxidized in very low yield (4 .0%). 

A rationalization for these results is that it is too difficult for bulky olefins such as 

trans-stilbene to fit in the cavity (whose diameter is approximately 7. 7 A) in order to 

approach the active centre. This was an indication that the epoxidation of olefins 

catalyzed by Mn(III)-calixsalen complexes proceeds via an internal host-guest pathway. 

124 



This finding prompted the synthesis of a new generation of calix[2]salens having larger 

cavity dimensions which would be crucial to fully explore the catalytic potential of 

calixsalens such as 34a-e (Scheme 1.3-9) . 

0 

H 

R R 

OH 

0 

H 

32a: Q = CH2, R = H 

b: Q = CH2. R = Me 
c: Q = CH2, R = i-Pr 

d: Q = CH2, R = t-Bu 
e: Q = OCH2CH20 , R = H 

Q 
H2N 33 NH2 

8a(OClt)2 

THF:MeOH 

Q 
-N N-

AOHHO~ 
\;=<~ OH HO ~nl 
~y 

_N N_ 

0 
34a: Q = CH2, R = H 

b: Q = CH2, R = Me 
c: Q = CH2, R = i-Pr 

d: Q = CH2, R= t-Bu 
e: Q = OCH2CH20, R = H 

Scheme 1.3-9: Ba(Cl04) 2-templated Schiff base macrocyclization reactions. 

Calix[n]salens with rigid linker groups are basket -shaped and could also have a 

chiral internal cavity. Increasing the cavity size cm;ld also increase the scope for such 

compounds to act as chiral receptors via host/guest interactions and therefore, besides 

asymmetric catalytic epoxidation, could also potentially improve resolution of some 

chiral guests. In addition, development of a new method for Schiff base macrocyclization 

would be a useful approach in organic synthesis because the Schiff base methodology is a 

common step in many synthetic routes of supramolecular systems. The research aims 
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described in this chapter are: (i) The synthesis and characterization of a new series of 

calix [ n ]sal ens with larger cavities based on rigid phenylene linking groups; and (ii) the 

development of convenient and reliable methodologies for the Schiff base reaction as an 

efficient macrocyclization technique. 

1.3.2 Results and discussion 

1.3.2.1 Schiff base condensation of bisaldehyde 35 

The condensation reaction of 1,4-bis(3-tert-butyl-5-formyl-4-hydroxyphenyl)­

benzene (35) with (S,S)-trans-1,2-diaminocyclohexane (DACH) (33) was accomplished 

under the same conditions that were previously reported by Jablonski's group, using 

Ba(CI0 4)2 as the template (Scheme 1.3-10)28 Solutions of 35 in THF (0.0256 M) and 

diamine 33 in MeOH (0.0256 M) were simultaneously added to the solution of 

Ba(Cl04)2 in (1: 1) THF:MeOH over 24 h. The reaction solution initially changed to a 

yel low-green colour. The 1H N1v1R spectrum of the crude product obtained by 

evaporation of the reaction so lvent, was consistent w ith a mixture of Schiff base products . 

No remaining starting materials were detected, but three sharp Schiff base signals 

appeared at o = 8.38, 8.50 and 8.52 ppm, along with two broad, overlapping phenolic 

signals at 8 = 14.00 and 13 .97 ppm. The aromatic region in the 1H N1v1R spectrum was 

very complicated although a sharp singlet at 8 = 7.60 ppm assigned to the p-disubstituted 

phenyl linking group could be discerned. The MALDI-TOF mass spectrum of the crude 
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Scheme 1.3-10: The Schiff base macrocyclization reaction ofbisaldehyde 35. 



~-----------------------------------------------------------------------------

product showed three peaks which are assigned to the molecular ions of (2+2] 

macrocycle 36, (3+ 3] macrocycle 37 and [ 4+4] macrocycle 38 (Scheme 1.3-10, Figure 

1.3-2). 
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Figure 1.3-2: MALDI-TOF mass spectrum producing mixture from Schiff base reaction 
of 35. 

A great deal of effort was invested in attempting to separate the mixture that 

resulted from the THF:MeOH Schiff base reaction. Attempted separation of the mixture 

- · 3001.0 

by silica gel or alumina column chromatography resulted in the apparent hydrolysis of 

the imines. The desired products also failed to elute, regardless of the solvent sy tern used 

(e.g , ethyl acetate, THF, diethyl ether or dichloromethane), even after neutralizing the 

silica gel by adding triethylamine to the eluent. 
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Figure 1.3-3: (a) 1H NMR (CDC b) spectrum of dimer 36 (b) 13C NMR (CDCh) spectrum of dimer 36. 



The 1H NMR spectra of the fractions collected consistently showed aldehyde 

signals owing to imine hydrolysis. These results suggested that the desired salen 

macrocycles 36 and 37 are likely strained and that only a small amount of energy is 

sufficient to cause ring opening under the slightly acidic environment of silica gel. 

Fortunately, crystallization proved to be a better method for separating the components of 

this mixture. Different binary solvent systems were employed including MeOH:hexane, 

diethyl ether:hexane, CH2Cl2:methanol and THF:acetonitrile. The THF:acetonitrile (1:2 .5) 

system turned out to be the best solvent to use and resulted in precipitation of a product in 

38% yield. This product had 1H- and 13C NMR spectra, which were consistent with 

structures of the salen macrocycl s 36 (Figure 1.3-3). 

The 1H NMR spectrum revealed the Schiff base imine protons as a singlet at 8 = 

8.36 ppm, a broad phenolic peak at 8 = 13.95 ppm (Figure 1.3-3a), a sharp singlet at 8 = 

7.49 ppm corresponding to the four hydrogens of the 1 ,4-phenylene groups, and two 

singlets at 8 = 7.22 and 7.54 ppm, which were assigned to the two hydrogens of the 

salicylaldehyde moiety. In the upfield region, a multiplet appeared at 8 = 1.90 ppm due to 

the hydrogens of the cyclohexyl group and a sharp singlet at 8 = 1.45 ppm corresponding 

l ' to the hydrogens of the four tert-butyl group . The JC MR spectrum (Figure 1.3-3b) 

showed a characteristic signal at 8 = 165.88 ppm for the Schiff base imine-carbons and 

another phenolic carbon at 8 = 160. 13 ppm in addition to eight signals in the aromatic 

region, all of which are consistent with the structur of the desired cyc lic salen-dimer 36. 

Three high-field signal s assigned to the cycloh xyl group were observed at 8 = 24.5 1, 

29.73 and 72.6 1 ppm. The tert-butyl group showed signals at 8 = 29.6 1 and 35.25 ppm. 
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The MALDI-TOF mass spectrum of this product was similar to that of the crude 

mixture (Figure 1.3-2). It showed a strong peak corresponding to dimer 36 and another 

two weaker signals which were related to trimer 37 and tetramer 38. Monitoring this 

product by 1 H MR spectrometry showed that it was not stable in CDCl) solution. Over a 

one-week period, three new Schiff base related s ignals were observed at 6 = 7.91 , 8.24 

and 8.35 ppm. In addition, the 1H MR spectrum in the aromatic region was more 

complex. Since the spectrum did not show a signal corresponding to an aldehyde group , 

the changes observed were presumed to be due to the presence of one, or more, different 

conformers, or interconversion between the dimer , trimer and tetramer macrocycles. 

1.3.2.2 Schiff base condensation of meta-bisaldehyde 40 

1.3.2.2.1 Schiff base macrocyclization of 40 in methanoi:THF 

The Ba2
+ -templated conditions used previously for the Schiff base 

macrocyclization of bisaldehyde 35 and (S,S)-DACH 33 in THF :methanol was employed 

for the reaction of 40 and 39 (Scheme 1.3-11 ). The 1H NMR spectrum of the crude 

product mixture showed mainly three Schiff base singlet signals at 6 = 8.37, 8.40 and 

8.30 ppm, along with two lower intensity singlets at - 6 = 8.38 ppm and 6 = 8.39 ppm. 

o starting materials were detected in the spectrum of the crude product. The M LDI­

TOF mass spectrum for this mixture was similar to that of the product mixture from the 

macrocyclization reaction of bisaldehyde 35 (Figm e 1.3-2). There were three peaks at 

m/z 10 18.7, 1528.3 and 2036.9 which are consistent with the calculated rna es for th 

dimer 41 , trimer 42 and tetramer 43, respectively. 
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Scheme 1.3-11: Schiff base macrocyclization reaction of bisaldehyde 40. 
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Purification of the crude product mixture usmg silica gel flash column 

chromatography and several different eluents, fai led to separate the mixture. Most of the 

products appeared to have undergone hydrolysis on the silica g I. With dichloromethane, 

a fraction, whose mass amounted to 52% of the total mass of the crude product, was 

eluted. Its 1H MR spectrum was similar to that of the crude product, and its MALDI­

TOF mass spectrum showed the presence of compounds 41-43 . A second fraction was 

eluted with 10% methanol in dichloromethane, however, its 1 H MR spectrum showed 

many signals which were due to imine group-containing oligomeric or polymeric 

products, with 41 being only a minor component. 

ince sil ica gel chromatography failed to separate the components of the mixture 

obtained, attempts to purify the crude product by crystallization were conduced but were 

also unsuccessful. An acetone-insoluble solid, whose mass was approximately 23% of the 

mass of the total crude product, was separated by filtration . Its 1H NMR spectrum 

revealed broad and poorly-resolved signals, and only a very weak 13C MR spectrum. 

The MALDI-TOF mass spectrum also did not show any significant features , except for a 

very weak signal corresponding to presun1ably a small amount of 41. All of these results 

sugge ted that the acetone-insoluble product was most likely a mixture of oligomeric 

and/or polymeric imines. The THF:methanol macrocyclization protocol, apparently 

facilitated the formation of oligo-, or, polyimines. Therefore, in order to reduc 

polymerization and to produce the target dimer 41 in better yields, other solvent systems 

were evaluated. 
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1.3.2.2.2 Schiff base macrocyclization of 40 in methanol 

The reaction to form the Schiff base by the slow addition of dilute solutions of 40 

and (R,R)-DACH 39 in methanol, at room temperature, in the presence of barium 

perchlorate, furnished a crude mixture whose 1H NMR spectrum did not show any 

starting materials remaining. Furthermore, the 13C NMR spectrum of this product showed 

very weak signals, even when the sample was relatively concentrated (28 rng/mL) . 

Attempts to dissolve the crude product in acetone left an insoluble material which 

constituted - 42% of the total product, and whose 1H NMR and 13C NMR spectra were 

poorly-resolved and weak, respectively. Also, its MALDI-TOF mass spectrum did not 

show any evidence of either macrocycles 41-43. This suggests that the acetone-insoluble 

product was again probably a mixture of oligo- or polyimines. The remaining crude 

product was purified on silica gel TLC, using 15% ethyl acetate in hexane as the eluent. 

Four bands were extracted. Isolation of the most mobile band afforded a yellow solid, in 

- 10% yield, which was assigned as trimer 42. Its MALDI-TOF mass spectrum. revea led 

a very strong peak at m/z 1527.2 corresponding to 42, in addition to two smaller peaks 

related to 41 and 43 at m/z 1018.6 and 2035.8, respectively (Figure 1.3-4). The 
1
H NMR 

spectrum in benzene-d6 revealed one major Schiff base peak at 8 = 7. 9 5 ppm (Figure 1 . 3-

Sa), and its 13C NMR spectrum contained a Schiff base peak at o = 165 .71 ppm, in 

addition to ten signals in the aromatic region and three signals at o = 72.60, 33 .24 and 

24.45 ppm assigned to the cyclohexane ring (Figure 1.3-Sb ) . The 1H NMR spectra of the 

extracted compounds from the other three bands, indicated that these compounds were 
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resulting from hydrolysis on the silica gel. Thus, 42 appears to resist hydrolysis on silica 

gel better than 41 . 

1527.1806 

529.2125 

1019.6197 

017 .6 165 
1531 .1760 

1700.2 

2035.7733 
!2037 .7768 

174~·5353 , ,1 Bp9.3 864 J.... 21 4 8 .4 1 

2 100.6 

Figure 1.3-4: MALDI-TOF mass spectrum of the cyclized imine isolated by silica gel 
TLC. 

In conclusion, using methanol as the solvent in the Schiff base reaction o f 

bisaldehyde 40 afforded a product mixture of cyclized imines and a large quantity of 

oligo- or polyimines. This methodology, therefore, was not suitable to optimally produce 

the targeted cyclized Schiff base imines. 
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Figure 1.3-5: (a) 1H Nrv1R (C6D6) spectrum of 42 isolated by sil ica gel TLC; (b) 13C NMR (CDCb) spectrum of 42. 



1.3.2.2.3 Schiff base macrocyclization of 40 in THF 

As discussed in Sections 1.3 .2.2.1 and 1.3.2.2.2, the use of methanol alone, or 

with THF, enhanced the formation of polyimines in the Schiff base reaction. Figure I .3-

6 shows two possible conformations of the bisaldehyde 40. As determined by molecular 

mechanics modeling (MMM),30 the anti-bisaldehyde 40a is approximately only 1.5 

kJ/mol lower in energy than the syn-bisaldehyde conformer 40b. This MMM calculated 

energy difference alone is insufficient to account for the preferential formation of 

polyimines from 40a, in the case of methanol or methanol/THF solvent. Nor is it 

sufficient to account for the preferential formation of macrocycles from 40b in the polar 

aprotic so lvents THF, acetonitrile or dichloromethane. Additional discussion on the effect 

of so lvent upon the macrocyclization reaction will be presented in Section 1.3.2.2.3. 

0 
MeOH 

H 

40a 
40b 

Figu re 1.3-6: Syn and anti conformations of bisaldehyde 40. 

The use of THF alone as the solvent in the Schiff base reaction of 40, under the 

same conditions that were used in the THF:methanol procedure, provided a different 

product mixture. The 1H NMR spectrum (Figure 1.3-?a) of the crude product showed a 

peak at 8 = 8.54 ppm corresponding to a major product. However, the addition of sodium 
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carbonate to the reaction of 40 with (R,R)-DACH 39 afforded an imin mixture whose 1H 

NMR spectrum (Figure 1.3-7b) revealed a major chiffbase peak at 8 = 8.30 ppm whic h 

could be as igned to dimer 41. In the presence of, and in the ab ence of sodium 

carbonate, the chiff base reactions occutT d efficiently, and no remaining tarting 

materials were detected. However, the reactions carried out in th pre ence of the drying 

agent were slower; and required 7 days for completion, whereas only 24 hours were 

required for the reaction without any drying agent present. The 13 MR spectra of the 

crude product showed a major Schiff ba e peak at 8 = 165.55 ppm in both cases. 

~ ~ ! ~ 

I I I I Ill I\ 
(a) (b) 

" 

Figure 1.3-7: 1 H NMR chiff base signal for the crude product from the reaction of 40 
in THF solvent: (a) a2C03-free-reaction; (b) in the pre ence of a2 0 3. 

The MALDI-TOF mass spectra of the crude product obtained from both 

conditions wer imilar (Figure 1.3-8). The strongest peak which app ared at mlz 1018. 

corresponds to dimer 41 . A weaker peal at mlz 1526.7 is ass igned to trimer 42 and th 

weakest peak a t mlz 2036.0 is assigned to tetramer 43. 
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Figure 1.3-8: The MALDI-TOF mass spectrum product of Schiff base reaction of 40 
THF solvent. 

Attempts to purify the two mixtures from the Schiff base reactions in THF failed 

to give pure cyclized imine. However, using THF diminished the amount of acetone-

insoluble polyimine byproduct to 14%. Silica gel TLC purification of the crude product 

from the sodium carbonate reaction conditions afforded four distinct bands. The second 

mobile band, had spectroscopic properties consistent with dimer 41: a base peak at 8 = 

8.25 ppm and MALDI-TOF mass spectrum peaks at mlz 10 18.4 and 896.3 in 2.3% yield . 

The other mobile bands comprised only 2.3% of the crude reaction product, and all this 

material appeared to have been hydrolyzed on the silica gel. 

In summary, using THF as the solvent for the Schiff base reaction of bisaldehyde 

40 with (R,R)-DACH 39 diminished the polymerization process and afforded more of the 

cyclized imines 41-43, as a mixture, with 41 as the major product. However, thes 

mixtures of cyclized imine were inseparable and appeared to be easily hydrolyzed on 

si lica gel. As well , the Schiff base reactions were sensitive the presence of any moisture 

in the THF. 
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1.3.2.2.4 Schiff base macrocyclization of 40 in dichloromethane 

In the preceding sections, it was described that the use of an aprotic solvent such 

as dichloromethane for the Schiff base macrocyclization reaction of 40 with (R,R)-DACH 

39 red uced the ex tent of product hydro lys is. Using di chloromethane as the solvent, the 

reaction was not complicated by the formation of o ligo- or pol yimine by-products and 

afforded a clean mixture of cyclized Schiff base imines 41-43 from which pure 41 could 

be isolated. The acetone-so luble crude product mixtures gave sharp 1 l--1 NMR signals and 

produced strong 13C NMR spectra, even in low concentration conditions indicating that 

little, or no, ol igo- or polymers had been produced. 

The Schiff base reactions in methanol and methanol:THF were much fas ter than 

when dichlormethane was used as a solvent. A proposed abbreviated pathway for the 

reaction is conj ectured and is shown in Scheme 1.3- 12. The Schiff base reactions 

between the bisaldehyde 40a in two steps with and two molecules of d iamine 39 forms 

the diamino product, anti-44 . This precursor could react at e ither amine termina l with the 

bisaldehyde molecules to form for example, the linear oligomer 46. However, rotatio n 

about the C 1-C2 bond would form syn-44 which would lead to the desired macrocyc le 

41 via a subsequent reaction with a molecule of 40b via two distinct Schiff ba e 

condensation steps. On the other hand, a polyimine product is produced from 

intermediate anti-44 if the C 1-C2 bond rotation to form syn-44 is slower, or is prevented. 
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Scheme 1.3-12: Proposed polymerization and cyclization process in the Schiff base 
reaction of 40. 
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In dichloromethane, Schiff base reactions ire slower, requiring a period of 3 to 8 

days at room temperature for all of the starting materials to be consumed. ( cheme 1.3-

12). Under these conditions, dimer 41 could be formed via reaction of an intermediate 

syn-44 with 40b, and/or via reaction of intermediate such as syn-45 with 40b. The 

stereochemistry in both compounds syn-44 and 45 can be favored to some ext nt, by 

intramolecular hydrogen bonding?3 In contrast when methanol is employed as th 

solvent for this reaction, intramolecular hydrogen bonding is possibly diminished 

weakened as a result of the stronger inte rmolecular hydrogen bonding possible between 

the methanol molecules and 44. It is postulated that intermediate anti-44 , which is the 

precursor for the formation of non-cyclic oligomers, becomes the predominant one ov r 

the syn-44 conformer. 

The 1H NMR spectrum in CDCb, of the crude product mixture showed that the 

aldehydic hydrogen signal at 8 = 10.00 ppm had disappeared and was replaced with a 

major chiff base signal at 8 = 8. 30 ppm, and other, minor signals, at 8 = 8.39 ppm and 8 

I ' = 8.60 ppm. The -'C MR spectrum had one Schiff base peak at 8 = 165.55 ppm. The 

MALDJ-TOF mass spectrum showed three characteristic peaks corresponding to the 

respective molecular masses of macrocycles 41 -43. 

Variable-temperature 1H MR spectra recorded at 25, 30, 35, 50 and 80 °C 

showed no changes in either signa l shapes or chemical shifts. Also a low-temperature 1H 

NMR spectrum recorded at -50 °C showed no changes in either the positions, or the 

intensities of the signal . This implies the presence of a mixture of different compounds, 
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or atropisomers whose rotational motions were limited due to the steric interactions 

between the tert-butyl groups. 

When the crude product was re-dissolved in dichloromethane, the initial 

homogenous solution slowly became turbid upon standing. Filtration furnished a yellow 

solid whose M LDI-TOF mass spectrum showed only major peak, at rnlz 1018 .6 

consistent with the molecular mass for the dimer 41 (Figure 1.3-9). Dimer 4 1 was 

isolated with a total yield of 30% from the filtrate by repeat d crystallizations from 

dichloromethane . 

.. _., .. ,._ .. 
•M.O 

Figure 1.3-9: MALDI-TOF mass spectrum of the dimer 41. 

- · "'" 

The 1H MR spectrum (benzene-d6) of this yellow solid showed it to be dimer 41 

(Figure 1.3- 1 0), as characterized by a harp Schiff base singlet peak at 8 = 7.81 
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Figure 1.3-10: The 1H NMR spectrum of dimer 41 in c 6 D6. 
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ppm (8.30 ppm in DCl3) and a broad phenolic singlet at 8 = 14.56 ppm. The linking 

phenylene group protons at C-2,2', C-4,4' and C-5,5' appeared as a doublet, a doublet of 

doublets and a triplet at 8 = 7.59 ppm (meta, J = 2.5 Hz), 7.41 ppm (meta, J = 2.5 Hz and 

ortho, J = 8.0 Hz) and 7.31 ppm (ortho , J = 8.0 Hz), re pectively. Also, the 

12,12', 12",12"' hydrogens appeared as a singlet signal at higher field , at 8 = 7 .06 ppm, 

while the -8,8',8",8'" hydrogens appeared as a singlet at 8 = 7. 16 ppm (which is buried 

under the benzene-d6 signal). Three characteri tic signals were ob erved for the cycle­

hexane ring at 8 = 71.09, 32.33 and 23 .87 ppm and two signal at 8 = 35 .18 and 29.62 

ppm corresponding to the lert-butyl group, confirmed the structure a signment for 41 . 

The 
13 

NMR spectrum in CDC13 showed one Schiff base peak at 8 = 165.55 ppm, 

one phenolic signal at 8 = 160.28 ppm and nine (plus one overlapped) signals in the 

aromatic region, due to four nonequivalent carbon atoms of the phenyl linking groups and 

the six non-equival nt sal en unit carbon atoms (Figure 1.3-11 ). Five high-field signal 

were observed : two were assigned for the lert-butyl groups at 8 = 29.62 and 35.18 ppm, 

and three forth cyclohexyl rings at 23 .87, 32.33 and 7 1.09 ppm. The 11-1 NMR and 13 

NMR spectra confirm that 41 has C2 ymmetry . This compound, a "calix[2] alen", 41 

gave an accurate mas measurement (mlz = 10 16.6229) for th tructural formula 

C6sHso0 4 (require mlz = 1016.6180). 

All effort to produce an X-ray viable single crystal for calix[2] alen 41 failed . 

Therefore, a mo lecular mechanics modeling (MMM) calculation study using the 

MMFF94 force field , was conducted on optimized conformation of 41. These wer 

based on conformations defined by the relative po itions of the tert-butyl ubstituent 
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groups,
30 

and are analogous to those major conformations which are u ually defined in 

calixarene conformational analys is, as namely cone, partial cone, 1,2-alternate and 1,3-

alternate and saddle (or boat) conformations. 

The calculations suggested that the most stable conformer (Figure 1.3-12a) is the 

saddle/boat, the free energy of which is 276.2 kcal/mol. The partial-pinched-cone 

conformer (Figure 1.3- 12b) is less stable by 1.3 kcal/mol. In this conformer, one of the 

tert-butyl groups lies the in the opposite direction to the others. Th cone conformer 

(Figure l."'-12c) has higher energy (278.2 kcal/mol) than either th addle/boat or th 

partial-pinched- one conformers and has a stru ture in which al l of the tert-butyl group 

are syn. In the 1 ,3-alternate conformer (305.9 kcal/mol) (Figure 1.3-1 2d), each of the 

proximal pairs of tert-butyl groups are anti to each other. In the l ,2-alternate conform r 

(Figure 1.3- 12e), which has highest fre energy (3 15.4 kcallmol), two of the tert-butyl 

groups linked via the same salen units are syn to each other, but are anti to the other pair 

of tert-butyl groups. The 
1
H MR sp ctrum of 41 is consistent with the anticipat d 

spectra for the cone or saddle/boat conformations, however it hould be borne in mind 

that the MMM calculations are for ga pha e, isolated structures whereas the NMR 

spectra are in solution and are subject to int rmolecular interaction and solvation effl cts. 

The MMM calculations reveal that cone-41 conformer po s a well-defin d 

cavity whose widths are approximately 12.4 A between the distal imine hydrogens of th 

salen units, and 6.3 A between the phenyl linking groups. 
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ex: 

Structure of the boat conformer of 41. 

Stereo view of the boat conformer of 41 showing 

tert-butyl groups below the plane. 

Stereoview of the side-view of boat conformer of 41. 

E = 276.2 kcal/mol 

Figure 1.3-12a: Structure and free energy of the MMM-generated boat conformer of 41. 
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Structure of the partial-pinched-cone conformer of 41 

Stereoview of the partial-pinched-cone conformer of 41 showing 

tert-buty1 groups below the plane 

Stereoview of the side- view of the partial-pinched-cone conformer of 41. 

E = 277.5 kcal/mol 

Figure 1.3-12b: Structure and free energy of the MMM-generated partial-pinched-cone 
conformer of 41. 
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Structure of the cone conformer of 41. 

Stereo view of the cone conformer of 41 showing 

tert-butyi groups below the plane. 

Stereoview of the side-view of the cone conformer of 41. 

E = 278.2 kcal/mol 

Figure 1.3-12c: Structure and free energy of the MMM-generated cone conformer of 41. 
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Structure of the 1 ,3-alternate conformer of 41 

Stereoview of the 1,3-alternate conformer of 41 showing 

tert-butyl groups below the plane 

Stereo view of the side-view of the 1 ,3-alternate conformer of 41. 

E = 305.9 kcal/mol 

Figure 1.3-12d: Structure and free energy of the MMM-generated 1,3-alternate 
conformer of 41. 
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Structure of the 1 ,2-alternate conformer of 41 

Stereoview of the 1,2-alternate conformer of 41 showing 

tert-butyi groups below the plane 

Stereoview of the side-view of 1,2-alternate conformer of 41 

E = 315.4 kcal/mol 

Figure 1.3-12e: Structure and free energy of the MMM-generated 1,2-alternate 
conformer of 41. 
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Table 1.3-1: Effect of concentration on the yields of 41. 

Entry Concentration of 40 in yield % 
CH2Ch (g/L) dimer 41 

1 0.944 -

2 0.475 30% 

" 0.218 70% .) 

As shown in Table 1.3-1, dilution of the reaction solution clearly affected the 

yield of the dichloromethane-insoluble dimer 41 isomer. At higher concentration (0 .944 

g/L), 41 could not be isolated. However, when the reaction was run under more dilute 

conditions (0.218 g/L), the MALDI-TOF mass spectrum of the isolated crude product 

showed a single peak at mlz 1018.8 and pure 41 could be isolated in 70% yield. 

The Schiff base reactions leading to 41 were found to also be sensitive to th 

method of purification of the dichloromethane used as the reaction solvent. different 

crude product was obtained from solvent which had only been distilled over calcium 

hydride before use, than that afforded with dichloromethane which had first been dried 

more rigorously over P20 5, and then distilled over CaH2. In the former case, the 1H NMR 

spectrum of the crude product, contained a major Schiff base peak at 8 = 8.53 ppm. lt 

13C NMR spectrum showed a single Schiff base signal at 8 = 165.51 ppm and the 

MALDI-TOF mass spectrum showed a strong dimer 41 ion peak, and two smaller peak 

corresponding to the trimer 42 and 43. 
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Figure 1.3-13: 1H NMR spectra showing the Schiff base reaction of 40 in 
dichloromethane solvent at ambient temperature after: (a) 5 d; (b) 4 d; 
(c) 2 d; (d) 1 h. 
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The reaction of 40 with diamine 39 in dichloromethane which had been dried over 

P20 5 and then distilled over CaH2 was monitored by 1H NMR spectroscopy (Figure 1.3-

13). In the first hour, the reaction rapidly formed imine product having a Schiff base 

proton signal at o = 8.53 ppm, assigned to a kinetically-favored isomer of 41 which 

initially formed, then became slower after the first day . It is presumed that this was as 

result of water being produced during the reaction. After two days, 41 began to form, as 

evidenced by its characteristic Schiff base proton signal at o = 8.30 ppm, presumably of 

the thermodynamically more stable isomer of 41 , while the intensity of the o = 8.53 ppm 

signal decreased. After 5 days, 41 became the major product. 

1.3.2.3 Schiff base condensation of bisaldehyde 47 

The 2,7-naphthylene-bridged bisaldehyde 47 has the sam e basic structural 

features as 40 and as a result, the same conditions that successfully gave the desired 

macrocyclic 41 were employed. (R,R)-DACH 39 was stirred with bisaldehyde 47 in 

dichloromethane (dried over P20 s then distilled over CaH2) solution under high-dilution 

(250.0 mg/L) conditions (Scheme 1.3-13). The reaction required 30 days to completely 

consume the starting material 47. The 1H NMR spectrum (in CDC~)) of the crude 

product mixture showed that the aldehydic proton signal at o = I 0.00 ppm had 

disappeared and was replaced with Schiff base signals at o = 8.15 ppm (major product) 

and 8 = 8.422 and 8.420 ppm (minor products). 
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The MALDI-TOF mass spectrum of the crude product showed one peak which 

could be assigned to the target dimer 48, at mlz 111 6.6 (calculated: 1116.6 g/mol). After 

standing overnight, pure 48 precipitated out as a yellow solid, in 30% yield, from a 

concentrated solution of dry CHCb (dried over Na2C03) . 

0 
r 
H 

H2N NH2 

39 

CH2CI2 
0 
r 
H 

OH 

47 48 

Scheme 1.3-13: Macrocyclization reaction ofbisaldehyde 47. 

The 1H NMR spectrum of 48 (Figure 1.3-1 4) in CD2Ch showed a single sharp 

Schiff base singlet at 8 = 8. 18 ppm and another at 8 = 1.59 ppm for the tert-butyl groups . 

The signals due to the phenolic protons were at 8 = 14.27 ppm. The hydrogens of the 

naphthalene linking group appeared as three signals: a doublet of doublets at 8 = 7.47 

ppm coupled to the ortho- and meta-hydrogens (J = 8.0 and 1.5 Hz, respectively); a 

doublet at 8 = 7.75 ppm coupled to an ortho-hydrogen (J = 8.0 Hz), and a do ublet at 8 = 

7.61ppm (meta, J = 1.5 Hz). The hydrogens of the phenyl groups showed as doublets at 

8 = 7.07 and 7.6 1 ppm (meta, J = 2.0 Hz). The 13C NMR spectrum in CD2Clz (Figure 

1.3-1 5) showed a characteristic Schiff base signal at 8 = 167.26 ppm, a phenolic carbon 
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signal at 8 = 160.82 ppm, and twelve additional signals due to aromatic carbon atom : 

six are assigned to the phenyl groups and the remaining signals to the six nonequivalent 

carbon atoms of the 2,7-naphthylene group. The MALDI-TOF mass spectrum confirmed 

structure 48 by showing a peak at mlz 1116.7 consistent with a (2+2) dimer. 

Attempts to produce an X-ray-viable single crystal for 48 failed. However, 

MMM30 studi s were undertaken, similar to what was conducted on 41 , using the 

MMFF94 force field. It was suggested that calix[2)salen 48 can also adopt 

conformational similar to 41 ,30 a in Figures 1.3-16a-d e.g. partial-pinched-cone 

(Figure 1.3-16d), 1,3-alternate (Figur 1.3-16c), cone (Figure 1.3-16a), and 1,2-alternat 

(Figure 1.3-16b). The partial-pinched-cone was found to be the mo t table conformer, 

and the 1 ,2-allernate the least stable. Th 1 H NMR spectrum of 48 was not consistent 

with a static partial-pinched-cone or 1 ,3-alternate structure, but rath r with both the cone 

(Figure 1.3-16a) and 1,2-alternate (Figure 1.3-16b) conformer , or, a flexible structur 

that populates all accessible conformers rapidly on the MR time scale. The cone 

conformer is calcu lated to be more stable than the 1,2-alternate i omer by 3.8 kcal/mol. 

MMM of the cone-48 conformer, however, ugg sted that it has a clearly defined cavity 

with a maximum width of approximately 15 between the two alen units and 7 

between the two I 8-naphthylene groups. It i therefore a good candidate to act as a 

receptor for many hydrocarbons, aromatics or molecules with hydrogen bonding 

capabilities. 
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Structure of the cone conformer of 48. 

Stereo view of the cone conformer of 48 showing 

tert-butyl groups below the plane. 

Stereoview of the side-view of the cone conformer of 48. 

E =326.8 kcal/mol 

Figure 1.3-16a: Structure and free energy of the MMM-generated cone conformer of 48. 
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Structure of the 1 ,2-alternate conformer of 48 

Stereoview of the 1 ,2-alternate conformer of 48 showing 

tert-buty1 groups below the plane 

Stereoview of the side-view of the 1,2-alternate conformer of 48 

E = 330.6 kcal/mol 

Figure 1.3-16b: Structure and free energy of the MMM-generated 1,2-alternate 
conformer of 48. 
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Structure of the 1 ,3-alternate conformer of 48 

Stereoview of the 1,3-alternate conformer of 48 showing 

tert-butyl groups below the plane 

Stereo view of the side-view of the 1 ,3-alternate conformer of 48. 

E =326.0 kcal/mol 

Figure 1.3-16c: Structure and free energy of the MMM-generated 1,3-alternate 
conformer of 48. 
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Structure of the partial-pinched-cone conformer of 48. 

Stereoview of the partial-pinched-cone conformer of 48 showing 

tert-butyi groups below the plane. 

Stereoview of the side-view of the partial-pinched-cone conformer of 48. 

E = 320.0 kcal/mol 

Figure 1.3-16d: Structure and free energy of the MMM-generated partial-pinched-cone 
conformer of 48. 
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1.3.2.4 Schiff base condensation of bisaldehyde 49 

R 

49 

+ 

50 

Mn(CI04)2 

CH2CI2:MeOH 

R = t -Bu, R1 = CHO 

51 

Scheme 1.3-14: Mn(II) template-assisted construction of the macrocyclic complex 51 . 

The same methodology used u c ssfully to prepare macrocycles 41 and 48 wa 

also employed for the chiff base macrocyclization reaction with the anthracene-ba d 

bisaldehyde linking group. Bisaldehyd 49 was stirred with (R,R)-DACH 39 111 

dichloromethane (dried over P20 5 then distilled over Cal-h) at room temperature, und r 

high-dilution conditions, over a 30 day period. The 1H MR sp ctrwn of the crude 

product mixture showed mainly chiff base-related broad signal at 8 - 8.60 ppm. Th 

MALDI-TOF rna s spectrum of the crude product showed a very weak peak at m/z 

1217.8, which was assigned to the target dimer, 51. This weak mass spectrum and the 

broad 1 H MR ignal are indicative of ext n ive polyimine formation. 

The methodology, therefore, was hang d in an attempt to ynthe ize the Mn(IIl) 

complex 51 directly, using a McAulifD 's Mn(II) template-assist d approach (Scheme 
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1.3-14).27 Bisaldehyde 49 was stirred for one week, in 1:1 dichloromethane:methanol 

solution, with (1R,2R)-trans-cyclohexanediammonium tartrate (50), in the presence of 

Mn(Cl04) 2 . A dichloromethane-soluble brown solid was isolated and was purified on a 

short si lica gel column, using 5% methanol :dichloromethane as the eluent. 

100 

90 

80 

70 -

> 60 
.t: 

"' c: 
~ so 

~ 40 

30 

20 1 

I 550 6476 

Voyager Spec #1=>NR(2.00)[BP = 1357.0, 48266] 

1357 0270 

1359 9369 

l 

II 1383 1316 

4.8E+4 

10 ~ J 
o>\- ,L •· 
499.0 899.4 

-- ·- ~1~3~1.07 -=--=-=--
1299.8 1700.2 

--~ 

2100.6 
0 

2501 .0 

Mass (m/z) 

Figure 1.3-17: The MALDI-TOF M ofMn(II) complex 51 . 

The MALDI-TOF mass spectrum of the product isolated from this mixture showed a 

very strong peak at m/z 1357.0 which wa a signed to the target complex 51 (Figure 1.3-

17). The Mn(II) was presumably oxidized in situ by perchlorate to form the Mn(IIT) . 27 

Structure 51 was assumed, by analogy, with McAuliffe's complex, 31 ( cheme 1.3-8). 

In the absence of a crystal structure, a MMM study was also carried out on 51 to 

determine its lowest energy conformations. The results suggested that this 34-membered 

macrocycle has a yn disposition of the two salen units and a well-defined rectangular-

shaped cavity with a width of around 11 .3 A between the distal intrannular carbon atoms 
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of two 1 ,8-anthracylene groups, and 9.2 A between the two manganese ions (Figure 1.3-

18). 

(a) 

(b) 

Figure 1.3-18: (a) Computer-generated model30 of complex 51 showing the relative 
orientation of the M(III)-OH bonds, each of which are above the planes 
of there respective cyclohexyl groups; (b) The chemical structure of 51. 

A similar Ni-templated protocol was then used in an attempt to synthesize the Ni(II) 

complex analogue but unfortunately, Ni(Cl04)z failed to give any of the desired complex. 

The same methodology was employed with each of bisaldehydes 35, 40 or 47 in the 

presence of either Mn(Cl04)z or Ni(Cl04) 2, but again, none of the target respective 

bimetallic complexes 54a1 and 54b1; 54a2 and 54b2; or 54a3 and 54b3 were not 
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Brown solids were obtained with Mn(Cl04) 2, but neither MALDI-TOF nor APCI MS-

spectra afforded any significant mass data, thus indicating that only polymeric mixtures 

were produced from these reactions . With Ni(Cl04)2, only unreacted starting materials 

were recovered. 

36: Q = I ,4-phenylene 
41 : Q = I ,3 -phenylene 
48: Q = 2,7-naphthylene 

2.0 eq M(OAc)n 

50% Benzene, or CH2CI2 

inMeOH 

H,N ..... . 

54 

52 53 

R = tert-Butyl 

al: M = Ni(Il), Q = 1,4-phenylene 
a2: M = Ni(U), Q = I ,3-phenylene 
a3: M = Ni(Il) , Q = 2,7-naphthylene 

bl: M = Mn(Ill), Q = I ,4-phenylene 
b2: M = Mn(Ill), Q = I ,3-phenylene 
b3: M = Mn(lll), Q = 2,7-naphthylene 

c l : M = Cu(ll), Q = I ,4-phenylene 
c2 : M = u(U), Q = I ,3-phenylene 
c3: M = Cu(U), Q = 2,7-naphthylene 

Scheme 1.3-15: Complexation reactions of 36, 41 and 48 with Mn3
+, Ni2

+ and Cu2
+. 

1.3.2.5 Complexation of 36, 41 and 48 with Mn3
+, Ni2

+ and Cu2
+ 

In order to circumvent the problem of decomposition of the Schiff base 

macrocycles during their attempted purification on silica gel, it was decided to form the 

corresponding Mn(III) complexes directly from the crude mixtures, followed by 
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separation on silica gel. A solution of the crude mixture of th 1 ,4-phenylene-linked 

macrocycles 36-38 in dichloromethane, was stirred with a solution of two molar 

equivalents of Mn(0Ac)3 in methanol. A light brown solution re ulted to which 8 molar 

equivalents of Li I were added. The MALDI-TOF mass spectrum (Figure 1.3-19) of th 

resulting mixture showed peaks at rnlz 104 7.0, l 071.1 , 1580.3 2 148.4 and 2185.4 which 

are assigned to the [Mn(III)+53bl]+, [Mn(III)+36-2Ht, [Mn(III)+37-2Hf. [Mn(III)+38-2Hf 

and [Mn(III)+38-2H+Clt fragments of the resulting mono-manganese complexes, 

respectively. o dimanganese complexes were observed. 

Voyager Spec 11(BP • 1011 0 2660.5] 

53bl + Mn 

7 
10 

.. 37 + Mn-2H 

.. 

101 """'36+ Mn-2H 38 + Mn-2H 

Figure 1.3-19: M LDI-TOF mass spectrum of the mono-metal- alen-macrocycles from 
the manganese complexation reaction with the mixture of salen­
macrocycles 36-38. 
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In order to produce the corresponding i(II) complexes, the crude mixture of 

alen-macrocycles 36-38 was reacted with a solution of Ni(0Ac)2 in l : I 

methanol:dichloromethane. An insoluble brown solid, and also a small amow1t (5% yield) 

of a different, dichloromethane-soluble brown solid were obtained. The latter substance 

showed a strong peak in its MALDI-TOF mass spectrum, corresponding to 52al, and it 

1H MR spectrum showed an aldehydic proton signal at 8 = I 0.0 ppm. These re ults 

suggested that the ligands were hydrolyzed under the nickel complexation conditions, and 

likely formed open-chain salen complexes. The insoluble brown solid was presumed to 

be a nickel complex of either a polymeric or oligomeric imine-containing mixture which 

could not be characterized by MALDI-TOF mass spectrometry. 

Complexation reactions of purified ligands 41 and 48, with stoichiometric 

amounts of Mn(O c)3, i(OAc)2, or Cu(0Ac)2 failed to give the de ired corresponding 

complexes 54 ( cheme 1.3-15). On the other hand, decomposition occurred when exces 

an1ounts of the m tal a its were us d . Tab! 1.3-2 shows the M LDI-TOF data obtained 

from the reactions of 10 molar equivalents of Mn(0Ac)3, i(0Ac)2, or u(0Ac)2, with 

either 41 or 48 . The peaks highlighted are those related to the decompo ition products 52 

and 53. 
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Table 1.3-2: Complexation of 41 and 48 with Mn3
+, Ni2

+ and Cu2
+ 

Metal 
Ligand 41 Ligand 48 

MALDI-TOF MS Product No. MALDI-TOF mass Product No. 

1187.1345 52b3 
Mn(III) I 088.3540 52b2 

1091.2782 53b3 

Ni(III) 1070.6454 52a2 1190.2716 52a3 

1099.4686 52c3 
Cu(II) 1018.4327 41 

1194.9782 53c3 

The 1H NMR spectrum of the crude product of the reaction of i(0Ac)2 with 

either 41 or 48 showed an aldehydic peak at 8 = 10.0 ppm which suggested that, once 

again, hydrolysis occurred. The reactions usually gave reddish-brown solids as major 

products that were insoluble in all of the common solvents and did not afford any mass 

spectral data under a variety of mass spectroscopic techniques e.g APCI, ESI and 

MALDI-TOF. These so lids were again, presumably, oligomeric or polymeric compl xes 

which were produced via the decomposition of 41 and 48 in the presence ofNi 2
+ ions. 

It is further postulated that 41 and 48 coordinate a metal ion with one of the salen 

units, but that the other salen unit becomes partially, or completely, hydrolyzed to form 

the ring-opened products such as amino-aldehyde 52, or bisaldehyde 53 ( cheme 1.3-15) 

The decomposition of 41 and 48 likely occurs because these tetraimine macrocycle are 

trained, and can easily be hydrolyzed under the Lewis acid conditions. The first molar 

equivalent of Mn(0Ac)3.3H20 or i(0Ac)2 reacts with salen dimer ligand to give the 

mono-metal-salen dimer complexes (Table 1.3-2). Subsequently, acetic acid which is 
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formed in the reaction catalyzes hydrolysis and subsequent ring-opening of the unreact d 

sal en units. 

In contrast, ligands such as 34 (Scheme 1.3-9) which were previously prepared 

by the Jablonski group,28 gave the corresponding Mn(III) and Ni(II) complexes in very 

good yields without any significant hydrolysis under the same conditions. It is concluded, 

that ligands 44, are less strained than ligands 36, 41 , and 48, described in this the i , 

which are more reactive to hydrolysis. 

Table 1.3-3: Calculated (MMFF94)30 lowest-energy conformations of 
ligands 36, 41 and 48 and complexes 54a1-3 and 54bl -
3 (Scheme 1.3-15) 

MMM 
Free Free 

Ligand 
calculated Mn(III) Ni(II) 

energy complexes 
energy 

complexes 
energy 

(kcallmol) 
(kcallmol) (kcal/mol) 

36 327.0 54b1 177.5 54al 325.4 

41 278.2 54b2 222 .8 54a2 265 .3 

48 326.8 54b3 128.6 54a3 287.8 

MMM30 study was conducted in order to compare the relative calculated energy 

of 36, 41 and 48 and their corresponding Mn(III) and Ni(Il) complexes 54b1-54b3 and 

54a1-54a3, and are summarized in Table 1.3-3. These calculations suggest that the 

ligands have higher free energies than their corresponding Mn(III) and Ni(II) complexes, 

54b1-54b3 and 54al-54a3. It is hypothesized that this difference could be a result of the 
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relatively high imine bond energies in the free ligands. Furthermore, the lone pairs of 

electrons on the nitrogen atoms are coordinated with the metal ions in the complexes, and 

consequently, would tend to lower the free energies of the complexes relative to the free 

ligands. As well, ligands 36 and 48 have higher free energies than 41 owing to possible 

additional ring strain and the steric interactions between the bulky tert-butyl group. 

1.3.3 Summary 

Calix[2]salens 41 and 48 bearing 1,3-phenylene and 2,7-naphthylene groups were 

successfully synthesized in seven steps, starting from commercially available 2-ferf­

butylphenol. Both 41 and 48 were crystallized from CH2Ch and CHCb, respectively, and 

were fully characterized by 1H Nl\11R, 13C NMR and MALDI-TOF mass spectrometry. 

The 1H Nl\I1R and 13C Nl\I1R data are consistent with highly symmetrical structures . 

Calix(2]salen 41 was obtained from the Schiff base reaction of bisaldehydes 40 and 47 

with (R,R)-DACH 39 in dichloromethane solvent, at room temperature. App lying high 

dilution conditions improved the yields of 41 to greater than 70%. The use of 

dichloromethane as the solvent was found to be critical for the preparation of both 41 and 

48, as it minimizes the formation of oligo- or polyimine by-products. The formation of 

these undesired reaction products occurs competitively in other solvents such as 

THF:methanol, methanol, or THF. For example, the Schiff base reaction of 40 In 

methanol gave high yields of polyimines (42%). The Schiff base macrocycl ization 

reactions in these solvents also afforded different product mixtures of the cyclic dimer 41, 

172 



trimer 42 and tetramer 43, but these mixtures could not be separated, or purified, and 

appeared to be hydrolyzed on silica gel. 

The Schiff base reactions of the bisaldehyde 35 with (S,S)-DACH 33 in 

TKF:methanol also afforded inseparable mixtures of 36-38. However, near-homogenou 

samples of calix(2]salen 36 were isolated in up to 38% yield by precipitation from 

Till:acetonitrile. In contrast, the anthracene-based bisaldehyde 49 gave a very low yield 

ofthe Schiff base macrocycle using dichloromethane as a solvent, and the major product 

were oligomers and/or polymers. Compound 49 gave the desired Mn(III)-salen dimer 40 

via McAuliffe's rnanganese(II) template-assisted methodology. 

The complexation reactions of crude reaction mixtures of 36-38 with Mn(0Ac)2 

gave the corresponding mono-Mn(II)-calix[n ]sal en complexes. The Schiff base 

rnacrocycles 36, 41 and 48 failed to give the corresponding binuclear Mn(III), i(III) and 

Cu(III) complexes, presumably because they decomposed during the complexation 

reactions with the metal acetate salts in methanol:dichloromethane. MJ\1M-based 

calculations suggested that the ligands 36, 41 and 48 are strained macrocycles and this 

could support the hypothesis that they are easily hydrolyzed. 
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1.3.4 Experimental Section 

Materials 

Chemical reagents and solvents were purchased from Aldrich and used as received. 

THF used for synthesizing calixsalens was further purified by fractional distillation. 

CH2Ch was dried over P40 10 then disti lled over CaH2. (JR,2R)- or (JS,2S)­

diaminocyclohexane-L-tartrate salts were obtained as a gift from SepraChem Inc. 

Extreme care should be taken when handling Ba(Cl04) 2 since it is shock sensitive. 

Methods 

All reactions in the syntheses were performed under a dry nitrogen atmosphere. 

Nitrogen gas was purified by passing through a series of co lumns containing DEOX 

(Alpha) catalyst heated to 120 °C, granular P40 10, and activated 3 A molecular sieves. 

Flash chromatography was performed on SAl silica gel, particle size 32-63 ).lm, pore size 

60 A, Batch number 02826-25. Preparative thin-layer chromatography plates (PLC) were 

made from SAl F -254 silica gel for TLC (particle size 5-15 ).lm), Batch number 04860-5. 

Thin- layer chromatography was performed using percolated SAl F-254 silica gel plates 

(Plastic Backed TLC, Hard layer, Batch number 7901 1) layer thickness 200 ).lm. 

Instrumentation 

Melting points (mp) were determined on a MEL-TEMP II apparatus and are 

uncorrected. Mass spectra of compounds were obtained using LCMS (HP series 11 00) or 

MaLDI-TOF MS (Voyager-DE PRO). Analytical thin layer chromatography was 

performed with fluo rescent indicator UV254 (Macherey-Nagel GmbH & Co. KG, 
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Germany). 1H MR and 13C MR were recorded in CD b on a GE-300 MHz 

spectromet r or on a Bruker AM-500 Fourier Transform spectrometer with Me4Si as an 

internal standard. Data were reported as follows: chemical shift, multiplicity (s = singlet, 

d = doublet, dd = doublet of doublets, t = triplet, b = broad, h = h ptet, m = multiplet), 

coupling constant (J, Hz), integration and assignment (mH-x, m for the H numbers in th 

position x of a molecule). 1H MR and 13 MR spectra were proces ed using "Nuts" 

software. Chemical shifts for 13C NMR spectra are relative to the solvent 77.23 ppm for 

CDC13. 

MS spectra were recorded on Applied Biosystems DE-RP instrument equipped with a 

reflection, delayed ion extraction, and high performance nitrogen laser (33 7 nrn). 

Samples were prepared at a concentration of 1 mg/mL in 1:1 THF:CH2 b. The sample 

was mixed with a matrix compound of a-cyano-4-hydroxycinnarnic acid at a 

concentration of 10 mg/mL in 1:1 H2 b: tOH, or, THF:EtOH to promote desorption 

and ionization. 

Syntheses : 

Macrocycliza tion reaction p rocedu re in THF:MeOH 

Both elutions of (S,S)-(DA H) 33 (0 .360 g, 3.16 mmol) in MeOH (40 mL) and 

a solution of bi aldehyde 35 (0.550 g, 1.28 mmol) in THF (50 mL), were simultaneously 

added with stirring at room temperature over 24 h to a solution of Ba(Cl04)2 (0.473 g, 

1.41 mmol) in 1:1 THF:MeOH (100 mL) and activated molecular sieves 4 (2.0 g). At 

the end of the addition, the solvent wa evaporated and the residu was dissolved in 
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dichloromethan (20 mL). The solution was filtered and 

the solvent was evaporated from the fi ltrate. The product 

was washed with hexane (3 x 5 mL) then with MeOH (5 

mL). The crude product was dissolved in THF (20 mL) 

then acetonitrile (50 mL) was added dropwise, and then 

the mixture wa stirred for 2 h. The mixture was filtered 

and the so lid was dried under vacuum to give 36 (213.9 
36 

mg, 38.%): decomposition > 270 °C; 1H MR (CDCh) 8 1.54 (s, 36H), 7.22 ( ' 4H), 7.45 

(s, 8H), 7.49 ( , 4H), 8.36 (s, 4H), 13.95 ( , 4H); 13C MR (CD h) 8 24.51, 29.73, 29.96, 

35 .38, 72.6 1, 11 9.08, 127.29, 128.44, 128.77, 130.90, 137.91, 138.05 , 139.65, 160.13 , 

165.88 . MALDI-TOF/MS 1018 .8 [M+ +H], calcd for C6sH soN404 101 6.6 . 

Macrocyclization reactions in dichloromethane 

The solution of (R,R)-DACH 39 (23. 1 mg, 0.20 mmol, weighed under a nitrogen ga 

environment) and bisaldehyde (40 or 47) (0.20 mmol) in 400 mL of dichloromethane, 

which had been dried over P20 5 and di tilled over aH2, was stirred at room temperature 

and under a nitrog n environment. After 1 d, the colour of the r action changed t 

greenish-yellow. Th r action wa stirred for 8 d for 40, and for 30 d for 47 under a 

nitrogen gas environment at room temperature . The solvent wa evaporated und r 

reduced pressure to give a yellow solid. 
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Calix[2]salen 41 

The crude product was re-dissolved m 

dichloromethane (1 0 mL). Initially, the solution was 

clear but then became turbid after 1 min. The solution 

was filtered and the collected solid was washed with 

dichloromethane ( 10 mL ), dissolved in benzene and 

co llected in a 50 mL round-bottom flask. The benzene 

was evaporated under reduced pressure to give 41 as a 
41 

yellow solid in 43% yield. The filtrate was collected and the dichloromethane was 

evaporated to give a solid. This crude product was dissolved in ethyl ether (1 0 mL), then 

acetonitrile (1 0 mL) was added. The solution was stirred for 10 min, then filtered . The 

filtrate was evaporated to give a yellow solid which was dissolved in dichloromethane 

(10 mL). Initiall y, the sol ution was clear, but it slowly became turbid. After standing 

overnight, the suspension was filtered to give 41 in 29% yield (total yield 142.2 rng, 70% 

yield): rnp 289 °C; 1H NMR (C6D6) 8 1.67 (s, 361-I), 7.06 (s, 4H), 7. 16 (s, 4H), 7.31 (t, J 

= 8.0 H z, 2H), 7.41 (dd, J = 2.5, 8.0 Hz, 4H), 7.59 (d, J = 2.5 Hz, 2H), 7.8 1 (s, 4H), 14 .56 

(s, 4H); 13C NMR (CDCi)) 8 23.87, 29.62, 32.33, 35 .1 8, 71.09, 118.67, 125.01, 126.03, 

128.53 , 128.86, 129.2 1, 131.14, 137.97, 141.79, 160.28, 165.55; MS (MALDI-TOF) 

1018.4 [M++H] , calcd for C6sl-IsoN404 1016.6 
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Calix[2)salen 48 

The crude yellow product obtained above was 

dissolved dry chloroform (5 mL) . A yellow precipitate 

was recovered overnight. The mixture was filtered to 

give 48 as yellow solid (67.0 mg, 30%): decomposition 

> 290 aC; 1H NMR (CD2Ch) 8 1.59 (s, 36H), 7.07 (d, 

J = 2.0 Hz, 4H), 7.47 (dd, J= 1.5 Hz, 8.0 4H), 7.61 (d, 

J = 2.0 Hz, 4H), 7.61 (d, J = 1.5 Hz, 4H), 7.75 (d, J= 

8.0 Hz, 4H), 8.18 (s, 4H) 14.27 (s, 4H); 13C NMR 
48 

(CD2Cb) 8 24.78, 29.83, 32.96, 35 .52, 71.54, 118.94, 125.49, 125.63 , 128.35, 129.33, 

134.22, 138.33 , 139.38, 160.82, 165.26; MS (MALDI-TOF) 111 6.9 [M+], calcd for 

C76Hs4N404 1116.7. 
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Chapter 2.1. Modification of thiacalix[4]arene to form 

thiacalix[2]phenoxathiins-structural and complexation studies 

2.1.1 Introduction 

Interest in the study of host-guest phenomena has grown enormously and many 

advances have been made since the pioneering works of Pedersen,1 Cram,2 and Lehn.3 

This branch of chemistry deals with complexes which are formed based on noncovalent 

("supramolecular") bonding between "host" and "guest" species in well-defined 

structures. There are many molecular receptors such as the cyclodextrins, calixarenes, 

cucurbiturils, porphyrins, crown ethers, and cryptands which have been specifically 

designed in order to potentially enhance their particular host-guest properties. Some of 

these host molecules are selective for guests such as "hard" metals (e.g. alkali and alkali 

earth cations),4 "soft" metals (e.g. , transition metal cations),5 or neutral substances such 

as C60- and C70-fullerenes. These selective receptors therefore can act as chemical 

sensors,6 as agents for the selective removal of poisonous or radioactive metal cations 

from waste streams,7 as membrane transports by coordinating ions and creating channels 

to transport these ions,8 as agents for the immobilization of radioisotopes,8 or as phase­

transfer catalysts 10 in other molecular recognition applications. 11 In addition, to be useful 

in these demanding applications, the receptors should be easily prepared in relatively 

large amounts and have structures that can easily be modified. 

Calix[n]arene compounds such as 1 and 2 (Figure 2-1 ) are some of the most easily 

accessible candidates which can meet some of these crucial requirements. As a result, 
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they have been extensively studied and tested in many different applications, including 

incorporating modifications in order to improve their host-guest properties, and other 

diverse applications, such as their use as non-linear optical (NLO) materials. 
12 

OH OH 

n = 4, 6, 8 

1 2 

Figure 2-1: Calixarenes 1 and thiacalixarenes 2 . 

Calix[n]arenes such as 1,13 in which methylene groups link the phenol units, are 

easily and reproducibly prepared by the reaction of p-tert-butylpheno1 3 with 

paraformaldehyde in basic solution, following Gutsche' s ground-breaking efforts and 

procedures (Scheme 2-1 )
14 

OH OH 

+ (HCHO)n 
Base 

3 

Scheme 2-1: Synthesis of calix[n ]arenes 1. 
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OH 

OH 

3 
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sc~ 

75% 

OH 

OH 

OH 

s 

5 

OH 

s 

4 

OH 

s 

sc~ 

52% 

sc~ 

4% 

Scheme 2-2: The Sone synthesis ofthiacalixarene 6. 

OH 

6 

In 1997, a new generation of calixarene was first introduced by Sone in a 

conference abstract. 15 The new calixarene was formed only in poor yields via a multi-step 

synthesis starting from the reaction of p-tert-buty1pheno1 (3) with SCh (Scheme 2-2) to 

form 4 which was reacted with SCl2 to form 5. p-Tert-butylthiacalix[4]arene (6) formed 

from further reaction of 5 with SC12, in which the methylene linking groups in 1 are 

replaced by sulfur atoms. In the same year, Kumagai and Miyano reported the formation 

of 6 in 54% yield from a one-pot reaction of 3 with sulfur, under basic conditions. 16 

Subsequently, 6 was obtained in even higher yields by reacting pre-formed dimer 4 with 

sulfur in basic solution (Scheme 2-3). 17 
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OH 

3 

Ss, NaOH, 230 °C 

MeO(CH2CH20 )4Me 

54% 

SCb, CH2CI2 

0 °C, I h, 75% 

OH 

s 

4 

OH 

OH 

6 

Sg, Ph20 

NaOI-1, 200 °C 

83% 

Scheme 2-3: Different synthetic approaches for thiacalixarene 6. 

The X-ray structure of 6 revealed that, under the conditions of crystallization, 

dichloromethane became included within the cavity of the molecule. 18 In the solid state, 

6 has a C4u-symmetrical cone conformation similar to that of the methylene-bridged 

analogue 1, although the thiacalix[4]arene 6 cavity is ca. 15% larger due to the increased 

S-C (1.78 A in 6) vs C-C (1.53 A in 1) bond Jengths. 19 

Wide rim 

Narrow rim 

Figure 2-2: The calix-like shape of thiacalixarenes 6. 
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Thiacalixarene 6 has a calix-like shape similar to that of calix[4]arenes (1) in 

which the tert-butyl group-substituted side is called the "wide" rim and the phenol group­

substituted side is called the "narrow" rim (Figure 2-2). Furthermore, theoretical 

calculations at the B3L YP/6-31 G(d,p) level of theory indicated that in the cone 

conformer of 6, the intramolecular hydrogen bonds are longer (1.82 Ai 0 than in the cone 

conformer of calix[4]arene 1 (1.58 A).21 This is in agreement with the experimental 

evidence that thiacalixarene 6 is more conformationally flexible than 1. The arne study 

also revealed that there is a significant difference between th dipole moments of the 

cone conformers of 6 and calix[4]arene 1 (5.7 and 1.6 0 , respectively, along the vertical 

'4 u axes). These structural and polarity differences between 1 and 6 could be due to the 

difference between the contributions from the partial charges of the methylene groups in 

1 and sulfur atoms in 6. 

The relatively large cavity and dipole moment of thiacalix[4]arene (6) make it a 

good ligand for many different metals.22 This has been proven by the isolation ~nd 

structural characterization of complexes of 6 with Co(II),23
·
24 Ni(Il),23 Cu(II),25 Zn(II),24

·
26 

U02,
27 d(III),28 and also with alkali metals? 9 These complexes are either mononuclear 

(U02 and Zn(II)),26
·
27dinuclear (Co(II) and i(II)),27 trinuclear (Co(II) and Zn(II))24 or 

tetranuclear ( u(II) and d(III)) .25
·
28 

The design and modification of a host molecule is crucial for improving it host­

guest complexation properties. In 6, a ll of the modifications which have been reported to 

date have been limited to ei ther substituting, or removing, the functionalities at the wide 

rim, as in e.g. 7 (Scheme 2-4), or the phenolic groups at the narrow rim, as in 8 and 9. 
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Also, oxidation of the bridging sulfur atoms to form the corresponding - SO- or -S02-

bridging groups, as in 10 and 11 , shifts the complexation abilities of thiacalixarenes to 

bind better with "harder" metals (e.g. alkali earth metals and lanthanides) .30 

8 R3 = SH, NH2, halide 

r 
OH OH 

- -
9 R2 = alkyl, aryl, carbonyl 6 

7 R1 = H, 1-Bu 

1 
OH 

Or 

10 I I 

Scheme 2-4: Modification of thiacalix[4]arene 6. 

Functionalization of the phenolic groups, using different groups such as methy 1 

acetate, methyl amide or porphyrins, and others.31 as in 9 (Scheme 2-4 ), is the mos t 

widely used approach to functiona lize the narrow rim of cal ixarenes and thiacalixarenes . 
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In contrast, there are very few known examples in which the narrow rim phenolic oxygen 

atoms have been replaced with other functionalities since they are highly resistant to 

direct substitution-displacement reactions. lki and Miyano r ported the multi- tep 

substitution of the phenol hydroxy groups in 12 which was previously derived from 6, by 

amino groups via nucleophilic aromatic substitution (SNAr) with lithium N-benzylan1ide, 

to form 13. ubsequent bromination-elimination, hydrolysis and reduction via 14 and 15 

afforded 16, the tetraarnine analogue of 6, in 67% overall yield ( cheme 2-5) .32 

OH 

6 

13 

benzene, reflux 
85% 

0 1-1 

10 

14 

16 

K1C03. Mel 

acetone, refiLL'< 

23% 

cone. I-ICI 
CI-ICI3, reflux 

85% 

O Me 

12 

/ IS 
/ciAll-14_ TiC ~ 

THF. rt 

65% 

cheme 2-5: ynthetic approach towards arninothiacalix[4]arene 16. 
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Time-controlled SNAr reactions of 12 with lithium N-benzylamide over 2 to 5 

minutes afforded monoamino- 17 and diaminothiacalix[4]arene 20 in 22% and 48% 

yields, respectively (Scheme 2-6). Both 19 and 22 were also prepared by multi-step 

reactions involving removing the benzyl moieties fo llowed by reductions.32
b 

12 

j PhCHzHNL1 
T HF 

5 mm. 48% 

~LtJ< 
I R X~ I ) NBS. BPO 

benzene. renu.x 

O= S 4S= 
0 - 2)-co-n-c. -HC_I_.. 

R CH Ch. reflux 

,__. I 89% 

~ ~ /J 

20 

BPO = Benzoyl peroxide 
NBS = N-bro mosuccinimide 

17 

21 

j I) LIAIH,.T ,CI, 

THF. 11 
2) Bu,NF. THF 

60% 

22 

18 

j 
I) LIA IH,.T iCI, 
THF. 11 

2) Bu,NF. THF 
77% 

~~ 
~X X~ 
~X R,y( 
x--r-~ 

X = OMe 
R = NHCH21'h 
R1 = NH1 

19 

Scheme 2-6: Preparation of mono-, and diaminothiacalix[4]arenes 19 and 22. 
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Further substitution ofthiacalix[4]arene has been accomplished by replacement of 

the amino g roups in 19, 22 and 16 by iodide to give the mono-, di- and tetra-

iodothiacalix [2]arenes 23, 24 and 25 respectively 32
b These iodination teps took place 

via Griess reactions of the corresponding diazonium salts of the amines 19, 22 and 16 

with KI and h ( cheme 2-7). 

19 

22 

16 

1) NaN02. H2SO, 
CH,COzH 

2) KI, I2 

55% 

1) NaN02. H~O, 

CH3C02H 

2) Kl, l2 
45% 

1) NaN02, H2SO, 

CH3CO~ 
2)KI, 12 

9% 

23 

24 

><cc~ I I )-~ 
s s 

Ji-~ 
25 

Scheme 2-7: Preparation of mono-,di- and tetraiodothiacalixarene 23-25. 
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The only other example of replacement of the phenolic hydroxyl groups with 

other functionalities involved conversion of the hydroxyls to sulfhydryl groups via the 

Newman-Kwart reaction (Scheme 2-8). Acylation of 6 with N,N-dimethylthiocarbamoyl 

chloride gave thioamide 26 which was thermally rearranged at 300 °C to give 27 . De-

protection oftbe sulfhydryls by hydrazine at 100 °C afforded 28 in good yield 33 

OH 

m 
6 

a: X = t-Bu 
b: X= H 

s 
~NMez 

0 

~NMe2 
s 

0 

~ 
lY 1 

JOO'C ~ lY J4 
26 27 

SH 

m X 4 

28 

380- 410 °C 

29 

Scheme 2-8: Preparation of thiothiacalixarene 28 and thiacalix[2]thianthrenes 29 . 

Recently, Parola and coworkers,34 reported that heating compounds 27 (X = H, /-

Bu) up to 410 °C led to rearrangement, affording thiacalix[2]thianthrenes 29 ( cheme 2-

8). The tert-butyl-substituted analogue 29a (X = t-Bu) was formed in 36% yield and the 

unsubstituted thianthrene 29b (X = H) was obtained in 44% yield3 4 Both of these 
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thianthrene macrocycles formed coloured radical intermediates in sulfuric acid medium, 

or in the presence of a Lewis acid.35 

This chapter presents the results of attempts by this author to functionalize the narrow 

rim of thiacalix[ 4]arene 6 with acetylene groups, using the onoga hira coupling reaction . 

Also, a Cu(I)-catalyzed rearrangement of thiacalixarene 6 to form a thiacalix[2]phenoxa-

thiin compound 30, is reported. In addition, a mechanism is proposed to accOLmt for thi s 

rearrangement reaction (Scheme 2-9). In a limited complexation study, the phenoxathiin 

compounds obtained showed modest affinities towards complexation with Ag(I) and 

Hg(II) ions. 

30 

cheme 2-9: Preparation of thiacalix[2]phenoxathiin (30). 
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.----------------------------------------

2.1.2 Results and discussion 

Parola ' s group modified thiacalix(4]arene by substi tuting its wide rim by alkynyl 

groups in order to study its non-linear optical (NLO) properties.36 The thiacalixarene 

sulfur bridging atoms and the wide rim acetylene groups enhance n-electron 

delocalization which contributes to the NLO properties fo r this class of compounds. 

Parola used modified Sonogashira reaction conditions to substitute the wide rim of the 0-

propyloxy derivative ofp-bromothiacalix(4]arene (3 1) by TMS-acetylene, to produce 32 

in 72% yield (Scheme 2-1 0). Further modification of 32 to produce compounds such as 

32a gave a product with significant 3rd order NLO properties. 

Br 

31 

Cui, Pd(PPh3)2Ch 

Et3N, 40 °C 

H-=-R 

R 

II 

32 32a 

R = TMS alkyl 

Scheme 2-10: Upper-rim substitution of thiacalixarene 31 by acetylene. 

Georghiou and AI-Saraierh reported the first narrow-nm phenolic group 

substitution reactions in calix[4]arenes by ethynyl groups (Scheme 2-11 ).37 The 1,3-

bistriflate calix[ 4]arene 33 was reacted with various terminal acetylene group-containing 

compounds under typical Sonogashira-type coupling conditions to afford the ethynyl-

substituted calix[4]arenes 34 in synthetically useful yields (up to 64%). 
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~----------------------------------------------------------------------~-----

Pd(PPh3)2CI2, Cui, Toluen'. 
DBU, reflux, 3 h 

H--= -R 

33 34 

X = -OTf 

Scheme 2-11: Narrow-rim substitution of calixarene 33 by acetylenes. 

It was of interest to extend these findings with the Sonogashira reaction37 to the 

1 ,3-bistriflate of thiacalix[ 4 ]arene 6 in order to study both the potential NLO, and also the 

complexation properties, of suitably designed narrow-rim arylethynyl derivatives of 

thiacalix[4]arene itself. 

The 1,3-bistriflate thiacalix[4]arene 35 was easily prepared by reaction of 6 with 

triflic anhydride in anhydrous pyridine (Scheme 2-12).38 The crude product crystallized 

from hexane to give a 60% yield of 35. The residual product was purified by column 

cluomatography on silica gel using (1 :7) CH2Cb:hexane as the eluent to afford an 

additional 27% yield of 35 as a colourless solid. The 1H NMR and 13C NMR spectra 

confirmed that the structure of 1 ,3-bistriflate 35 is highly symmetric and in the cone 

conformation. The 1H NMR spectrum of 35 showed that the phenolic hydrogen atoms 

were shifted to higher field at 8 6.13 ppm and the two aromatic signals appear at 8 7.17 

and 7.75 ppm. In addition, two singlets at 8 1.35 and 0.96 ppm were observed for the two 
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tert-butyl groups. The 13C NMR p ctrum showed eight aromatic signals, four upfield 

signals due to the tert-butyl groups and the characteristic peak for the carbon atom of the 

triflate group appeared as a quartet at 122.78 ppm. 

n , 15 h 

6 35 R = OT f 

Sonog;15h1ra coupling 

30 36 R = OT r 37 R = OT f 

Scheme 2-12: Products from the reactions of35 under onogashira conditions. 

Different onogashira reaction conditions were used (Table 2-1) in attempts t 

displace the triflate groups by phenylethynyl groups. However, none of th se reaction 

gave the desired phenylethynyl products and instead other product such as 30, 36, and 

37 (Scheme 2- 12) were detected. 
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Table 2-1: Different Sonogashira conditions used with 1,3-bistriflate 35. 

Entry Cui Base Pd catalyst Solvent Temp.°C Yield0 (%) 

mol 
(mol eq.) (mol%). Time (h) 36 37 30 eq. 

l 5 
DBU PdCh(PPh3)2 

Toluene 
reflux 

11 8 60 (4.4) ( 1 0) 24 

2 Cs2C03 PdCh(PPh3)2 
CH3CN 

reflux -
(5) (5) 10 

- - -

3 0.1 Et3N PdCh(PPh3)2 Et3N 40 30 40 28 
(5) 24 

4 0.2 Et3 
Pd(PPh3)4 

CH3CN 
25 

(20) 
..., - - -
_) 

5 Et3N 
PdCh(PPh3)2 DMF 

90 
58 37 -

(5) 
-

5 

6 piperidine 
Pd(PPh3)4 

piperidine 
80 

80 15 - -
(5) 3 

7 Et3 
Pd(0Ac)2, DMF 25 - - - -

(15) DMA 7 
Note: In Entr y 2 on! y start in g materials 6 and 35 were recovered. 

Surprisingly, the same Sonogashira-type reaction conditions (Cui, DB and 

phenylacetylene in anhydrous degassed toluene) which afforded the corresponding 1,3-

bis(phenylethynyl)calix[4]arene 34 from 33,37
,3

8 instead gave bis(phenoxathiin) 30 (60%), 

monotriflate 36 (11%) and 1,2-bistriflate 37 (8%) (Table 2-1 , Entry!). The sam 

products were isolated when triethylamine was employed both as a base and solvent but 

phenoxathiin 30 was the minor product (28%) (Entry 3). In contrast, no 30 was detected 

in the ab ence of ui when Et3N was used in DMF as solvent. Instead, monotriflate 36 

(58%) and 1 ,2-bistriflate 37 (35%) were obtained (Entry 5).4 1 Compounds 36 and 37 

were also produced in different yields in the absence of Cui, when piperidine was used a 

both the base and solvent with Pd(PPh3)4 as a catalyst (Entry 6).42 Buchwald 's 
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conditions
39 

(Pd(II) in acetonitrile with s2C03) afforded only thiacalix[ 4]arene 6 itself, 

the product of hydrolysis of 35 (Entry 2). No reaction was ob erved when triethylamine 

was used as base with either Pd(PPh3) 4 as catalyst in CH3C ( ntry 4),40 or with 

Pd(0Ac)2 a catalyst in (1: 1) DMF:DMA (Entry 7).43 

~s~ 
YRtHO~ 
s Na2C0 3, acetone NOH Rt~ - Mel, reflux, 15 h 

x--r-~ 
35 R1 = OTf 

(9: 1) THF:DMF 
Me l, aH 

~s~ 
YOHHO~ 
s s 

kOHRt~ 

x--r-~ 
36 

38 R2 = -OMe 

Scheme 2-13: Methylation reactions of 1 ,3-bistriflate 35. 

37 

It is clear that the reaction affording 1 ,2-bistriflate 37 and ph noxathiin 30 is 

associated with the presence of free phenolic groups - OH in the reactant 35. Therefore, 

protection of the phenolic groups, in principle, should diminish the hydroly is and 

rearrangement proce ses and promote the onoga hira coupling. ariou m thod to 
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.--------------------------------- - ------- -

methylate 1,3-bistriflate 35 were attempted but none provided the desired methylated 1,3-

triflate thiacalix[ 4]arene (Scheme 2-13). Instead, hydrolyzed products were obtained. 

For example, heating 35 with Na2C03 in acetone at reflux in the presence of methyl 

iodide afforded 36 and 37.44 Treatment of 35 with NaH in (9:1) THF:DMF, and then 

methyl iodide45 removed the triflate groups and methylated all phenolic groups to giv 

the tetramethoxy thiacalix[ 4 ]arene 38.44 

R 
R 

35 39 40 

! 
CF, 

CF, -k:::::o CF, 

o- o"" I 
\ /""' %----H O 0 

I b ·o / 

m~ ::,... 

R R R R R R 

37 41 

Scheme 2-14: A proposed mechanism of the migration reaction of triflate in 35 to form 
37. 

1 ,2-Bistriflate 37 was formed by migration of triflate from position 3 to position 2, 

presumably via intermediate 40, which is formed by the nucleophilic attack of the oxide 

at electrophilic sulfur in the triflate group (Scheme 2-14). This mechanism is in 

agreement with one proposed by Hattori et al. recently.46 Stabilization of the anion by 
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hydrogen bonding between proximal hydroxyl groups favours collapse of intermediate 40 

and formation of anion 41. The importance of intramolecular hydrogen bonding was 

confirmed by a MMM52 study, which concluded that 1,2-bistriflate 37 (407.7 kcal/mol) is 

more stable than the 1,3-triflate 35 (412.0 kcal/mol). 

T bl 2 2 C Pd a e - : u- f th con 1 wns or e rearrangernen t reac wns o f 35 · toluene. m 

Entry Cui Pd(PPh3)2Ch Reflux Yielda (%) 

mol eq. (mol%) 
Time 

36 37 30 
(h) 

1 5 10 24 11 8 60 

2 2.5 10 24 32 8 41 

3 1 10 24 40 7 28 

4 - - 15 - 89 8 

5 - 10 15 - 81 13 

6 5 - 12 - 12 77 

7 5 10 15 - - -

a In Entry 5 only startmg matenal 35 was recovered. 

Further investigations were performed in order to understand the mechanism of 

formation of phenoxathiin 30 (Table 2-2). According to Table 2-1 , only Entries 1 and 3 

afforded 30. When triethylamine or DBU were used as the base with Pd(II),36.3 7 

phenoxathiin 30 was afforded in 60% and 28% yields, respectively. 

Clearly, when Cui was used in excess (5 eq.), phenoxathiin 30 was produced in 

higher yield (60%, Entry 1). Lower yields (Entries 2 and 3, 41% and 28%, respective ly) 

were obtained when less Cui was used (2 .5 eq. and 1.0 eq., respectively) . Unexpectedly, 
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when only 1.0 eq. of Cui (Entry 3) was used with 10 mol% Pd(II) catalyst and DBU, 

compound 42 was obtained as a minor product in 9% yield. In 42, one of the hydroxyl 

groups of the starting material 35 was replaced by a hydrogen atom. The mechanism of 

its formation is uncertain, but presumably, the reaction initially forms the more stable 

1 ,2-bistriflate 37, followed by displacement of one of the triflate groups by a hydride 

under Pd-catalyzed conditions. Further mechanistic clarification requires additional 

investigation, but this is the first time that replacement of a narrow rim thiacalixarene 

hydroxy group by a hydrogen atom has been reported. 

Figure 2-3: X-ray structure ofmonotriflate 42. 

The X-ray crystal structure of monotriflate 42 confirms a partial pinched-cone 

conformation (Figure 2-3). The two proximal hydroxy groups and the triflate group are 

all in the same face with the tert-butyl group of the deoxygenated aromatic ring. The 

aromatic ring which bears the triflate group is angled inwards toward the distal phenolic 

ring, and the intraannular hydrogen appears at d = 6.92 ppm in the 1H NMR spectrum. 
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DBU I ,2-m1grat1on 

35 43 41 

Cui 

1 
6)9 

- DBUH OTr Cui 

- CuOTf 

~·~ 
-CuOTf YoTr CuO~ 

------- s 

p:,~ 
44 

45 DBU 46 

- CuOTf 

30 48 47 

Scheme 2-15: A proposed mechani m for reaction of 35 to form 30. 

In the abs nee of Cui, the reaction gave low yields of 30 (8% to 13% Entri s 4 

and 5). No new product formation was observed when only ul and Pd(II) together were 

used without any DBU and only unreacted starting material wa recovered (Entry 6) . 

ubsequent to the initial observations, it was found that rea tion of 35 in tolu ne, 

without any Pd catalyst but with Cui and DBU, produced 30 in 77% yield. Thi 

evidence suggests that the reaction to form 30 proceeds via an Ullmann-type reaction 
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mechanism, and the presence of Cui and DB U is crucial to produce 30 in high yield. The 

mechanism in Scheme 2-15 is in basic agreement with that proposed by Hattori47c which 

appeared after our own work had been completed and reported by us.4 7a 

Deprotonation of 35 by DBU forms the anion 43. In the ab ence of Cui, 43 forms 

the phenoxathiin via direct displacement of the triflate group and this pathway usually 

gives 45 in low yield. In the presence of ui, a phenoxide coordinates to the Cu(I) to 

form 44 which in turn, leads to 45 via an Ullmann-type reaction. !so, 43 could rearrange 

to form the more stable anion 41 ( cheme 2-14), which forms 46 in the pr sence of ul , 

and leads also, to 45. ubsequently, deprotonation of 45 lead to phenoxide 47 which 

reacts with Cui, to form 48. Phenoxathiin 30 is obtained from u(l) complex 48 via an 

Ullmann-type reaction. 

In order to ee whether 35 could react in an intermolecular fa hion under these 

same Cu(l)-catalyzed conditions, the following two experiment were conducted. 

Bistriflate 35 wa reacted with I 0 mol equival nts of either phenol, or 4-methoxyphenol , 

in the presence of DBU, Cui, and Pd(PPh3) 2Cb in toluene (Scheme 2-16). None of th 

possible products of the corresponding intermolecular reactions ( 49) were detected , 

however, and the product mixture again contained the product phenoxathiin 30 in 18% or 

26% yields, respectively. 

203 



35 

30 + 36 + 37 

R, =-Tf 

R2 = -o-Q-x 
X = H, -OMe 

X 

H 

OMe 

49 

Yield(%) 

30 36 

18 63 

26 48 

cheme 2-16: Reactions of35 in the presence of phenols. 

37 

22 

31 

The structure of a sample of 30, which had crystallized from benzene, wa 

determined by single crystal X-ray crystallography (Figure 2-4) . Thi structure wa 

virtually identical to that subsequently reported by Hattori et al. ,47c exc pt for a single 

molecule of benzene in the unit cell (Hattori ' s crystal was derived from H2Cb:CH3C 

with the re ultant differences in the crystal packing). It should be noted that the molecule 

of benzene is not within the "cavity" of the macrocycle, and is thu not a "guest" molecul . 
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Figure 2-4: X-ray structure stereoview of30:C6H6. 

The phenoxathiin C-S-C and C-0-C bond angles in 30 are comparable with those 

of Hattori's X-ray structure: 97.28° and 114.72°; and 97.60° and 115.89° in 30 compared 

with 97.51° and 116.17°; and 97.88° and 115.95° in Hattori's structure, respectively. The 

C-S-C bond angles incorporating the two sulphur atoms connecting the two 

phenoxathiins in 30:C6H6 are 98.02° and 100.49° vs. 98.29° and 100.92°, respectively. 

Figure 2-5: X-ray structure stereoview ofmonotriflate 36. 
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The X-ray crystal structure of monotriflate 36 shows it to be in a "skewed" 

pinched-cone conformation in which the aromatic ring which bears the triflate group is 

angled inwards, toward the distal phenolic ring (Figure 2-5). 

The X-ray crystal structure of 1 ,2-bistriflate 37 was also solved and it also 

revealed that there are two molecules in the unit cell. Each of the molecules is in a 

pinched-cone conformation and are oriented in opposite directions to each other (Figure 

2-6). Hattori's group has also reported the formation of 37 produced by the intramolecular 

rearrangement of the precursor 35 under basic conditions,46 but did not obtain its crystal 

structure. Previously, Georghiou48 and others49 reported a similar intramolecular 

rearrangement of 1 ,3-bistriflate p-tert-butylcalix[ 4]arene, the analogous 1 ,3-bistriflate of 

p-tert-thiabutylcalix[ 4]arene under Pd-catalyzed reaction conditions. 

Figure 2-6: X-ray structure stereo view of 1 ,2-bistriflate 37 showing the orientation of the 
two molecules in the unit cell. The hydrogen atoms and the solvent molecule 
(CHCh) have been removed for clarity. 
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MMM51 calculations suggested that the new bowl-shaped compound 30 might be 

capable of complexation with C60 or C70. However, all of the experimental conditions 

which were tried failed to provide evidence for any such complexation. Further effort 

was therefore focused on the synthesis of new derivatives of 30 containing different wide 

rim ethynyl substituents, which in principle, could be introduced via Sonogashira 

coupling reactions, as was demonstrated in 2003 by Parola et a!. for tetra-0-

propyl thiacalix [ 4] arene. 

AICI3, Toluene 

Phenol, reflux, 7 d 

30 50 

Scheme 2-17: De-tert-butylation reaction of tetra-tert-butylphenoxathi in 30. 

The prerequisite removal of the tert-butyl groups from 30 as a first step towards 

this goal was achieved using the AlCb-pheno l protocol described by Hosseni et a!. , 

(Scheme 2-17). 18 The desired de-tert-butylated bis(phenoxathiin) 50 was obtained in 26% 

yield and its X-ray structure (Figure 2-5) revealed it to be quite different to that of 

Desroches and Parola's comparable "thiacalix[2]thianthrene" 29b.36 The X-ray structure 

of 50 reveals that there is a pair of "interlocked L-shaped" molecules in the unit cell 

(Figure 2-7). The planes of each of the phenoxathiin units of one of these molecules are 

approximately anti parallel to the corresponding phenoxathiin units of its partner molecule. 

Each of the C-S-C bond angles which incorporate the sulphur atoms connecting the pair 
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phenoxathiins m each molecule are 100.76° and 100.15°; and 99.70° and 98.82°, 

respectively. 

Figure 2-7:X-ray structure stereoview of de-tert-butylated bis(phenoxathiin) 50. 

These angles are not much different than the corresponding ones seen in either 

Hattori's, or in compound 30. However, significant differences are clearly evident in the 

C-S-C and C-0-C bond angles for each of the phenoxathiin moieties of each molecule of 

50 in the unit cell when compared with those of 30. In 50, these angles are respectively 

97.73° and 117.17°; and 99.21° and 118.3° for one of the molcules; and, for the second 

molecule, the respective angles are 99.81 ° and 120.32 °; and 101.01° and 122.9°. The 

three rings of the phenoxathiin moiety having the largest C-0-C angle are nearly co-

planar when compared with the other three phenoxathiins in the unit cell. 

2.1.3 Complexation studies 

The Georghiou group has been interested in the complexation behaviour of the 

neutral fullerenes C60 and C70 with diverse bowl-shaped host molecules, including 

208 



thiocorannulene derivatives 51-56,52 and calix[4]naphthalenes such as 57. They reported 

that compounds 51-57 were modest receptors (Kassoc- 280-1420) for C6o and C7o. The 

sulfur atoms in these compounds, it was rationalized, enhanced their binding with 

fullerenes, since corannulene itself was not a receptor for these fullerenes. 53 On the other 

hand, the deeper cavity-containing tert-butyl substituted calix[ 4] naphthalene, has also 

been reported to have modest binding affinity with fullerenes. 53 

Since 30 contains both sulphm atoms and can adopt a roughly bowl-shaped 

cavity, it was hypothesized that it could also show some binding affinity towards 

fullerenes, and MMM52 calculations supported this suggestion. 

X y 

MeO-o-s 
I 

S~OMe 
~~ 

X y 

X y 

51 

57 

52: x ~ s--Q-oMe . Y = H 

53:x= s--ea 
54: X = SCH1CH1CH3• Y = H 

55: X = Y = SCH1CH1CH3 

s)) 56: X = Y = I 
s fi 

. Y = H 

Figure 2-8: Thiocorannulenes 51-56 and tert-butylcalix[4]naphthalene (57) . 

However, none of the conditions which were tried provided evidence for any such 

complexation. One possible reason for this lack of experimentally demonstrable 
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complexation ability is suggested by the two structures shown in Figure 2-9. Figure 2-9(a) 

is the MMM51 computer-generated structure of the hypothetical 30:C60 complex; and 

Figure 2-9(b) is that of the complex of C60 with tetra-tert-butylcalix[ 4 ]naphthalene (57), a 

molecule which has shown experimentally demonstrable complexation behaviour 

towards C6o and C1o. 

It is hypothesized that in the case of 30, a C6o molecule is not as deeply embedded, 

or as tightly embraced by this host molecule, in comparison with the deeper, basket-

shaped calixnaphthalene 57. Another factor could be that the barrier to conformational 

interconversion in the case of 30 is smaller than that in 57. In the latter the narrow-rim 

hydroxyl groups are hydrogen-bonded to one another, thus allowing for a greater degree 

of pre-organization for effective complexation with a C60 molecule. 

(a) (b) 

Figure 2-9: MMM computer-generated hypothetical structures of supran1olecular 
complexes of C60 with (a) phenoxathiin 30 and (b) tetra-tert­
butylcalix[ 4]naphthalene (57) . 
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Sulfur atom-containing calix compounds are known to be good receptors for soft 

ions such as Ag + and Hg2+ ions. Georghiou and Tran reported moderate binding abilities 

for thiaisocalixnaphthalenes 56 and 57 (Figure 2-8) with Ag+ and Hg2+ ions in 1:9 

CD3CN:CDCh solvent. This binding ability was attributed to n-cation and/or S- cation 

interactions.54 Therefore, it was anticipated that thiacalixphenoxathiins 30 and 50 would 

have similar binding properties. Indeed, as expected, both 30 and 50 did form 1: 1 

complexes with Ag+ with apparent K assoc values of 2200 ± 200 and 630 ± 50, as 

determined by 1H NMR spectroscopy in 1:9 CD3CN:CDCl3 (v/v) as the solvent (Figures 

2-10, 2-11 ). 
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Figure 2-10: 1H NMR titration curve of AgC02CF3 with 30. 
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Figure 2-11: 'H NMR titration curves for AgC02CF3 complexation with SO. 

To avoid any solvent effect, all host and guest solutions were prepared using the 

same so lvent mixture. Upon addition of aliquots of solutions of Ag+ (~ 6 x 10-2 M) to the 

host solutions of 30 or SO (~ 7 x 10-4 M), the 1H NMR spectra showed clear induced 

changes in the chemical shifts of all of the host signals (Figures 2-10, 2-11 ). With 

[Guest]/[Host] ratios 2 10:1 , the observed chemical shifts leveled off very rapidly so the 

complexation studies were conducted at lower ratios, ranging from 0.5- 9.0. In these 

ranges, addition of Ag+ solutions to the 30 (Figure 2-12) host solutions, resulted in shifts 

of the singlet and the doublets at 8 = 1.255 ppm and 7. 123 ppm to lower field at o = 1.266 

and 7.176 ppm, respectively. In contrast, the doublet at 8 = 7.594 ppm was shifted to 

higher field (o = 7.598 ppm). In the 1H NMR titration experiment of adding Ag +to 50, all 

the peaks were shifted downfield (Figure 2-13 ). The mole ratio plots, in both cases 

indicated the formation of 1: I host-guest complexes with Ag + in the concentration ranges 
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Figure 2-12: (a) The 
1
H NMR spectrum of a solution of Ag+ and 30 in 1:9 CD3CN: 

CDCb. (b) The 
1
H NMR spectrum of a solution of 30 in 1:9 CD3CN:CDCh . 
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(a) 

(b) 

Figure 2-13: (a) The 1H NMR spectrum of a solution of Ag+ and SO in 1:9 
CD3CN:CDCb. (b) The 1H NMR spectrum of a solution of SO in 1:9 
CD3CN:CDCI3. 
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which were studied. For the non-linear curve fitting plots, 1:1 binding isotherms as 

described by Connors50 were employed. 

The complexation of Hg2
+ with 30 was investigated in the same solvent system 

using a number ofHg2
+ salts (HgCh, Hg(OCOCF3)2 and Hg(Cl04) 2) . The 500 MHz 1H 

NMR spectra of 30 did not reveal any complexation-induced chemical shifts even when 

the maximum possible concentration of added HgCh was used. In contrast, very smal l 

complexation-induced chemical shifts were observed when 30 was added to saturated 

solutions of either Hg(OCOCF3) 2 or Hg(Cl04) 2. However, the re latively low solubilities 

of either Hg(OCOCF3) 2 or Hg( 104)2 in 1 :9 CD3 N :CDCb solvent limited the abili ty to 

accurately determine Kassoc values for either of these two salts with 30. Therefore, a 

different solvent system (1.5:9 D3COD: DCJ3) in which the solubilities of these Hg2
+ 

salts were higher, was used to measure Kassoc values for Hg(Cl04)2 with 30 and SO. The 

tert-butyl signals in 30 did not show any significant shifts in the titration experiments 

within the accessible concentration ranges (Figure 2-14). However, the aromatic doublet 

signal a t o = 7.596 ppm was shifted upfield by 49.5 Hz whi le the aromatic doublet signal 

at 8 = 7. 122 ppm was shifted downfie ld by 75 .5 Hz. 

In the ca e of SO (Figure 2-1 5), a ll the peaks were shifted to lower field : th 

aromatic doublet signal at o = 7.595 ppm showed the smallest shift (49.5 Hz) the triplet 

aromatic signal at o =7.034 ppm revealed the largest shift (72.0 H z) and the doublet 

signal at o = 7.1 61 ppm was shifted by 62.3 Hz. 
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Figure 2-14: (a) The 1H NMR spectrum of a solution ofHg2
+ and 30 in 1.5:9 

D3COD:CDCh. (b) The 1H NMR spectrum of a solution of30 in 1.5:9 
0 3COD:CDCJ3. 
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Figure 2-15: (a) The 1H NMR spectrum of the solution of Hg2
+ and 50 in 1.5 :9 

D3COD:CDCb. (b) The 1H NMR spectrum of the solution of 50 in 1.5 :9 
0 3COO:CDCb. 
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The same titration protocol used in the determination of K assoc of g +with 30 and 

50 in 1 :9 CD3CN :CDCb solvent was a! o employed to investigate Kassoc with Hg2+ in 

1.5:9 D3COD:CD b solvent. The isothermal non-linear curve fitting plots method 

showed that both macrocycles 30 and 50 revealed similar 1: 1 binding with Hg2+ with 

K assoc valu s of 540 ± 75 for 30 and 475 ± 36 for 50 (Figures 2-16, 2- 17). 
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Figure 2-16: 500 MHz 1H NMR titration curve ofHg( 104) 2 with 30. 
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It was rationalized that the abi lities of 30 and 50 to bind with the Ag + and Hg2+ 

ions studied are due to the Ag +- 1t and Hg2+- n, and/or Ag +- S and Hg2+- S interactions, 

and that these likely occur within the cavities of the host molecules. It is noteworthy that 

tert-butyl-substituted phenoxathiin 30 showed larger K assoc values than 50 for both Ag + 

and Hg2+, and this enhancement is attributed to the larger cavity of 30. The affinity of 30 

for Ag + was - 4 x greater than that of 50. In contrast, compounds 30 and 50 had almost 

the same affinity for Hg2+ which possibly could be ascribed to solvent effects. In the case 

of the Ag+, the so lvent system which was used is less polar than that used for the Hg2+ 

determinations. The more polar solvent, therefore, could possibly be more effectively 

dissociating any formed phenoxathiin-Hg2+ complexes by favouring the solvation of the 

Hg2+ ions, instead. 

2.1.4 Summary 

Replacement of the hydroxyl groups at the narrow nm of p-tert-butyl 

thiacalixarene could not be achieved via Sonogashira coupling reaction of 1 ,3-bistriflate 

35. This is likely as a result of the sensitivity of 35 to the basic condition which are 

necessary, which results in rearrangement to form the more stable 1 ,2-bistriflate 37. 

Cu(I)-catalyzed intramolecular rearrangements occurred to form phenoxathiin 30 in 70% 

yield in the presence of excess Cui (5 mol eq .) . An unprecedented displacement of a 

hydroxyl group in p-tert-butyl thiacalixarene by a hydrogen atom to form 42, using Pd(II) 

and DBU in toluene in the presence of Cui (1.0 mol eq.) was also ob erved. 
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The structure of the phenoxathiin 30 was successfully modified by removing the 

tert-butyl substituents to form the de-tert-butylated phenoxathiin 50. This new compound 

could open the door for substitution of the wide rim by various functionalities which 

could improve potentially the host-guest capacity, or for studying other properties such as 

their NLO properties of these new products. 

Complexation studies confirmed that phenoxathiins 30 and 50 are modest 

receptors for Ag+ in 1:9 CD3CN:CDCh solvent and for Hg2+ in 1.5 :9 D3COD:CDCh 

solvent. 1H NMR titration experiments to determine the Kassoc values for 30 with Ag + and 

Hg2+ so lutions revealed that K assoc values were 2200 ± 200 for Ag + and 540 ± 75 for 

Z+ . + I+ 6 0 0 d Hg . On the other hand, the Kassoc values 50 wrth Ag and Hg- were 3 ± 5 an 475 ± 

36, respectively. 
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2.1.5 Experimental Section 

M ateria ls 

Chemical reagents and solvents were purchased from Aldrich or Fluka and used as 

received. THF was further purified by distillation over sodium. The CH2Ch was dried 

over P40 10 then distilled over CaH2. 

General methods 

All experiments with moisture- or air-sensitive compounds were carried out in 

anhydrous solvents under Ar or 2 atmosphere unless otherwise indicated . Organic 

solvents were evaporated under reduced pressure using a rotary evaporator. Flash 

chromatography was performed on SAl silica gel, particle size 32-63 f..tm, pore size 60 A, 

Batch number 02826-25. Preparative thin-layer chromatography plates (PLC) were made 

from SAl F-254 silica gel for TLC (particle size 5-1 5 f..lll), B atch number 04860-5 . Thin­

layer chromatography was performed using percolated SAl F-254 silica gel plates 

(Plastic Backed TLC, Hard layer, Batch number 79011) layer thickness 200 flm. 

Instrumentation 

Melting points ( mp) were determined on a MEL-TEMP II apparatus and are 

uncorrected. Mass spectra of compounds were obtained using LCMS (HP series 11 00) . 

Analytical thin layer chromatography was performed with fluorescent indicator UV2 s4 

(Macherey-Nagel GmbH & Co. KG, Germany) . Unless otherwise specified, all 1H- and 

13C NMR were recorded on a GE-300 MHz spectrometer or on a Bruker AM-500 Fourier 

Transform spectrometer using CDCh containing Me4Si as an internal standard and 
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chemical shifts for the 1H NMR spectra are relative to the internal standard at 0.00 ppm. 

Data were reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, dd = 

doublet of doublets, t = triplet, b = broad, h = heptet, m = multiplet), coupling constant (J, 

Hz), integration and assignment (mH-x, where m denotes the number of protons at 

position x in the molecule). 1H- and 13C NMR spectra were processed using "Nuts" 

software. Chemical shifts for 13C NMR spectra are relative to the solvent 77.23 ppm for 

CDC b. 

Synthesis 

1,3-Bistriflate 35 

Triflic anhydride (1.6 g, 5.8 mmol) was added 

dropwise with stirring over 10 min at 0 °C to a solution of 

thiacalix[4]arene 6 (2 .0 g , 2.8 mrnol) in 10 mL dry 

pyridine. The reaction mixture was stirred overnight at 

room temperature under argon and then poured over 200 

mL of ice-water mixture. The resulting precipitate was 35 R = OTf 

filtered, washed with cooled water (2 x 30 mL) and crystallized from hexane to give 35 

( 1.6 g, 60%). The supernatant hexane solution was evaporated and chromatographed on 

silica gel with (1 :7) CH2Cb:hexane as an eluent to give an additional (0.74 g, 27%) of 

product: mp 319-321 °C; 1H NMR (CDCb, 500 MHz) 5 7.75 (s, 4H), 7.17 (s, 4H), 6.1 3 

(s, 4H, OH), 1.35 (s, 18H), 0.93 (s, 18H); 13C NMR (CDCI3, 500 MHz) 5 155.64, 151 .72, 

147.91 , 144.04, 135.07, 133.59, 129.05, 121.23 , 120.23, 122.78, 34.67, 34.51 , 31.59, 

30.87; MS (APCI-) mlz 983 .1 (M-H), calcd. for C4zH46F60 sS6 984.1. 
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Reaction of 1,3-bistriflate 35 with DBU in the presence of PdCh(PPh3)2 and 5.0 mole 

eq.Cul 

DBU (70 mg, 0.46 mmol) was added to a stirred mixture of PdCh(PPh3)2 (8.0 mg, 

0.011 mmol), Cui (100 mg, 0.530 mmol), and 35 (1 10 mg, 0.11 mmol) in refluxing dry-

degassed toluene (30 mL). The reaction mixture was stirred for a further 24 h under 

argon at reflux. Removal of volatiles on a rotary evaporator gave the crude product 

which was dissolved in CH2CI2 (40 mL) and washed with aqueous saturated NH4CI (15 

mL) and with H20 (20 mL). The CH2CI2 extract was dried (MgS04) and the solvent was 

removed under vacuum to give the crude product, which was purified by PLC (3 :7) 

CH2Ch:hexane to give the following compounds: 

Tetra-tert-butyl-thiacalix(2)phenoxathiin (30) 

(45.0 mg, 59%): mp 376-378 oc ; 1H NMR (CDC!], 500 

MHz) 8 7.60 (d, J = 1.5 Hz, 4H), 7.12 (d, J = 2 .0 Hz, 4H), 

1.262 (s, 36H); 13C NMR (CDCh, 500 MHz) 151.95, 148.20, 

133.14, 125.11 , 122.41 , 34.67, 31.40; MS (APCI+) m/z 

Crystallographic data for 30: C46Hso0 2S4 fw = 763.14, , 
30 

P2
1
(#4), a = 13 .5552(9) A; b = 10.8734(6) A; ~ = 111.6526(14)0

; c = 14.9307(10) A; v 

= 2045.4(2) A3
, Z = 2, D eale =1.239 g/cm3 Data was collected at a temperature of -160 ± 

1° C to a maximum 28 value of 61.5°. A total of 19278 reflections were collected, 9291 

were unique (Rint = 0.017). The data was processed using Crysta!Clear (Rigaku). No. of 
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variables = 470; reflection/ parameter ratio = 19.77; R 1 (!>2.00a(J)) = 0.0388 ; R (all 

reflections) = 0.0391; wR2 (all reflections) = 0.1034. GoF = 1.038. 

1 ,2-Bistriflate 37 

(7.0 mg, 7% ): mp 234-236 °C: 1H NMR (CDCi] , 500 

MHz) 8 7.72 (br, s, 3H), 8 7.56 (d, J = 2.5, 2H), 7.54 (d, J 

= 2.0 Hz, 2H), 7.38 (d, J = 2.0 Hz, 2H), 7.25 (d, J = 2.5 

Hz, 2H), 1.23 (s, 18H), 0.99 (s, 18H); 13C NMR (CDC13, 

500 MHz) 8 155.19, 151.67, 147.33, 144.10, 135.67, 

135.29, 134.45, 134.39, 132.65, 129.50, 120.59, 120.42, 

119.13, 34.74, 34.40, 31.44, 31.05. MS (APCI-) m/z 

Xzxs~ 
I RHO~ 
s s MR 1-10'/\ 

x--r-s~ 
37 R = OTf 

Crystallographic data for 37: C4zJsH46 3sF60 s S6Cltos, fw = 1026.95, primitive triclinic 

cell, P-1 (#2) a =13.1289(15) A, a = 110.835(2)0
, b = 19.649(3) A, ~ = 98.5680(18)0

, c = 

22.054(3) A, y = 104.8480(17)0
, V = 4954.7(11) A3

, Z = 4, D eale= 1.377 g/cm3. The 

data was collected at a temperature of -160± 1 °C to a maximum 2() value of 61 .5° 4265 8 

reflections were collected, 20234 were unique (Rint = 0.032). The data was collected and 

processed using Crysta1Clear (Rigaku). No. of variables = 1117; reflection/parameter 

ratio = 18.20; R1 (1>2.00a(J)) = 0.0862; R (all reflections) = 0.0944; wR2 (all reflections) 

= 0. 2550. GoF = 1.065. 
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Monotriflate 36 

(l 0.5 mg, 11 %): mp 270-273 oc ; 1H NMR (CDCb, 500 

MHz) o 7.71 (d, J = 3.0, 2H), 7.69 (d, J = 2.5, 2H), 7.50 (s, 

2H), 7.08 (s, 2H), 1.31 (s, 18H), l.16 (s, 9H), 0.80 (s, 9H); 

13C NMR (CDCh, 500 MHz) o 155.77, 155.66, 151.74, 

147.48, 144.50, 144.07, 136.30, 135.64, 135.37, 133.19, 

129.99, 121.31 , 121.19, 120.19, 34.53, 34.46, 34.36, 31.61, 

><o:s~ 
I OHHO~ 
s s 

MOHR~ 

x--r-s~ 
36 R = OTf 

31.38, 30.67; MS (APCI-) mlz 85 L .1 (M-H), calcd. for C41 H47F30 6S5 852.2. 

Crystallographic data for 36: C4,H47F30 6Ss, fw = 853.11 , P21/c (#14), a = 12.490(3) 

b = 16.513(2)A; ~= L04.682(5)0 ;c = 21.792(4)A;V = 4347.6(14)A3,Z= 4, Dcaic= 

1.303 g/cm3
. The data was collected at a temperature of -160 ± 1 °C to a maximum 28 

value of 61.5°. 46060 reflections were collected, 8526 were unique (R 11n = 0.069). The 

data was collected and processed using Crysta1Clear (Rigaku). No. of variables = 497; 

reflection/parameter ratio = 17.15; R1 (1 >2.00cr(l))= 0.0695; R (all reflections) = 0.0760; 

wR2 (all reflections)= 0.1976. GoF = 1.079. 

Reaction of 1,3-bistriflate with DBU 

A solution of DBU (35 mg, 0.46 mmol) and 35 (55 mg, 0.056 mmol) in toluene 

( 15 mL) was stirred at reflux temperature for 15 h under argon. The solvent was 

evaporated on a rotary evaporator and the resulting crude product was dissolved in 

CH2Ch (25 mL) and washed with aqueous 10% HCI (15 mL). The CH2CI2 extract was 

dried (MgS04) and the solvent removed under vacuum to give the crude product which 

was purified by PLC (3 :7) CH2Ch:hexane to give the following compounds: 1,2-
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bistriflate 37 (49 mg, 89%) and tetra-ter/-butyl-thiacalix[2]phenoxathiin (30) (3.0 mg, 

8%). 

Reaction of 1,3-bistriflate with DBU in the presence of PdCh(PPh3h 

To a stirred mixture of PdCh(PPh3) 2 (4.0 mg, 0.0055 mmol) and I ,3-bi triflate 35 

(55 mg, 0.055 mmol) in dry degassed toluene (30 mL), DBU (35 mg, 0.23 mmol) was 

added at reflux temperature. The reaction mixture was stirred for a further 15 h at the 

reflux temperature under argon. The solvent was evaporated on a rotary evaporator and 

the resulting crude product was dissolved in CH2CI2 (20 mL) and washed with aqueous 

I 0% 1-ICI ( 15 mL) and with H20 (20 mL). The CJ-bCI2 extract was dried (MgS04) and 

the solvent was removed under vacuum to give the crude product which was purified by 

PLC (3:7) CH2Cb: hexane to give the fo llowing compounds: 1,2-bistritl ate 37 (45 mg. 

81 %) and tetra-tert-butyl-thiacalix[2]phenoxathiin 30 (5.0 mg, 13%). 

Reaction of 1,3-bistriflate with DBU in the presence of Cui. 

To a stirred mixture of Cui (50 mg, 0.27 mmol). and 1,3 -bistriflate 35 (55 mg. 

0.055 mmol) in dry-degassed toluene (20 mL), DBU (35 mg, 0.23 mmol) was added at 

refl ux temperature. The reaction mixture was stirred for a further 15 h at the reflux 

temperature under argon. The so lvent was evaporated on a rotary evaporator and the 

resulting crude product was di sso lved in CH 2CI2 (40 mL) and washed with aqueou 

saturated NH4CI ( 15 mL) and with H20 (20 mL). The CH 2CI2 extracts was dried (MgS04) 

and the solvent was removed under vacuum to give the crude product which was purified 
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by PLC (3 :7) CI-bCh:hexane to g1ve the following compounds: tetra-tert-butyl-

thiacalix[2]phenoxathiin 30 (26.8 mg, 77%) and 1 ,2-bistriflate 37 (6.0 mg, 12%). 

Reaction of 1,3-bi triflate with DBU in the pre ence of PdCh(PPh3h and 1.0 mole 

eq.Cul 

DBU (70 mg, 0.46 mmol) was added to a stirred 

mixture of PdCh(PPh3)2 (8.0 mg, 0.011 mmol), Cui (20 mg, 

0.11 mmol), and 35 (11 0 mg, 0.11 mmol) in refluxing dry-

degassed toluene (30 mL). The reaction mitxture was 

stirred for a further 24 h Lmder argon at reflux . Removal of 

volatile on a rotary evaporator gave the crude product 42 

which wa dissolved in I-bCh ( 40 mL) and washed with aqueous saturated NH4Cl ( 15 

mL) and with H20 (20 mL). The H2Cl2 extract was dried (Mg 0 4) and th olvent wa 

removed Lmder vacuum to give the crude product which wa purified by PLC (5:5) 

CH2Cl2:hexane to give the following compounds: 

Tetra-tert-butyl-thiacalix[2]phenoxathiin 30 (2 1.5 mg, 28% yield), monotriflate 36 (37.5 

mg, 40% yield), 1 ,2-bistriflate 37 (8.00 mg, 7.0% yield) and monotriflate 42 (8.5 mg, 

9%): 2 18-220 mp; 1H MR (CDCI3, 500 MHz) 8 7 .67 ( , 1H), 7 .64 (s, lH) 7.63 (s , 

!H), 7.6 1 ( , !H), 7.4 1 ( , lH), 7.39 ( , lH), 7.3 1 (s, I H), 7.24 (, lH), 6.92 (s, lH) 6.14 

(s, 2H), 1.32 (s, 4H), 1.3 1 (s, 4H), 1.21 (s, 4H), 1.18 (s, 4H); 13C NMR ( D 13, 500 MHz) 

155.25, 155. 16, 153.15 151.40, 147 83 145 .1 6, 143.70, 138. 14 137.3 1 137.09, 135 .60, 

135 .45, 134 .15, 134.01 , 133 .98, 130.01 , 128.85, 126.90, 126.20, 125 .03 , 12 1.11, 120.03 , 
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117.51, 116.98, 35.14, 34.87, 34.43, 34.33, 31.79, 31.51, 3L.39, 31.31 ; M (APCI-) mlz 

834.2 (M-H), calcd. for C41H47F30sSs 835.2. 

Crystallographic data for 42: C41 H4l 30 5S5, fw = 837.11 , P-1 (#2), Lattice Parameters a 

= 10.9907(1 3) A, b = 14.3416(11) A, c = 15.5658(8) A, a = 61.816(9)0, ~ = 75.573 

(13)0, y = 8L.851(13)0, V = 2093.6(3) A
3
, Z = 2, Deale= L.338 g/cm3. The data was 

collected at a temperature of -135 ± 1 °C to a maximum 28 value of 61.7°. 20163 

reflections were collected, 8573 were unique (Rint = 0.064). The data was collected and 

processed using Crystal Clear (Rigaku). No. of variables = 488 ; reflection/parameter ratio 

= 17.57; R1 (1>2.00a(l))= 0.0865; R (all reflection ) = 0.0973 ; wR2 (all reflections) = 

0.2403 GoF = 1.1 06. 

Thiacalix[2)phenoxathiin (50) 

A mixture of phenol (267 mg, 2.8 mmol) and AlCI) (1.5 mg, 

11 .2 mmol) was added to a solution of 30 ( 194 mg, 0.280 mmol) in 

dry toluene (5 mL). After heating for the reaction mixture on reflux 

for 8 days, it was allowed to cool to room temperature and the 

resulting dark solution was poured onto aqueous solution of I 0% 

HCl (1 0 mL). The organic layer was separated and the aqueou 

50 

phase was further extracted with CH2Ch (2 x 50 mL). The combined organic layer wer 

dried (MgS04) and evaporated to dryness leaving black oil which was triturated with 

hexane to give a precipitate. Further purification by column chromatography on silica gel 

and (I :9) CH2Cb:hexane gave a product which was crystallized from a CHC l 3:hexane to 
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give de-tert-butylated-phenoxathiin 50 (39 mg, 26% yield) mp °C; 1H MR (CDCh, 500 

MHz) 8 7 .59 (d, J = 7.0 Hz, 4H), 7.14 (d, J = 6.5 Hz, 4H), 7 .02 (t, J = 7.0 Hz, 4H); 13 

NMR (CD h , 500 MHz) 8 154.42, 136.13, 128.29, 125.84, 125.27, 123.5 1; M (APCI-) 

m/z 461.0 calcd for C24H1 20 2S4 460.0. rystallographic data for 50: 24H1 20 2 4, fw = 

460.60, monoclinic, P 21/c (#14), a = 17.027( 4) A, b = 1 0.3137(18) A, c = 24.2 12(5) 

A, P = 117.240(6) 0
, V = 3780.3(13) A3

, Z = 8, D eale = 1.618 g/cm3. The data were 

collected at a temperature of -160 ± I 0 to a maximum 28 value of 61.50. 42852 

reflections wer co llected, 7814 (R101 = 0. 049), equivalent reflections were merged. Data 

were collected and processed using ry tal lear (Rigaku) . o. Variables = 542, 

Reflection/Parameter Ratio = 14.42 R1 (.1>2.00cr(l)) = 0.05 19, R (All refl ections) = 

0.0544, wR2 (All reflections) = 0.1251. GoF = 1.176. 

Association constant determination 

Association constant (Kassoe) silver-binding studies in I :9 D3CC :CDCl3 

so lutions between bisphenoxathiin with Ag02CCF3 were determined by 1H MR 

spectroscopy from th changes in the chemical shift of the respectiv aromatic hydrogen 

signals. In determination of K assoc. the non-linear curve fitting plots a 1:1 binding isotherm 

as described by onnors51 was employed. 

In a typical experiment, aliquots of the gu st solutions, e.g. Ag02 F3 (6.90 x 10 

-
2 M ranging from 30- 885 ~tL) in (1 :9) CD3 N :CDCh (v/v) were add d to individua l 

NMR tubes which contained I ~L of either 30 (7 .3 x 10-7 M), or 50 (7 .3 x 10-7 M). The 

resulting solutions were sonicated for approx. 5 min before MR measurements were 
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recorded at 298 K at 500 MHz. A similar methodology was employed with Hg(C104) 2 in 

1.5:9 D3COD:CD h solutions (2.74 x 10-2 M). 
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Appendix B 

Selected NMR spectra for synthesized compounds in Chapter 2.1 
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Appendix C 

Complexation data for compounds 30 and 50 in Chapter 2.1 
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N 
~ 
w 

A ppendix 1 Chemical shift changes (6 8) for protons on 30 in 1:9 CD3C :CDCh at 298 K versus added 
AgC02CF3 solution (6.90 X 10-2 M) (68 are absolute values), Run No. 1. 

Added Total addition Total No . eq. 68 
Entry# uL (L) volume Mol Ag+ (Ag+] Au+ 

0 8 (ppm) (ppm) 6 (Hz) 

0 0 l. OOOE-3 0 O.OOOE+O 0.00 7.1380 0 0 

2 5.0 5.00E-6 1.005E-3 3 .45E-7 3.43E-4 0.47 7.1545 0.0165 8.25 

3 5.0 l.OOE-5 l.OlOE-3 6.90E-7 6.83E-4 0.95 7.1635 0. 0255 12.75 

4 5.0 1.50E-5 1.015E-3 l.03E-6 1.02E-3 1.42 7.1680 0.0300 15.00 
5 

5.0 2.00E-5 1.020E-3 1.38E-6 1.35E-3 1.89 7.1705 0.0325 16.25 

6 5.0 2.50E-5 1.025E-3 1.72E-6 1.68E-3 2.36 7.1730 0.0350 17.50 

7 5.0 3.00E-5 1.030E-3 2.07E-6 2.01E-3 2 84 7.1740 0.0360 18.00 

8 5.0 3. 50E-5 1.035E-3 2.41E-6 2.33E-3 3.31 7.1745 0.0365 I 8.25 

9 10.0 4.50E-5 l.045E-3 3.10E-6 2.97E-3 4.25 7.1740 0.0360 18.00 

10 10.0 5.50E-5 1.055E-3 3.79E-6 3.60E-3 5.20 7.1760 0.0380 19.00 

11 10.0 6.50E-5 l.065E-3 4.48E-6 4.21E-3 6.14 7.1765 0.0385 19.25 

12 10.0 7.50E-5 l.075E-3 5.17E-6 4.8 IE-3 7.09 7.1760 0.0380 19.00 

13 10.0 8.50E-5 1.085E-3 5.86E-6 5.41E-3 8.03 7.1765 0.0385 19.25 

14 10.0 9.50E-5 1.095E-3 6.55E-6 5.99E-3 8.98 7.1770 0.0390 19.50 
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Appendix 2 Chemical shift changes (L18) for protons on 30 in I :9 CD3C :CDCb at 298 K versus added 
AgC02CF3 solution (6 .67X 10-3 M) (L18 are absolute values), Run No. 2. 

Added Total Total o. eq. L18 
uL addition (L) volume Mol Ag+ [Ag+] Aa+ 

0 8 (ppm) (ppm) 

0 0 l.OOOE-3 O.OOE-0 O.OOE+O 0.00 7.1225 0 

5.0 5.00E-6 l.005E-3 3 .33E-7 3.32E-4 0.46 7.1425 0.0200 

5.0 l.OOE-5 1.010E-3 6 .67E-7 6.60E-4 0.92 7.1570 0.0345 

5.0 1.50E-5 1.0 15E-3 1.00E-6 9.86E-4 1.38 7 1630 0.0405 

5.0 2.00E-5 1.020E-3 1.33E-6 1.31E-3 1.84 7.1685 0.0460 

5.0 2.50E-5 1.025E-3 1.67E-6 1.63E-3 2.30 7.1705 0.0480 

5.0 3 .00E-5 1.030E-3 2.00E-6 1. 94E-3 2.76 7.1715 0.0490 

5.0 3 .50E-5 1 035E-3 2.33E-6 2.26E-3 3 .22 7.1720 0.0495 

10.0 4.50E-5 1.045E-3 3 .00E-6 2.87E-3 4.15 7.1725 0.0500 

10.0 5.50E-5 1.055E-3 3 .67E-6 3 .48E-3 5.07 7 .1735 0.05 10 

10.0 6.50E-5 1.065E-3 4 .34E-6 4.07E-3 5.99 7 .1740 0.0515 

10.0 7.50E-5 1.075E-3 5.00E-6 4.65E-3 6.91 7 .1750 0.0525 

10.0 8.50£-5 1.085£-3 5.67E-6 5.23£-3 7.83 7.1755 0.0530 

10.0 9 .50E-5 1.095£-3 6.34E-6 5.79£-3 8.75 7. 1755 0.0530 

L1 (HzJ 

0 

10.00 

17.25 

20.25 

23 .00 

24.00 

24.50 

24.75 

25 .00 

25 .50 

25 .75 

26.25 

26. 50 

26. 50 
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Appendix 3 Chemical shift changes (68) for protons on 50 in 1:9 CD3CN:CDCh at 298 K versus added 
AgC0 2CF3 solution (6 .90X 10-3 M) (68 are absolute values), Run No. 1. 

Added Total Total No. eq. 68 
uL addition (L) volume Mol Ag+ [Ag+] A + g 8 (ppm) (ppm) 

0 0 l.OOE-3 0 O.OOE+O 0.00 7.0420 0 

5.0 5.00E-6 1 .005E-3 3.45E-7 3.44E-4 0.49 7.0560 0.0140 

5.0 l.OOE-5 l.OlOE-3 6.90E-7 6.84E-4 0.98 7.0650 0.0230 

5.0 1.50E-5 1.015E-3 1.04E-6 1.02E-3 1.47 7.0730 0.0310 

5.0 2.00E-5 1.020E-3 1.38E-6 1.35E-3 1.96 7.0810 0.0390 

5.0 2.50E-5 1.025E-3 1.73E-6 1.68E-3 2.46 7.0870 0.0450 

5.0 3.00E-5 1.030E-3 2.07E-6 2.01E-3 2.95 7.0900 0.0480 

5.0 3. 50E-5 1.035E-3 2.42E-6 2.33E-3 3.44 7.0940 0.0520 

10.0 4.50E-5 1.045E-3 3.11E-6 2.97E-3 4.42 7.0980 0.0560 

10.0 5.50E-5 1.055E-3 3.80E-6 3.60E-3 5.40 7.0990 0.0570 

10.0 6.50E-5 1.065E-3 4.49E-6 4.21 E-3 6.39 7. 1030 0.06 10 

10.0 7.50E-5 1 .075E-3 5.18E-6 4.82E-3 7.37 7.1050 0.0630 

6 _(fu)_ 

0 

7.00 

11.50 

15.50 

19.50 

22.50 

24.00 

26.00 

28.00 

28.50 

30.50 

31.50 
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Appendix 4 Chemical shift changes (118) for protons on 50 in 1 :9 CD3C :CDCh at 298 K versus added 
AgC02CF3 solution (7 0 I X I 0 ·3 M) (118 are absolute values), Run o.2 

Added Total Total No. eq. 118 
uL addition (L) volume Mol Ag+ [Ag+] Ag+ o (ppm) (ppm) 

0 0 1.00£-3 0 O.OOE+O 0.00 7 0420 0 

5.0 5.00E-6 1.005£-3 3.5IE-7 3.49E-4 0.46 7.0550 0.0 130 

5.0 l.OOE-5 1.010£-3 7.01E-7 6.94£-4 0.92 7.0660 0.0240 

5.0 1.50£-5 1.015E-3 1.05E-6 1.04E-3 1.38 7 0730 0.0310 

5.0 2.00£-5 1.020E-3 1.40£-6 1.38E-3 1.85 7.0800 0.0380 

10.0 3.00E-5 1.030£-3 2.10£-6 2.04E-3 2.77 7.0880 0.0460 

10.0 4.00E-5 1.040E-3 2.81E-6 2.70E-3 3.69 7.0920 0.0500 

5.0 4.50£-5 1.045£-3 3.16E-6 3.02£-3 4.15 7.0940 0.0520 

10.0 5.50E-5 1.055E-3 3.86£-6 3.66£-3 5.07 7.0970 0.0550 

10.0 6.50£-5 1.065£-3 4.56£-6 4.28E-3 6.00 7.0990 0.0570 

10.0 7.50E-5 1.075E-3 5.26E-6 4.89E-3 6.92 7.1010 0.0590 

10.0 8.50E-5 1.085E-3 5.96E-6 5.49£-3 7.84 7.1030 0.0610 

11 (Hz) 

0 

6.50 

12.00 

15 .50 

19.00 

23 .00 

25 .00 

26.00 

27 .50 

28.50 

29.50 

30.50 



Appendix 5 Chemical shift changes (.6.8) for protons on 30 in 1.5:9 D3COD :CDCb at 298 K versu added 
Hg(CI04)2 solution (2 .74X 10-2 M) (.6.8 are abso lute values), Run No . 1 

Added Total Total No. eq. .6.8 
Entry# uL addition (L) volume Mol Hg2+ [Hg2+] Hg2+ 8 (ppm) (ppm) .6. (Hz) 

I 0 0 1.000E-3 0 O.OOE+O 0.00 7.1215 0 0 
2 5.0 5.00E-6 1.005E-3 1.37E-7 1.36E-4 0.20 7.1380 0.0165 8.25 
3 5.0 l.OOE-5 I.OIOE-3 2.74E-7 2.71E-4 0.40 7.1660 0.0445 22.25 
4 2.5 1.25E-5 1.013E-3 3.42E-7 3.38E-4 0.50 7.1745 0.0530 26.50 
5 2.5 1.50E-5 1.01 5E-3 4.11E-7 4.05E-4 0.60 7.1850 0.0635 31.75 
6 2.5 1.75E-5 1.01 8E-3 4.79E-7 4.71E-4 0.70 7.1960 0.0745 37.25 
7 2.5 2.00E-5 1.020E-3 5.47E-7 5.37E-4 0.80 7.2060 0.0845 42.25 
8 2.5 2.25E-5 1.023E-3 6 .16E-7 6.02E-4 0.89 7.2140 0.0925 46.25 
9 5.0 2.75E-5 1.028E-3 7.53E-7 7.33E-4 1.09 7.2270 0.1055 52.75 
10 5.0 3.25E-5 1.033E-3 8.90E-7 8.62E-4 1.29 7.2440 0.1225 61.25 
11 5.0 3.75E-5 1.038£-3 1.03E-6 9.89E-4 1.49 7.2560 0.1345 67.25 
12 5.0 4.25E-5 1 .043E-3 I. 1 6E-6 1.1 2E-3 1.69 7.2635 0.1420 71.00 
13 5.0 4.75E-5 1.048E-3 1.30E-6 1.24E-3 1.89 7.2695 0.1480 74.00 
14 5.0 5.25E-5 1.053E-3 1.44E-6 1.37E-3 2.09 7.2700 0.1485 74.25 
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A ppendix 6 Chemical shift changes (,0.8) for protons on 30 in 1.5:9 D3 COD :CDCh at 298 K versus added 
Hg(CI04)2 solution (2 . 74X 10 -2 M) (t.o are absolute values), Run o . 2. 

Added Total Total No. eq . ,0.8 
uL addition (L) volume Mol Hg2+ [Hg2+] Hg2+ o (ppm) (ppm) 

0 0 l.OOOE-3 0 O.OOE+O 0.00 7.1215 0 

2.5 2.50£-6 1.003£-3 6.84£-8 6.83£-5 0 10 7.1290 0.0075 

2.5 5.00£-6 1.005£-3 1.37£-7 1.36£-4 0.19 7.1410 0.0195 

2.5 7.50£-6 1008£-3 2.05£-7 2.04£-4 0.29 7.1530 0.0315 

2.5 l.OOE-5 1010£-3 2.74£-7 2.71£-4 0.38 7.1625 0.0410 

2.5 1.25£-5 1.013£-3 3.42£-7 3.38£-4 0.48 7.1745 0.0530 

2.5 1.50£-5 1.015£-3 4.11£-7 4.05£-4 0.58 7.1840 0.0625 

2.5 1.75£-5 1.018£-3 4.79£-7 4.71£-4 0.67 7.1950 0.0735 

5.0 2.25£-5 1.023£-3 6.16£-7 6 02E-4 0.87 7 .2140 0.0925 

5.0 2.75£-5 1.028£-3 7.53£-7 7.33£-4 1.06 7.2220 0.1005 

5.0 3.25£-5 1.033£-3 8.90£-7 8.62£-4 1.25 7.2380 0.1165 

5.0 3.75£-5 1.038£-3 1.03£-6 9.89£-4 1.44 7.2505 0.1290 

5.0 4.25£-5 1.043£-3 1.16£-6 1.12£-3 1.64 7.2600 0.1385 

5.0 4 .75£-5 1.048£-3 1.30£-6 1.24£-3 1.83 7.2660 0.1445 

5.0 5.25£-5 1.053£-3 1.437£-6 1.36£-3 2 020 7.269 0.1475 

5.0 5.75£-5 1.058£-3 1.574£-6 1.49£-3 2.214 7.2725 0. 151 0 

6 (Hz) 

0 

3.75 

9.75 

15.75 

20.50 

26.50 

31 .25 

36.75 

46.25 

50.25 

58 .25 

64.50 

69.25 

72.25 

73 .75 

75 .50 



Appendix 7 Chemical shift changes (L18) for frotons on 50 in 1.5 :9 D3COD:CDCb at 298 K versus added 
Hg(CJ0 4)2 so lution (2 .74 X 10- M) (L18 are absolute values), Run o. 1. 

Added Total Total No. eq. ,0.() 

Entry# uL addition (L) volume Mol Hg2
+ [Hg2+J Ho2+ 6 (ppm) (ppm) L1 (Hz) 0 

1 0 0 1.00E-03 0 O.OOE+OO 0.00 7.0340 0 0 

2 3.0 3.00E-06 l.003E-03 8.21E-08 8.19E-05 0.12 7.0420 0.0080 4.00 

3 3.0 6 OOE-06 1.006E-03 l.64E-07 l. 63E-04 0.25 7.0520 0.0180 9.00 

4 3.0 9.00E-06 1.009E-03 2.46E-07 2.44E-04 0.37 7.0640 0.0300 15 .00 

5 3.0 l.20E-05 l.012E-03 3.28E-07 3 .25E-04 0.49 7.0750 0.0410 20.50 

6 6.0 1.80E-05 l.018E-03 4 .93E-07 4.84E-04 0.74 7.0940 0.0600 30.00 

7 3.0 2.10E-05 l.02 1E-03 5.75E-07 5.63E-04 0.86 7.1030 0.0690 34.50 
N 

8 .j:::.. 

5.0 2.60E-05 1.026E-03 7.12E-07 6 .94E-04 1.06 7.1150 0.0810 40.50 \0 

9 5.0 3.10E-05 l.03 1E-03 8.49E-07 8.23E-04 1.27 7.1270 0.0930 46.50 

10 5.0 3.60E-05 1.036E-03 9.85E-07 9 .51E-04 1.47 7.1380 0.1040 52.00 

11 5.0 4.10E-05 1.04 1E-03 1.12E-06 1.08E-03 1.67 7.1450 0.1110 55 .50 

12 7.0 4.80E-05 l.048E-03 1.31E-06 1.25E-03 1.96 7.1560 0.1220 61 .00 

13 7.0 5.50E-05 1.055E-03 l.51E-06 1.43E-03 2.25 7.1660 0.1320 66 .00 

14 7.0 6.20E-05 1.062E-03 1.70E-06 1.60E-03 2.53 7 1750 0.1410 70.50 

15 10.0 7.20E-05 1.072E-03 1.97E-06 1.84E-03 2.94 7 1830 0 1490 74.50 

16 10.0 8.20E-05 1.082E-03 2.24E-06 2 .07E-03 3 35 7.1900 0. 1560 78 .00 



N 
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0 

A ppendix 8 Chemical shift changes (.0.6) for protons on 50 in 1.5:9 D3COD:CDCh at 298 K versus added 
Hg(Cl04)2 solution (2 .74X 10-2 M) (.0.6 are absolute values), Run No . 2. 

Added Total Total ~8 
Entry# uL addition (L) volume Mol Hg2+ [Hg2+] 

No eq . 
H 2+ g 6 (ppm) (ppm) L1 (Hz) 

1 0 0 1.000E-03 0 O. OOE+OO 0 00 7.0350 0 0 
2 2.5 2.50E-06 1.003E-03 6.84E-08 6.83E-05 0.09 7.0400 0.0050 2 50 
3 3.0 S.SOE-06 1.006E-03 1.51E-07 1. SOE-04 0.20 7.0490 0. 0140 7.00 
4 3.0 8.50E-06 1.009E-03 2.33E-07 2.31E-04 0.31 7.0590 0.0240 12.00 
5 3.0 1.15E-05 1.012E-03 3.15E-07 3.11 E-04 0.41 7 0670 0.0320 16.00 
6 3.0 1.45E-05 1.015E-03 3.97E-07 3.91E-04 0.52 7 .0760 0.041 0 20.50 
7 3.0 1.75E-05 1.018E-03 4.79E-07 4.71E-04 0.63 7 .0840 0.0490 24.50 
8 3.0 2.05E-05 1.021E-03 5.61E-07 S.SOE-04 0.74 7 .09 10 0. 0560 28.00 
9 5.0 2.55E-05 1.026E-03 6.98E-07 6.81E-04 0.92 7 .1040 0.0690 34.50 
10 5.0 3 .05E-05 1.031E-03 8.35E-07 8.10E-04 1.10 7 .1150 0.0800 40.00 
11 5.0 3.55E-05 1.036E-03 9.72E-07 9. 38E-04 1.28 7 .1240 0.0890 44.50 
12 5.0 4.05E-05 1.041E-03 1.11E-06 1.07E-03 1.46 7 .1330 0.0980 49.00 
13 7.0 4.75E-05 1.048E-03 1.30E-06 1.24E-03 1. 71 7. 1430 0.1080 54.00 
14 8.0 S.SSE-05 1.056E-03 1.52E-06 1.44E-03 2 00 7.1530 0.1180 59.00 
15 7.0 6.25E-05 1.063E-03 1.71E-06 1.61 E-03 2.25 7. 1580 0.1230 61.50 
16 7.0 6.95E-05 1.070E-03 1.90E-06 1.78E-03 2.50 7.1630 0. 1280 64.00 
17 7.0 7.65E-05 1.077E-03 209E-06 1. 95E-03 2.76 7 .1700 0.1350 67.50 
18 10.0 8.65E-05 1.087E-03 2.37E-06 2. I 8E-03 3.12 7.1770 0.1420 71.00 
19 10.0 9.65£-05 1.097E-03 2.64£-06 2.4 1E-03 3.48 7 .1800 0.1450 72 50 








