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Abstract

"Calix"-compounds have "cup"- or "basket"-like sha :s which make them attractive
synthetic targets for host-guest studies and for many o r potential applications The
research described in this thesis deals with two sets of ol ctives. (a) The synthesis and
characterization of new generation of calixsale ; and (b) The study of = reactions of
thiacalix[4]arene 1,3-bistriflate and the chemistry of thiacalix[2]phenoxathiins

Calixsalens are dimeric compounds in which the two salen units are connected by
methylene, ethylene or sulfonyl linkit  groups, and are ually prepared under Schitt-
base macrocyclizations of bis-salicylaldehydes with diamines. Chiral Mn(11I)-calixsalen
complexes have been designed to serve as enantio ective epoxidation catalysts which
act via a host-guest catalytic mechanism in which reactants can be included within the
chiral cavities of the new complexes. New calixsalen | 1 Is with large (chiral) cavities
were synthesized by incorporatir~ new linking groups between the two salen units
Modified low mol% Pd Suzuki conditions efficiently produced the desired targeted bis-
salicylaldehydes which were used as the precursors for the desired calixsalen compounds

The second p: of this thesis describes the attempted dification  of
thiacalix[4]arene to form the narrow rim-functionalized arylethynyl deriv  ve, using the
Sonogashira reaction. However, the reactions employed produced instead an unexpected
new pheoxathiin product under Cu(I)-ca '/zed conditions. A host-guest complexation
study was conducted with the new phenoxathiin and its « ferf-butylated analogue and
both were shown to be moderate receptors for Ag" and H ~ ions but not at . with the

neut ~ Cgp and Cop fullerenes.
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Figure 1.1-1: Achiral Robson-type macrocycles.

Robson-type macrocyeles such as 8 are well-kne m ext ples of Schifl base

macrocycelic ligands (Figure 1.1-1). . .ey were first reported by Robson in 14,0 using

‘0






acetophenone in the presence of 11 afforded the corre >nding alcohol in 48% ee.
Furthermore, oxidative cou; ng of 2-naphthol with the ¢ iral dicopper(  macrocycle

complex 12 gave chiral binaphthol in 86% ec and 84% vyield.®

a b N d e f
M =Cu(ID. Ni(ll), Zo¢Ily Co(ll, Fe(HD) and Mn(Ith

Scheme 1.1-2: Formation and complexation actions of 15.

The metal-free Schiff base macrocycle 15 has been prepared from the reaction of
(1R.2R)-diaminocyclohexane (13) with 2.6-diformyl-4-methyiphenol (14)  der reflux in
MeOH (Scheme 1.1-2).""  Treating 15 at room temperature with up to 3 molar

. - . 2+ v 2+ O R ¢ 4 ~ . .
equivalents of metal ions such as Zn“", Cu™, Ni7 . Co™ ", Fe= or Mn™ all failed to give

the desired trinuclear complexes. but formed the mono-metal ion-containing complexes

16. instead. Ligand 15 disproportiona 1 w " r the reflux complexation reaction with

n



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 grc p prompted investigations of their non near optical
properties. The ligand 15 itself and the bimetallic complexes .. o-f contaming Zn(1D).
Co(Il). Fe(Ill) and Mn(IIl) ions, respectively, showed modest second harmonic
generation (SHG) properties. The bi-metal ionic ¢cc  plexes of Cu(ll) 17a or Ni(II) 17b,
however. did not show any SHG propertics.

Reduction of macrocycle 15 gave the hexaaza triphenolic macrocycle 18, which
has striking structural features (Scheme 1.1-3). Itis a ‘-symmetric molccule in which
the macrocyclic cavity is defined by 27 atoms and is st ilized by intr. 1olecular (O-
HeeeN:; N-HeeeO and N-HeeeN) H—bonding.”’ This chiral cavity makes this ¢ ss of ligand a

very good candidate to utilize tor “host-guest™ asymmetric catalysis.

,J

NH ()H N O O
) HO
T 18 Par
/,,\\/ N P U\\ N e o ~
\\ 7 /nkt 1\\
OH HO P s 2 \\\4//
(-N ,
NH O.N
>— 19 ) 21
\

18

Scheme 1.1-3: Asymmetric aldol condensation catalyzed by Zn(ll) complex of 18.



The corresponding trinuclear Zn(ll) complex of 18 showed high efficiency in
catalyzing asymmetric aldol condensations. For example, the f-hydroxyketone 21 was
obtained in 95% ee from the aldol condensation of acetc e (20) with p-nitrobenzaldehyde
(19) in the presence of 1 and 3 molar equivale s of 18 and Znlts respectively.8
However, the chiral polyaza macrocyele 22 igure 1.1-3). which was prepared by
reducing the Schiff base macrocyele precursor, was less eftficient in its asymmetric
catalysis ot the aldol condensation of p-mtrobenzaldehyde (19) and 20 This aldol
condensation in the presence of ZnEt, and 22 in DMSO afforded the -hye Hxyketone 21
in only 56% e¢ (Scheme 1.1-3). When compared with ¢I al 22. the use of racemic 23
(Figure 1.1-3) formed the same [B-hydroxyvketone 21 in lower %o c¢c.  This example

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

reactants.
- D
N NH N HN—
/= H = N
\ / N Q N
, N\ ’
\ \

NH HN NI IIN\
Oty om0y O )
NS e N
. =

22 23

F* arel.1-3: Poly 1ma Hcycles: and .



The thiophene-based polyaza macrocycle 24 is similar in some res :cts to 22 and
23'% and has been evaluated as a catalyst in asymn ric reactions. The alcohol 2. was
obtained in 75% ee using the Cu(ll) complex of 24 as a ce  yst in the Henry reaction of

nitromethane (25) with benz dehyde (26). (Scheme

NO,

Q
cinos + 4N H 7N

e 0 Cu(ih — Ot

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

&

<: > =N N==
HN  ONH, @
13

@—CHO Fe e
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f\
CHO - Molecular sieves
@—L ecular sieves /
N
2 / <
8 . S N

e

Scheme 1.1-5: Schiff base reaction of tormation of ferrocene—based macrocycle 29.

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

(28) and (1R 2R)-diaminocyclohexane (13) under non-templated Schiff base



condensation conditions (Scheme 1.1-5)."" 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-Cy axis. This
chiral cavity allowed 29 to be an excellent receptor {  the enantioselective encapsulation
of 1.1'-bi-2-naphthol and was effective for its chiral resolution.

In 1994, Brunner reported the synthesis ¢ the chiral bisbinaphthyl macrocye .
(Figure 1.1-4) which is an example of a large chiral sale dimer.'* Reduction of the imine
functional groups in this class of compounds afforded 2 more stable chiral amine
macrocycles such as 31-33 each of which also has a chiral cavity. Compounds 31-33
theretore. have the potential capacity for chiral recognition.  Further ore, because
compounds 31-33 have naphthalene moieties, they can also function as fluorescence
sensors.  Thus. the chiral amine macrocveles 31-33 showed high efficiency 1n

. - » . . RN
enantioselective tluorescent recognition of a-hydroxyca  Hxylic acids.

oH Ho
N Ol HHO B N
~— NN - = > "R
\ -
Ph/ I'h ’\ \\
30 3R -1

2R — N

RENH M_\\

Figure 1.1-4: Napht! " :ne-based tetraimine and tetraamine macrocycles 30-33.
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F 1rel.l- Peptide- and calixarene-like Schift  se macrocycle 34 and 36.

The “peptide-like™ Schitt base macrocycle 34 (I'igure 1.1-5) was highly ettective
as an cnantioselective receptor in the recognition of nucleotides such as (-)-adenosine
35" “Calix-like™ oxazaboron Schiff base macrocycles su  as 36 (Figure 1.1-5) possess
cone-like conformations with €3 symmetry and deeper cav  es than typical calixarenes.'
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 ammonium
salts. Host-guest titrations monitored by UV-spectrometry revealed that ¢ pounds 36

d were indeed modest receptors tor alkyl  1nes and their ammon™ 1 salts. Among the

n-alkyl amines tested, n-propylamine gave the highest + 1ation constants: with 36¢ in






Bis(tripyrrolyl) cryptand 39 was synthesized under [2+3] Schitt’  basc
condensation conditions.'® The compound was desi; d to encapsulate a ; st molecule
with the pyrrole nitrogen atoms attracting the guest mc -cule by hydrogen bonding
interactions. Macrocycle 39 was found to strongly bind 1.2-diaminoer me and 1.2-
ethanediol in CHCl; solution. The porphyrin macrocye 4 can include pc r molecules,
such as ethanol, trifluoroethanol or phenol. inside its cavity via hydrogen binding and 7-7
stacking."” Using 'H NMR titration experiments, catechol was shown to bind to receptor

40 with an association constant of around 10t M

Figure 1 .7: Pyrrole-containing macrocycles 39-43.



Pyrrole-containing macrocycles 41-43 (Figure 1.1-7) showed high binding
affinities for anionic guests such as CI', Br’, CH;COO", HSO,’ and H2P04'.2°‘21 The 2.6-

diamidopyridine-based macrocycle 41 had higher bir constant than 42 and 43.*'

1.1.2 Mn(III)-salen asymmetric epoxic tion cataly:

Enantiopure epoxides are very important because t} * are useful intermediates in
asymmetric organic synthesis and are chiral buil ng block  for many biologically-active
compounds and natural products. The developmer  of methodologies to obtain chiral
epoxides with high enantioselectivity has been the focus of many research groups.
1980, Sharpless developed a titanium-based catalyst for asymmetric epoxidation of
allylic alcohols, usually with greater than 90% ee. but tl methodology has not been
demonstrated as suitable for epoxidation of untunctionalized olefins.™ Chiral porphyrin-
transition metal complexes displaved moderate- to low enantioselectivities and even

: » 23
lower chemical yields.

44

X =CLNO>and Me
Figure 1.1-8: Kochi's achiral Mn(II)-salen.
In the 1980s. Kochi®* and Burrows™ reported the non-stercoselective epoxidation

of alkenes. using achi ~ manganese salen complexes such as 44 (Figure 1.1-8) in the

presence of iodosylmesitylene as the oxidant. A breakthre gh in the field of asymmetric



epoxidation of unfunctionalized alkenes was achieved by Jacobsen®® and Katsuki® 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' ositions.
Katsuki-type complexes such as 48 and 49 (Figure 1 ¢ contain four chir = 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 1.1-10), have been prepared in

. . .o . . - . . R
order to improve the enantioselectivity of epoxidation o1 nfunctionalized alkenes.

Jacobsen catalyst Katsuki catalyst
Ri R RS R
R \—+-R R‘-\ — =R
=N N-—- ==N N =
Uﬁ_/' A
- n — —_— Mn i
—0 20 - : ‘ —0 o0
- PF, L — AcO _
3 R R 5 e - H.
Ph \ Ph/ -
45:R-Ph R =H, R"=1I
46: R=IHL.R = P]L R" = Ph J8:R-1LR =Ph
47:R=Ph R =1 R" =Bu R=Ph R =H

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

1.1 ° 1 The Jacobsen-Katsuki methodology

The epoxidation of unfunction:’ d alkenes by In(Ill)-salen  s¢ catalysts
requires initial oxidation of the metal by a terminal oxid. t 63 such as 1odosylbenzence
(Ph10O), 7207 NaOCI* or  m-chloroperoxybenzoic acid n-CPBA)" (¢ aeme 1.1-6).
This oxidation step forms oxo-Mn(IV) intermediate 64, which is the active specles

. N . . 31
responsible for delivering the oxygen atom to the alkene.”  Subsequently. the alkene
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Scheme 1 -6: General metal-catalyzed epoxidation.

The high enantioselectivities obtained with these catalysts result from the
presence of the asymmetric centers in the ethylenedi aine its and the nature of the two
bulky substituents at the 3 and 3' positions of the salen ligand (F* e 1.1-11). The steric
effects of the bulky groups in the 3 and 3' positions « cct the alkenes away trom

approaches e, d and d' and toward the chiral center side of the ethylenediamine-Mn(1V)

moiety (approaches a. b and b').

Fi_ -e 1.1-11: Ditterent approaches for an alkene to attack the oxo-Mn salen species.

16



Jacobsen ascribed the enantioselectivity found wit his catalysts to a “side-on™
perpendicular approach of the alkene to the meti oxo bond (Figure 1.1-12). The
incoming alkene follows a pathway in which it faces the least amount of steric
interactions with the bulky substituents on the phenyl rings d also with the substituents
on the chiral ethylenediamine moieties in 47 and :  Jacobsen rationalized that path
with 47 and path a with 56 in Figure 1.1-11 are the most favorable pathways to produce

epoxides in high enantioselectivities from the corresponding unsyr netrical cis-

R [N
‘NS
i’ T
a M (hav oreds

disubstituted alkenes.”

R H -
\7 N Ph Ph . ¢ - o ¢
I N >—O_< c_ Howe o= ;_
—— SNLT N= = = NO§ N
R = (favored) - " Mn_ — —_— :

H= y -0 0~ "B G Min-g . e'Bu
u/[itx IBL|>_/_ x</B“ /Hn>_/_

47 S6

Figure 1.1-12: Possible “side-on™ approaches to an oxo-Mn-salen intermediate. ’

In contrast. Katsuki proposed approaches b a b' (Figure 1.1-11) as the
orientation which alkenes follow to capture the oxygen atom {rom the oxo-Mn species in
the catalyst.’“’ This argument was based on the ide that = ligand of the oxo-Mn-salen
is non-planar (Figure 1.1-13) as confirmed by an X-ray crystallographic structure. '’
Katsuki suggested that the five-membered rii  in the oxo-Mn-salen intermediate. which

is formed from the chelating ethylenediamine with manganese ion. adopts a half-chair






one of the two conformers affords one of the epoxide enantiomers in larger vield.
Alternatively. the other epoxide cenantiomer is pre iwced 1+ smaller yiel  because the
amount of the conformer complex that gencrates that particular enantiomer is small.
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Scheme 1.1-7: Epoxidation of 2.2-dimethylchromence by achiral Mn(Il)-salen 69 in ¢
presence of a chiral additive.
Katsukt supported this model with experime al results. Catalytic epoxidation of
the 2.2-dimethylchromene 68. using achiral salen 69 in  © presence of a chiral axial

~

donor ligand. such as 3.3'- nethyl-2.2-bipyridine-N.N-¢  xide (70). afforded epoxide

3840 . .
’ A racen o omixture ol

71a with high cnantioselectivity (86% c¢e)(Scheme 1.1-7).
cpoxides ts normally produced using the achiral Mn(lIl)-salen complex alone, since the
two conformers Xgiay and Xgieq (R = 1) exist ma 1:1 ratio. However, axial coordimation
ol a chiral donor to the metal center of the catalyst leads to a diastereomeric mixture. As

a result, the equilibrium shifts towards the conformer which reacts with a greater ar unt

of the alkene to attord the respective epoxide cnantiomer in high % ce.
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Figure 1.1-14; The axial cot rmer of the oxo-Mn species of the catalyst 7 bearing a
carboxylic acid group.

0N~ O/ ON_ .~ O,
’ h \f catalust 72 I ” :
o H > Phio e _RE
S S AcNH TN Tl
AcNH 3.3 -dimethyl- 2 2-bipyridine ¢ NG
CH-Ch-H-0 71b
68

Scheme 1.1-8: Reversing the conformation of epoxide 7( by using catalyst 72 to form

the enantior 71b.

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

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

equilibrium toward the diaxial conformer 72,a (Figure 1 -14) resulting in a reversal of

the configuration of the resulting epoxide 71b from 2.2-di 2thylchromene (Scheme 1.1-

8).“









74 induced higher % ee for epoxidation of trans alkenes than Jacobsen-type catalysts 50-
54" The low efficiency of epoxidation of frans 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 salen ligand. This interrupts the desired orie¢ ation of the
incoming alkene from getting to the oxygen atom, and lez  to ineffective interactions

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

R
\t $
= L.
) \\ O =~
L R N\ ‘\‘4 \
Mn n\R
nXl ' t 'Y‘ !

= Sglen

‘4l

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" fransition state is more
favoured for epoxidation of this type of oletin 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 ind  2s 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.
[t this interaction acts  /ne cally with the interactio | ver the substituents  the

chelating diamine moiety and the axial I ind, the salen and will be . 2ply folded.

1o
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Thus, 73 and 74 are good catalysts for epoxidation of rrans  enes. The crystal structure

of catalyst 61 showed that it is more deeply fol :d and it showed high efficiency for
asymmetric epoxidation of these types of alkenes. For example, the epoxid on of trans
B-methylstyrene by 61 was attained in 91% ee.*

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-

4535 8

substituted, trisubstituted’®"” and many tetrasubstit :d alkenes.” However, poor

enantioselectivities were observed (down to only 5% and 1% e¢) 1n the ¢ xidation of

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

Jacobsen catalyst 52 (Figure 1.1-11; A -OSi(i-Pr)l)‘48

=N N—
. = Va N
Me - — 0 &| O—— - Me
‘Bu Bu

75 R =Me
o R=1

Figure 1.1-17: Jacobsen's catalysts 75 1d 76.

The steric etfects due to the substituent groups on 1e diaminocyclohexane unit
(Figure 1.1-17) on the enantioselectivities and the yield ot epoxides are unclear. The
Jacobsen-type catalyst induced low chemical yir Is and enantioselectivity in the

epoxidation of cis-f-methylstyrene when R was bulky. For example. using catalyst 75 (R



= Me) afforded only a 54% yield of the corresponding epc  le with 49% In contrast,
using catalyst 76 (R = H), led to the same epoxide in 1% 1d with 92% ee”

These results were used as evidence to prove that the alkene follows the approach
from the side of the diaminocyclohexane moiety (approach a, Figure 1.1-11). Theretore.
the less sterically-hindered diaminocyclohexane facilitates the alkene a roach to the
0xo-Mn species and induces higher enantioselectivity. In contrast. a more sterically-
hindered catalyst leads to poorer vields and lower optical puritics. However. the Katsuki-
type catalysts 73 and 74 where the substituents (R = 3.5-(CH;),CoH; and | | respectively)
are more sterically-hindering. showed high enantiose ity with many alkenes. For
example, the epoxidation ot 1.2-dihydronaphthalene using 73 and 74 led to the

. o - 4443
corresponding epoxide in 92% and 96% ee. respectively.”™ ™

1.1.2.3 Advances in salen-based Mn catalysis

After Jacobsen and Katsuki developed their Mn(  )-salen methodologies, other
groups synthesized different types of chiral Mn  [)-salen complexes. Pedro™ prepared a
less-active Mn(Ill)-salen complex 77 (Figure 1.1-18) bearing a chiral sesquiterpenc-
derived component. This catalyst afforded epoxides trom various alkenes in high yields
by using different oxidants, but the enantioselectivi  obs  sed was low (between 5-10%
¢e 1n all cases) and only 1.2-dihydronaphthalene gave an epoxide with as 1 ich as 25% ce¢
when iodosylbenzene was used as the oxidant.

In order to control the orientation of the oncoming alkene +  chemical
recognition process, a salen unit has been attached to a calixarene to form the Mn(H1)-

salen complex 78 (Figure Figure 1.1-18).

12
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Figure 1.1-18: Different types of Mn(llI)-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(Ill)-sale ~ However, the results obtained
with 78 did not suj ort this p liction. Mosset and  alfrank synthesized — series of

Mn(111)-salen catalysts such as 79a-e which contained benzyl etl - functionalitics on the
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Figure 1.1-19: f-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—ﬁ—ketoiminate,55 Catalyst 83 afforded the corresponding (I 4S)-epoxide
from benzocycloheptene with ¢ % ee using Os-pivala 1 e as the oxidant. Changing
the terminal oxidant to NaOCl,,  ve the (35 4R)-enantiomer with 41% ee.

Fluorous biphasic systems (FBS)™® have been employed in Mn(lIl)-salen
epoxidation methodology to solve the problem of catalyst recovery. Pozzi develope  two
generations of  fluorous Mn(Ill)-salen catalysts 84-88  “igurc 1.1-2( Y The first
generation perfluorooctanyl Mn(I1I)-salen catalysts 84, w: : soluble in perfluorocarbon
solvents but were completely insoluble in com only used organic solvents like
acetonitrile, dichloromethane, or chlorobenzene. Both complexes showed igh yields of
epoxides tfrom various alkenes, but with very low enantioselectivity. except with indene,

where the product was obtained with 90% e¢.””
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Figure 1.1-20: Perfluoroalkyl-sbstituted Mn(Ill)-salen complexes.

The second-generation catalysts 85-88 afforded the corresponding epoxides from
different alkenes with modest to very good enantioselecti’ ies. For example. catalyst 87
oxidized triphenylethylenc to give triphenylethylene oxide in 98% yie  and 87% c¢
using PhIO as the oxidant and pyridine N-oxide (PNO) as the additive i a CH;CN-

pertluorooctane solvent system at 100 °cS

1.1.3 Host- ~—1est catalysis and epoxic tion reactions

Host-guest or supramolecular catalysis is an i1 »ortant 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  ve a ca> y in which the active mter
res’ " s. The reactant >lecule is directed towards  act : center in the cavity in order

to react inside this cavity and give products with high stereoselectivity. This selectivity






accessibility of the reactant hydrocarbon molecule to the cavity. Also, binding the
reactant substance by the enzyme membrane insi - the cavitics maximizes the steric
interaction between this substance and the skeleton fthe porphyrin moi - in the active
site, which increases the stereoselectivity of the reaction. The versatility of cytochrome
P-450 catalysis has inspired many chemists to design enz 1e-mimetic systems for regio-
and stereoselective catalysis. These systems can be classified under two types of models;
(1) the synthetic complexes with active sites, such as the porphyrin and Schift base
catalysts: (i1) zeolite models.

Zeolites are constructed from SiOy and AlO;  trahedra linked through oxygen
bridges. Each oxvgen atom is shared by two silicon or alu  num atoms.” The tetrahedral
coordination of Si-O and A1-O permits a variety of ringed structures which are joined to
form prisms and more complex cages. These cages can a sumilarly to an enzyme cavity
il they have an active site encapsulated inside. such as I i(Ill)salen or metal-porphyrin
units (Figure 1.1-22). The cavity walls can embrace the alkenc substituents and create
the steric interactions necessary with the skeleton of the active site to produce epoxides
with h*-h enantioselectivity.  The  ructures of’ zeolites also contain unifc  ly-sized
pores and channels in the range of 4 to 13 A and are. therefore. able 1o recognize.
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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Scheme 1.1-9: Chiral Mn(Ill)-salen catalyst encapsulated within zeolite Y (' ) for
enantioselective epoxidation 91.

The same catalyst 89 was trapped in the cages of crystalline zcolite EMT, and 1t
showed similar effectiveness as the same free Jacobsen catalvst under homogencous
conditions. However.  Mn(Ill)-salen  encapsulated 1 zeolite EMT  exhibited
chemoselectivity in the epoxidation of alkenes having bulky substitute 5. Thus. no
epoxidation of cholesterol under the heterogeneous condi ns of zeolite EMT upto 18 h
of reaction could be detected, whereas 13% of cholesterol cpoxide v roduced under
homogeneous conditions. It was rationalized that the large size of cholesterol prevented it
from entering the zeolite pore and reacting with an oxo  In(llD-salen unit incorporated
therein. This particular reaction illustrated the role that the zeolite pore  es can play n
the chemical recognition of the reactant and suggested that the epoxidation reaction

occurred inside the cage. These findin_ openc the door to the use of zeolites to improve

host-guest catalysis.
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2



The achiral zeolite-encapsulated Mn(Ill)-salen ¢ ¢ alyst was more etficient than

* All of the epoxides

93 in the epoxidation of a wide range of alkenes (Scheme 1.1-10).
were obtained in higher yields using the heterogeneous ca  yst than were obtained under
the homogeneous conditions. This provides additional evidence that the epoxidation
reaction under heterogeneous conditions occurs ins 2 the zeolite cage. Also. the host-
guest mechanism enhanced the reactivity by preventing fi nation ol the unfavorable yi-

oxo-manganese dimer (Mn-O-Mn) which is a factor 1 deactivating cpoxidation reactions

under homogeneous conditions.
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Scheme 1.1-10: Achiral Mn(I1l)-salen catalyst encapsulate  within zeolite 94 for regio-
selective epoxidation.

The observation that the porphyrin moi - is the active site in cytochrome P-45()
enzyme has stimulated an extensive area of research into synthetic porphyrin-mimetic

enzymatic systems. Porphyrin itself is not effici . in ca ‘ytic enantioselective
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epoxidation because it has a planar and therefore a ral  ucturc and ¢z 10t create an
. . . .65 . .

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

iron(Itl)-porphyrin complex 99 induced moderate enz ioselectivity of 51% ee in the

06.23bc i g :
= qis finding prome :d e design

epoxidation of p-chlorostyrene (Scheme 1.1-11).
of synthetic super-structured pc | 1vrin models with a controlled steric environment such
as “clip” and “strapped™ porphyrins. Such structu 3 were intended to create a cavity
around the porphyrin in order to have effective steric int ictions betwer  the alkene’s

substituents and the porphyrin skeleton ot the oxo-iron intermediate, which could 1 luce

formation of epoxides with higher enantioselectivities (Figure 1.1-23).
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Scheme 1.1-11: Chiral iron(Il)-porphyrin catalyst 99 for enantioselective epoxidation.
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Cavity

101
Figure 1.1-23: Porphyrin enzyme mimic system for epoxidation.

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

chiral moiteties at one. or two. faces of a porphyrin (Figure 1.1-24).  This class of

porphyrin has a chiral cavity that can enhance the enantic  lectivity of epoxidation in a
supramolecular manner. For example, threitol-strapped M (TH-porphyrin complex 102
resulted in high enantiosclectivity in the epoxidation ol ¢is-disubstituted olefins of up to

. . - 07
88% ce and 79% c¢e with monosubstituted olefins.

102

Figure 1.1-24: “Strapped™-porphyrin 102.






provided the corresponding (3S 45)-epoxide with 93% 2 and in 50% yield om
epoxidation of 2.2-dimethylchromene using PhIO as the ox ant and 4-phenylpyridine-N-
oxide (PPNO) as the axial ligand at -30 °C. Also, epoxidation of cis-B-methylstyrene was

achieved with 82% ee.%
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Figure 1.1-26: Clip porphyrin 106.

The “clip” porphyr 106 was designed to have a metal-porphyrin molecule
situated above tl  receptor cavity (Figure 1.1-26). Its cavity is rigid. relatively closed
and well-defined, having a diameter of approximately 9 A" 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
outside is crucial to prevent any epoxidation occurring outside of the cavity. Furthermore,
oxidizing the metal inside the cavity prevents the formation of undesired p-oxo-metal

dimers and prevents deactivation ol the catalyst. Indee  this example of a porphyrin



complex showed high stereoselectivity for the epoxidatior [ cis-stilbene: the cis-epoxide
was formed in 95% vyield and the trans-stilbene stereospecifically lormed the trans-
epoxide.

Cyclodextrins (CDs) are interesting nat il products which have been intensively
investigated as enzyme mimic catalvtic model systems. The best-known and best-studied
representatives are CDs 107 and 108 (Figure 1.1-27). These CDs are cyelic
oligosaccharides which possess relatively rigid shallow bowl-shaped structures consisting
of 6 and 7 glucopyranose units. respcctivcly,7I with an electron-rich. hydrophobic interior.
The size of this hydrophobic cavity varies from 0.5 to 0.8 nm depending on the number
of glucopyranose units forming the cyclodextrin. 5 are 1t of these fe. wes, CDs 107
and 108 are efficient water-soluble host molecules for r e of organic guest molecules
including aliphatic and aromatic hydrocarbons, alcohols, | 2nols. cthers, carboxylic acids.

esters, amines, etc.

OH (/
HO 0 O
A, Ea
1O g — ) \\\ 0 \\ / ] O-— KA 7\
/o \\V N — /o Ho=Yx- \
S HO e H 5 Ho |, o
. . {r S ’ N _Q
A 7 HO HO A ¢
SHCH U\ O /\
(V] . 17 R
) HOL Ul o b oon o
0.\ on AN \ HO
. v T o
AN, HO ) |
HO - \’.\OH & \\ on Ot ‘,
N ] O P
0 OH N
< OH ’ OH HO— OH
. z 0 ot - O
- O o L
0— Lol o/ [T o T oo T
~ - 0 N
HO - -
n(v/ v \
Ol
107 108

Figure 1.1-27: a- and B-Cy  dextrins 107 and 108.



One of the first examples of a CD-enzyme m ¢ catalyst used for epoxidation is
the sandwiched-porphyrin 109 (Figure 1.1—28).72 Two B-C 108 rings were attached at
the two faces of the porphyrin establishing two binding po ets 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 soluti 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 1 ide the CD ring not only increases

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

= B-cyclodextm

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).7 B-CD was covalently-bonded by a dicther
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linking group. Moderate results were obtained by photoc alytic oxygen: >n of chiral a-
pinene 112 in the presence of 111. The highest de obtained was 67% in the presence of 2-

methylpyridine.

OMe

MeO 0 /gﬁ
)
\F;/?OMC HO
o/ no

Q
Med
OMe
MeQ

O OMe 0O
MeO

MO 0o
O |
O

H
OMe )
MeQ Ohle
© OH OH 0 ©
I Me)
e /

O

(5)-112 113

111

Scheme 1.1-12: Metal-porphyrin complex 111 bearing a 3-CD for chiral photocatalytic
oxygenation of chiral a-pinene 2.

A very useful metal-free epoxidation methodology employs dioxiranes that can be
generated in situ from the reaction of oxone (KHSOs) with a catalytic amount of ketone.
Attaching CD 108 to a ketone functionality should therefore. in princij . enhance
selectivity tor epoxidation of unsubstituted alkenes.” It was anticipat  that ¢ » 114
should chemically recognize and bind the alkene inside its cavity prior to reaction with a

dioxirane intermediate, as in 115 (F' e 1.1-29). ...e 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 ndged a-cyclodextrin 116 was
designed 1o act similarly to 114, However. 116 gave poorer enantioselectivity in

cpoxidation of styrene (30% ¢e).
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Figure 1.1-29: Cyclodextrins 114 and 116 bearing a ketone functionality act as enantio-
selective catalysts for epoxidation via dioxi e intermedia



1.1.4 Development of calixsalen complexes

Jablonski's group developed a series of macrocyclic salen dimer complexes 117.7°
Since these complexes have calixarene-like structures wi  an internal ¢ al cavity. they
were named as calix[n]salens (Figure 1.1-30). X-ray crystallography of calixsalen 117d

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

(Figure 1.1-31)."
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Figure 1.1-30: Ex  ples ot calix|2  lens 117,

Calix[n]salen complexes are presumed to function as enzyme mimics with oxygen
transfer occurring mside the chiral cavity.78 The main approach 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 wl :h
is protected by the alkyl substituent groups (¢.g.. Me. i-Pr or -Bu) (Figure 1.1-32). Also.
using relatively large axial donors. such as 4-phenylpyridine-V-oxide. t = coordinate the

manganesc atom from outside of the cavity should force  kenes to be epoxidized inside
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Sterically blocked

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

Calixsalen 117e potentially ofters a larger ring size than 117d. however, si ¢ the
~OCH,CH;0- linker group is flexible, it assumes a conformation driven by m-stacking.
Therefore, replacement of the -CH,- linking groups in [ 7d by a larger groups such as an
0-. m- or p- phenylene, or a disubstituted naphthyl (naphthylene) group for example.
should expand the cavity size and keep the structure rigid (Figure 1.1-33). The
availability of large ring-sized calixsalens will increase the range of 2 cavity sizes
available and may improve the potential of calix[n]salen 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  ands
of ¢« plexes 118 (Figure 1.1-33) gen ted by linl g the salen units to phenylene,

naphthylene and anthracylene groups. The synthetic strategy employed various Schiff

4~
N



base macrocyclization methodologies to prepare the desired salen dimer ligands
efficiently from the corresponding dialdehyde systems. F*  hermore. the Suzuki-M aura
coupling reaction was used to efficiently link two salicylaldehyde units to dibromoaryl
compounds such as dibromobenzene and dibromonaphthalene. The . 1thesis of an
anthracene-based analogue employed a Ni-catalyzed coupling reaction. All of these

approaches will be described and discussed in this thesis.

118

Q ~ phenylene, naphthylene or anthrac

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

In Chapter 2. the synthesis of the bisaldehyde precursors required tor the designed
Schift base macrocycles will be described. Chapter 3 contains the description of the
synthetic methodologies which were used to form the targeted Schift base macrocyclic
ligands. The second part of this thesis is devoted to research conducted by 11 author on

the chemistry of thiacalix :ne, a different macrocy: ¢ system unrelated to the Schitf

base macrocycles discussed in Part 1 (Chapters 1-3).
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Chapter 1.2. Synthetic appro : :s towards

the preparation of the bisal :hydes

1.2.1 Introduct n

As described in Chapter 1.1, a new type of highly constrained chiral cavity-
containing Mn(lI)-calixsalen dimer 117d (Figure 1.1-30), in which the linking gro
“Q” 1s a methylene (CHy) group. was highly efficient for the asymmetric epoxidation of
alkenes such as styrene and indene.' This high efficiency is attributed to structural
features which maintain a rigid cavity to facilitate the epox  ation reaction in a chiral and
sterically-biased environment. Therefore, 1 any newly-designed and targeted calixsalen
dimer such as 1 (Scheme 1.2-1), replacing the met lene (CHa,) linking group (*Q” in
117d. page 43) with larger. and more rigid groups “Q™ ¢ Huld increase the cavity size

while maintaining the rigid shape of the desired ligands 1.

N/
N NH
2 HO Q Oft
:
O:\ QO
H 3 H
1
4 5

Scheme 1.2-1: Synthetic strategy for rigidr  3-expanded calixsalens 1.
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The strategy employed to construct this new se1 3 of Schiff base acrocyclic
ligands was to initially prepare bisaldehyde systems such as 3 and then to react them with
(1R 2R)-diaminocyclohexane (2) under Schift base re. ion conditions to form the
desired salen dimers 1 (Schemel.2-1). Bisaldehyde systems (e.g. 3) were constructed
from two alkylsalicylaldehyde units connected by non-tlexible 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 wi be discussed. | rthermore, 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.

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

A similar structure to the targeted Mn(lI)-calix: ens was reported in 1994 by
McAulitte, who introduced two 1,8-naphthylene groups in the Mn(Ill)-salen dimer 8
(Figure 1.2-1)." Complex 8 was constructed in sizis trom the reaction of 1,8-bis(3-formyl-
4-hydroxyphenyl)naphthalene with 1,3-propanediamine i the presence of Mn(ClOy)-.
The synthesis 1.8-bis(3-tormyl  hydroxyphenyl)naphthalene was achieved via Suzuki-

Miyaura coupling of 1,8-naphthalenediboronic acid with 4-bromosalicylaldehyde.

N
‘N
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Figure 1.2-2: Conformational isomers of bisaldehyde compounds 9-13 (R = H. or alkyD).
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In the research reported herein, McAuliffe’s strategy was applied usi ; bisaldehydes
9-12 as the linking groups. The syn conformers of 9-13 (Figure 1.2-2) would be e
required ones to form the desired salen-dii r 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 conform.  ons of 9-12, should be better
candidates than the 1,8-naphthylene group used y McAuliffefor for the objectives

envisioned.

CO,Me
B(OH). CO,Me
3 mol % Pd(PPhs), -
NHQCO; NN
benzene i}
reflux for 6 h AN
Br k
94% =
14 o

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

Many methods for aryl-aryl bond formation to build triaryl syst 1s have been
reported.” Suzuki-Miyaura coupling has been widely u 1 and is remarkably efticient at
directly linking two aromatic systems.” This methodolo_ utilizes the Pd(0)-catalyzed
coupling ot an arylboronic acid with an aryl halide ur 't basic conditions. In the first
example of this type of coupling, Suzuki isolated biaryl 16 ~ 94% yield from the reaction
of phenylboronic acid (14) with methyl 4-bromobenzc e (15), under reflux conditions
for 6 h in benzene, in the presence of sodium carbonate  d 3 mol% of Pd(PPh;); catalyst

(Scheme 1.2-2).



Despite the fact that boronic acids are not always sily prepared, 1ey have low
toxicity, are easier to handle and are environmentally-friendlier than ot r commonly
used organometallic reagents such as aryllithium, arylzinc or Grignard r  zents. whi
are frequently 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 ot 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 [ > Br > Cl.” Investigations of the influence of the base on the coupling
reactions of ditferent boronic acids with various aryl halides at ambient temperature.
revealed that thallium hydroxide gave the best result in the presence of 2 mol% ¢

Pd(PPh;), catalyst in dimethylacetamide (DMA) astl solv  :(Scheme 1.2-3).%7

Br =
2 mol % Pd(PPhy)y N
—_—
TIOLL. DMA
MeO §
B(OH)’_\ i, 12 h
MeQ)
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. Typici y. tl  best results were achieved



with Na-COQj as the base and DME as the solvent. Towever, ;POyactivated the reaction
remarkably when DME was used as the solvent.”

Fluoride salts reportedly enhanced the rates and vields enormously for Suzuki-
Mivaura coupling rcactions. In particular. Wright found that cesium fluoride gave the

best vield for the product 21 (Scheme 1.2-4)."

CHLCOLCH;

B(OH), CHLCOSCH,

sk
- —
DME, 100 °C

AN
2h [
Br 1000 e

Scheme 1,2-4: Cesium fluoride-catalvzed Suzuki  1yaura coupling.,
1.2.2 Strategies and retrosynthetic analysis

As described carlier in this chapter. the synthetic strategy (o prepare the targeted
salen macrocyclic I inds is based upon transformation of tI bisaldchyde ¢ luct 3 to the
desired compounds 1 using a Schiff base condensation reac o in the final step (Scheme
1.2-1). At the very beginnin — of this project. three synthetic routes were proposed (o
prepare 1A-bis(3-rerz-butyl-3-formyl-d-hydroxyphenyhbenzene (22) as a representative
example of the targeted bisaldehyde systems (Scheme 1.2-5). Lach of these pathways

was based upon linki=~ two alkyl-substituted salicyl: lehyde units to anar natic ring in



either the meta- or para- positions using Suzuki- iyaura coupling as the key reaction

step.

1.2.2.1 Retrosynthetic Route A

This strategy involves preparation of boronic acid  } having a protected aldehyde
and phenolic hydroxyl group. Reaction of 24 with the d alobenzene 25 ur r Suzuki-
Miyaura coupling conditions would form 23. Bisald y 22, in turn. could be cas
synthesized by deprotection of the aldehyde and phenc groups, in 23. Protection of the
aldehyde and phenol groups respectively, in 26. 1s crucial for the generation of boronic

acid 24 from the corresponding organometallic (lithium or  agnesium) reagent.

1.2.2.2 Retrosynthetic Route B

This proposed route is more straightforward than the other two since it does not
require the use of as many protecting groups. Suzuki-Mivaura coupling of the 1.4-
pheylnediboronic acid 27 and S-bromo-3-rert-butyl-2-methoxvbenzaldehvde (28) lcads
to bisaldehyde 22 after demethylation. In this rc e, protec Hn of the aldehyde groups in
28 is not required. Formylation ot phenol 29 tollowed by bromination lcads 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: Retrosynthesis of bisaldehyde 22



1.2.2.3 Retrosynthetic Route C

In this pathway, the formylation step is delayed to e end of the synthesis since
the aldehyde group is sensitive to nucleophilic o mometallic reag ts. The
transformation from boronic acid 30 to bisaldehyde 22 requires the following serics ¢
steps: 1nitial Suzuki-Miyaura coupling of dihalobenzene 25 and borc ic 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 frot
precursor 29 by bromination followed by protection of the hydroxyl group as a required
step prior to the generation of the desired boronic ac 30 vig the corresponding

organolithium or Grignard reagent.

1.2.3 Synthesis of Bisaldehy :s

1.2.3.1 Synthetic Route A

This route (Scheme 1.2-6) was employed to prepare boronic ac 35 with a
protected aldehyde group. as a cructal precursor for the Suzuki-Miyaura coupling with a
dihalobenzene. 3-Isopropylsalicylaldehyde (31), which was previously pr ared in our
laboratory.' was used as the starting material and was bre  enated to form 32.

Protection of the aldehyde group in 32 was performed efficien - with 1,3-
propanediol under acid-catalyzed conditions in carbon tetrachloride, using acidic alumina.
AlLO; (pH = 4.0), in the presence of sodium sulfate.'” The r tion mixture was zated at
retlux for 60 h, and atter work-up. 33 was obtained a:  ctean crude product in 93% vield.

In contrast. using toluene as the solvent led to 33 in lower yvield (533%). None of the



desired product however. was obtained when ethylene gly 1 was employed to form the

corresponding dioxolane-protected analogue.

OH o OH O OH o
R R R
= H Br:‘(‘C[‘ H HOCHz( 3(‘H2()H - O~
| I, 94% AhO;  Cl |
X reflux X
Br 0300 Bl‘
31 32 33
OCH; O7 OCH, 0~
R /J\ (Y R = J\\ -
CHl N | o R = 0
K1CO5, acetone - ;o
reflux
889, Br B(OH);
34 35

Scheme 1.2-6: Synthetic route A (R = 1sopropyl).

Application of the same alumina-catalyzed methodology used for 33. to protect
the aldehyde group with 1.3-propanediol in the corresponding methoxy  rivative 36
(preparcd by the reaction of 32 with methyl 1odide),  rprisingly. was not successtul
(Scheme 1.2-7). It should be noted that the alumina-cat. zed methodology used to
protect aldehyde 32 with 1.3-dihydroxypropane was ¢ cient only 1n small-scale
reactions.  When relatively large amounts (more the 3.0 g) of starting materials were
used. a sticky solid tormed which prevented efficient stirring and led to i ntractable

product.







route A still required several more subsequent steps in order to de-pri <t 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% ield. The "Il NMR spectrum
o' 39 showed a sharp singlet at 6 3.89 ppm for the methoxy group while the same group
appeared at 8 65.14 ppm in its °C NMR spectrum.

Diboronic ester 38 was prepared through a mu -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 aci
furnished 1.4-benzenediboronic acid (27).[2 Heating 27 ith pinacol in methanol at
reflux afforded the diboronic ester 38 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 esired 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.'” In contrast, aqueous
barium hydroxide and t.2-dimethoxyethane (DME) at 80 °C for 24 h, afforded 39 in low
yield (12%)."

The 'H NMR spectrum of compound 39 showed a singlet at 5 = 7.82 pp
assigned to the four hydrogens of the bridging phenyl ring. Its “C NMR spectrum

showed the corresponding ¢i m atoms at 6 = 127.70 p; 1. in addition to the o er seven

(@)
N



signals in the aromatic region, an aldehydic carbonat o =1 51 ppmand t ) isopropyl

group carbons at & = 23.96 and 26.43 ppm. Finally. the  ss spectral d . showed a

molecular ion at m = = 432.2 which corresponds to 39.
) o . S Pmacol —4— —
B N/ B DN IH_(»’ (H())gl%@li(()llb —_— <J
2) (MeO)3B.-78 ¢ MeOFL MpSO, U\H/U
3 2MIIC kg reflux. 30%a
37 oo

27 l

o Q)

OCHy
I il Ny

K>C'O3. acctone

reflux. Jh 38
Br 339 Br |
32 36
)
PA(PPhy)y
36 f 1.8 ¢y 38 s (0

BatO1hHa L0

DN
rethun. 72 h

€
129 39

Scheme 1.2-8: Synthetic route B.

Although route B gave the desired dialdehyde 39. it was abandon  due to the
low vield obtained in the Suzuki-Mivaura step.  Also. preparation ¢ other 1.3
phenylenediboronic acids proved more dilficult than diboronic acid 27. Therelore, eftorts
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 Sche 1 7 9).
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1.2.3.3 Synthetic Route C

This route proved to be easier, more effe ve, and more versatile than rc tes A
or B. The key point in this pathway was to bu | the teraryl systems vi¢ Suz i-Miyaura
coupling of boronic acid 43. with either dibromoaryl ¢ 1pounds 1.4-dibromobenzene
(37), 1,3-dibromobenzene (44), or 2.7-dibromonaphtl ene (45) (Scheme 1.2-10).
Subsequent deprotection of the phenolic groups in each of the resulting triaryl systems
(Scheme 1.2-13). followed by regioselective Hrmylatic of the resulting isphenolic

adducts, atforded the target dialdehyde compounds 57-60 (Scheme 1.2-14).

OH OH
R R
Bry, CSy - CHal
60 °C N K7CO3, acetone
reflux, 4h
80%
B 100%
40 41
OCHs OCH;
R 1) Mg, THF R

L.

-

2) (MeO)B, . °C
3) 10 % HClyq)

B 68% HO™ ~oll

Scheme 1.2-9: Synthetic route C to boronic acid 43 (R = ter-butyl).
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aromatic signals when compared with 42. The molecular ion at m/z 6 .3 in its mass

spectrum confirmed that the product was e trimer of & desired boronic  :id 43.

1.2.3.3.1 Suzuki-Miyaura couplit reactions

OCH;
| Br—~(/-\>> Br
HO™ “on 37
43
Br Br
43 ) \0
44

Pd(PPhy)y
o ™A A ,\
B'd\un)z.HzO

80 °C. 48 h
990/0

Pd(PPhz)y
M A
1 7

ua\u]’lu.l 12

80 °C. 48 h
100%

Pd(PPl]}M
DMA

Ba(OHj2.Hy0
80 °C 48 h

96%

Scheme 1.2-10: Suzuki-Miyaura coupling reac s of 43 (R = rert-butyl).

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

from the reactions ot 37, 44,

and 45 with boroi : aci 43 (Scheme 1.2-10)." ~ :

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

depended on the nature of the solvent. The yield 2 product obtained from the
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reaction with 1,3-dibromobenzene 44 was found to also de  1d strongly on the mol% of

Pd(0) catalyst used.

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

Entry Starting Sotvent Mol% of Time of Percentage
material catalyst reflux (hr) yield (%)
| 37 DME 13 24 76
2 44 DME 13 24 45
3 37 | DMA 13 48 98
4 44 UMA 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 j

As shown in Table 1.2-1. the use of dimethyl ethylene glycol (DN ) as the
solvent at 80 “C for 24 h, in the presence of barium hydroxide, water and 13.0%
Pd(PPh;), 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 '"H NMR monitoring of the reaction. In contrast, changing the
solvent to N.N-dimethylacetamide (DMA), with tI  sar mol% of the Pd catalyst,
considerably improved the yield of 46 to 99%. However, using the same ¢ 1d ons with
I.3-dibromobenzene (44) aftforded 47 in only 50% y Id and decreasing the reaction

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

improved the yield of 47 from 50% to quantitative (Table 1.2-1)."”

/Ar
LPd_ 2dl,
X
49b
PdL,4
Ar-X
’ Al
/
» Lopd
Ar
X © /
OH LoPd Pl
49a @]
49d
/Al OHO
- L,Pd .= or
PdLy L =PPh 2Pd oL
OH 4
49¢ Ar
|
LPd Pdls
N -
O
Ar- Ar' A
/ ' 49e¢
— Lde\ e
Ar' \
oL 1or ArB(OH),
X=ClL Brand |

Scheme 1.2-11: Suzuki-Miya 1cou] 1t mechanism.

[t was rationalized that at higher concentrations Suzuki-Miyaura coupling 1s
diminished as a result of Pd(PPh;), self-coupling to form a species such  49b (Scheme

1.2-11).'% At high Pd(PPhs)s concentration the effective [Pd(PPhs)y] available for the

71












better than the naphthalene-based linker used by McA iffe’ in 8. for sever. 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 fur er apart from ¢ h 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 facil ite the desired macrocyclization process over

any potential oligo- or polymerization in the Schiff base formation step.

Cl O Cl Cl Cl
Ni(acac),. PPhs

1) Zn, Nz, . 7 h

e

2) HCl (4. 2
Mg, THF

QO
OMe
50 51 52 70%
R
R = rerr-butsl
Br
42

Scheme 1.2-12: Prepartion of 1.8-bis(3-rert-butyl-4-mett  yphenyl)anthracene (52).

The 1.8-diaryl-substituted anthra e, 52. was obtained by N a  yzed cou i
of 1,8-dichloroanthracene (51) with the corresponding Grignard re: 2nt generated in yitu.
in THF. from bromoanisole (42) (Scheme 1.2-12)."*® T Grignard reagent derived from
42 was added to a solution of 51 and Ni(acac); in the presence of PPh;. Using 3

equivalents of 42 afforded the desired  duct in 70% yield. 1.8-Dichloroanthracenc

itselt was obtained from 1.8-dichloroanthraquinc (50) via two sk 5 mvolving

~J
(]



reduction by zinc 1n aqueous ammonia (30%). followed by hydrolysis using a solution of
hydrochloric acid in propanol.'®

The '"H NMR spectrum of 52 was consist. - with the proposed structure. Two
singlet peaks at & = 8.55 and 8.90 ppm were assigned to the hydrogens at C-9 and C-10
(Scheme 1.2-12) and two doublets at 6 = 7.39 (ortho, J= .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 ir of doublets at 6 = 7.52 ppm
(ortho, J = 0.5 Hz) and 7.53 ppm (ortho. J = 7.5 Hz). The signals assigned to the to p-
methoxyphenyl substituent groups at C-2'2"; C-5'5" and C-3".3". were respectively, as
tollows: a doublet at 6 = 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 6 = 7 | n(meta, J= 2.3 Hz and ortho,
J =83 Hz). The "C NMR spectrum. revealed fourteen signals in the aromatic region:
six signals are due to the to p-methoxyphenyl m¢ ty a | eight signals are due to ¢
anthracene ring. the two to p-methoxyphenyl-substituted carbons 1 and 8 being at § =
141.22 ppm.'® Two signals at & 29.87 and 34.95 ppm e due to the rers-butyl group.
and a third at 8 = 55.00 ppm, 1s due to the methoxy group. An cxact mass measurement
for the predicted structural formula C;,H;40, further supported the structure 52.

Finally. the relatively simple 'H- and "C NMR s tra of 46-48 and 52 for cach
compound provide additional evidence that these compo 1s are symmetric — structures

having (5, symmetry.
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1.2.3.3.2 Demethylation of phenol groups

The methoxy groups in 46-48 and __ were demethylated using boron tribromide
in dry dichloromethane to aftord the corresponding phenol” products 53-56 in excellent

yields.

. 7\ 4 7\
MeO Q Q ;o Me ppe e, HC ) o
_ . \ .
-78°C /
92% / N\

OMe |
10 OH
] ey
8le L‘Hjtl] ‘
_—
>( O ™~ - 78°C =
94%

MeO OMe HO
BBry. CH-Ch O I =
—_—
- 78 °C N A

92%
=

MeO

48

ONMe OMe
~ L
999

52

BBI‘V:‘ (‘Hz(‘lw
_ e
- 78 u(.

Scheme 1.2-13: Demethylation reactions of cc 1 inds 46—48 and 52.
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56
Scheme 1.2-14: Formylation reactions of phenols §7-60 (R = CHO).
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60

Using THF as the solvent afforded the desired products in high yields and as

"cleaner" crude products than when acetonitrile was used (Table 1.2-: The crude

product from the reaction of 56 was a mixture. Using silic

eral different solvent systems were

80

ed but

gel column chromatography,

wuccesstul in purifving this









1.2.4 Summ: -

The target bisaldehyde systems 57-60 were successfully synthesized in ~ 46, 46,

44 and 26% overall yields, respectively, in six steps  iuting with 2-fert-butylphenol 40
e strategy of performing the regioselective formylation step at the end of the synthesis,
after building the terphenyl systems via ! zuki-Miyaura coupling was very efficient This
synthetic route was shortened by avoi ng several ste  required for protection and
deprotection of the aldehyde groups. Fu 1ermore, this strategy used only one stable, and
easy to make, boronic acid. Route B involved preparation of different dib« H>nic acids.
most of which have not been reported in the literature. The Suzuki-Mivyaura coupling
reaction afforded the desired terphenyls 46-48 in h 1 yield (99, 100 and 96°%.
respectively) and its efficiency was attributed to the use of low mol percentages of the
Pd(PPhs), catalyst in DMA as the solvent. All the cc ipounds thus roduced were

characterized by '"H NMR, >C NMR and accurate mass spectrometry.



1.2.5 Experimental Section

Materials

Chemical reagents and solvents were purchased from Sigma-Aldrich and were
used as received. THF used for synthesizing the bi: dehyde systems was further purified
by distillation over sodium. Dichlorome ane was dried over phosphorus pentoxide and

then distilled over calcium hydride.
Methods

All reactions 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 P4Oyo, and activated 3 A
molecular sieves. Organic solvents were evaporated under reduced pressure. using a
rotary evaporator Flash chromatography was performed on SAI silica gel, particle size
32-63 pm, pore size 60 A Preparative thin-layer chromatography plates (PLC) were
made from SAl F-254 silica : for TLC article size 5-15 um) Thin-layer
chromatography was performed using percolated SAI F-254 silica gel p es layer

thickness 200 pm.
Instrumentation

Melting points (mp) were de mined on a MEL-TEMP II a raratus and are
uncorrected. Mass spectra of compour ~ were ob  ned using LCMS (HP series 1100) or

GCMS (HP 5972 ser  II). Unless oth 1se specifi | all 'H- and "C NMR were
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recorded on a GE-300 MHz spectrometer or on a Bruker AM-500 Fourier Transfc n
spectrometer using CDCl; containing MeySi as an ternal standard. Chemical shifts tor
the 'H NMR spectra are relative to the internal standard at 0.00 ppm. Dz  were reported
as follows: chemical shift, multiplicity (s = singlet, d = dc slet. dd = doublet of doublets,
t = triplet, b = broad. h = heptet, m = multiplet), coupling constant (J. Hz). integration and
assignment (imH-x. where m denotes the number of protons at position x in the molecule).
'"H- and ’C NMR spectra were processed using "N s" software. Chemical shifts tor ''C

NMR spectra are relative to the solvent * .23 ppm for CDCl;.
Syntheses:
4-Bromo-6-formyl-2-isopropylphenol (32).

A solution of bromine (9.74 g. 0.0610 10l) in CCly (50

C O
ml) was added dropwise over | h to a solution of 5-fc 1yl-2- ’
1sopropylphenol (10.0 g, 0.0610 mol) in CCly (100 mL) at room
temperature. The reaction mixture was stirred for 4 h. The Br

32

solvent was evaporated under vacuum to give a product with a

clean '"H NMR spectrum (13.7  94%): mp 75-77 °C: '"H NMR (CDCl3) & 1.25 (d. J —
7.0 Hz, 6H ), 3.35 (h,1 H), 7.52(d,J =" 0 Hz, 2H), 7.53 (d. J = 2.5 Hz, 2H), 9.83 (s. 2I]).
11.30 (s, TH); PC NMR (CDCl3) 0 22.28,26.67, 111.63, 121.50, 133.21, 136.66, 140.18,

158.50, 195.95. : MS (ESMS) m/= 243.2 (M"). caled for CyH; BrO, 243.0.






H), 4.23-427 (m. 2 H), 5.77 (s, lH). 7.3 (d,J=25Hz, 1 H), 7.¢ (d.J=2.5Hz. [H):
BC NMR (CDCly) & 23.85, 25.894. 26.54, 63.22. 67.72, 7.27.117.95, 18.22, 130.70.

134.11, 144.38. 154.03; ESMS (m/z) 316 (M+H), ¢ :d for C4H,oBrO; 315.2.

S5-Bromo-3-isopropyl-2-methoxybenzaldehyde (36).
A mixture of phenol 32 (3.00 g, 0.0123 mol), anhydrous
K,CO; (8.51 g) and 1odomethane (17.44 g, 0.123 m ) 1 dry

acetone (51 mL) was stirred overnight under reflux. Cool g the

reaction mixture to room temperature was followed by

evaporation of acetone under vacuum. The residue was

dissolved in hexane (50 mL). filtered and then pv fied by silica gel column
chromatography using 5% ethyl acetate:hexane to aftford 36 as a colourless liquid (1.76 g,
55.3%): '"HNMR (CDCl3) 8 1.25 (d. J= 6.9 Hz. 6H). 3.34 1..J=6.9 Hz.1H) 3.89 (s. 3H).
760 (d, /=251 "), 779 " J="5Hz ") 1€ ") (s, 2H): °C NMR (CDCl;) 8
23.68,26.31,65.14, 116.90, "71.30. 130.51, 136.25, 153.67. 160,06, 189. 1 MS (ESMS)

m/z 256.0 (M"), caled for CyH3Br0O,257.1.

1 Benzenediboronic acid, dipinacol ester (38).

A dry 250 mL round-bottom flask was L
O\ /O i
charged with magnesium turnings (1.22 g), a crystal B—®>B\ ‘
O O T
of 1odine and dry THF (50 mL). A few drops of a

solution of 1.4-dibromobenzene (6.00 g, 2.55 mmol)

in THF (50 mL) were added under nitrogen atmosphere and the mixture was heated until
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4-Bromo-2-tert-butylanisole (42).

A mixture of phenol 41 (12.0 g, 0.0520 mol). anhydrous K>CO5 (43.0 g)

and 1odomethane (74.0 g. 0.524 mol) in dry acetone (300 mL) was

Br

stirred overnight under reflux. The reaction mixture was cooled to I
room temperature and the solvent removed under vacr m. The crude product was
dissolved in 50 mL of hexane and filtered. Evaporation I the solvent under vacuum
afforded 41 as a colourless solid (12.7 g. 100%). mp 31-32 °C (Lit.”* ~- 30 °C); '"H NMR
(CDClz) 0 1.37 (s. 9H). 3.83 (s, 3H). 6.75 (d. J = 9.0 Hz, 1H), 7.29 (dd. / = 2.5. 8.5 Hz.
IH). 7.37 (d. J = 2.5 Hz. 1H); "C NMR (CDCl) & .94, 35.43, 55.65. 113.32. 113.60.
12991, 130.10. 130.19, 141.06. 158.00; MS (APCI) m =z 2441 (M'+H). caled for

C[ |“]5BI’O 2430

3-tert-Butyl-4-methoxyphenylboronic acid (43).

OCH;,
A dry round-bottom flask was charged with magnesii |
~ =
turnings (0.979 g. 0.0400 mol), a crystal of 1odine and dry THF (1 = |
mL). A few drops of the solution of 42 (8.50 g. 0.037 mol) in THF (50 HO~ B\OH
mL) was added under nitrogen atmosphere 1d the mixture heated until 43

the reaction initiated. Once initiation occurred, the reaction was mai  ained at reflux by
the dropwise addition of the remainder of the solution of 4-bromoanisole. The resulting
grey solution was heated under reflux for a urther 2 h, prior to cooling to -78 °C. To the
resulting Grignard reagent was then added dropwise, trimethyvl borate (8.3 mL.. 0.070 mol)

and the mixture was allowed to warm to room temperature overn’ . The reaction was
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quenched with aqueous of 10% HCI (10 mL.). and the mixture was concentrated under

vacuum, and partitioned between equal volumes of diethyl ether and aque 15 10% [C]
(150 mL). The organic phase was dried over MgSOy. filtered and evaporated, to vield a
lightly-coloured solid which was crystallized from diethyl ether-hexane to give 43 as
colourless solid (5.0 2. 69 %): mp 172-174 °C: "I NMR (¢ Cly)y & 1.48 (s, 91 3.94 (s,
3H). 7.02¢d. . = 8.5 Hz, 111). 8.08 (dd../ = 1.5.8.0 1z [H), 8.21 (d. ./ = 1.5 Hz 1H): PC
NMR (CDCly) o 30.09. 35.28. 5535, 111.36. 134.54, 13587. 137.83: M (APCIl) m =

()()] 3 (3M-Hz()) C;}l I%Bz()g ()O] 4

Suzuki-Miyaura coupling reactions. General procedure:

A mixture of the respective dibromoaryl compounds 37, 44 or 45 (0.756 g. 3.21
mmol). boronic acid 43 (1.46 g. . .40 mmol). barium hydroxide monohy ate (2.42 p.
0.0128 mol). N.N-dimethvlacetamide (251 ) and 11,0 (5 ml.) was thoroughly degassed
by a nitrogen stream before the addition of PA(PPh:)y (2.0 mg. 0.00160 mmol). The
mixture was then heated at 80 °C for 48 h under nitrogen. The resultant mixture was
cooled and dichloromethane (25 ml.) added.  1c organic phase was separated an
washed with 10% hydrochloric acid (25 n x 4) and dried  ver MgSOy. The solution of
the product in the remaining reaction solvent (DMA) was  neentrated alter evaporating
of dichloromethane under reduced pressure. The follov g coupling | Hducts were

obtained:
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1,4-Bis(3-tert-butyl-4-methoxyphenyl)benzene (46).

The product was crystallized from the

reaction solvent after adding  sthanol (10 mL) to Clh()‘/\/\_&
give 46 as a colourless solid in 99% yield: mp '<\
218-220 °C: 'H NMR (CDCly) 8 1.50 (s, 18H), K

3.93(s,6H). 7.01 (d,./=9.0 2, 2H). 7.51 (dd. J = 2.0. 8.0 Hz. 2H). 7.62 (d..J - 2.5 I,
2H), 7.62 (s. 4H).; "C NMR (CDCl;) & 30.00, 35.21. 55.37. 11210, 125.62, 12581,
12743, 133.11. 138.71. 139.96. 158.36: MS (APCI) m = 403.3 (M'+H). caled for

CrgH3,0, 4023,

1,3-Bis(3-tert-butyl-4-methoxyphenyl)benzene (47).

The product crystallized from the reaction

solvent  DMA on standing overnight. The MO . N
L
. ™~ - o T ~
colourless  crystals were purified by column T I ]1 T N
chromatography and eluted by 5%
47

dichloromethane-hexane to give 47 as a colourless solid in 100% yield: mp 6-108 °C:;
"H NMR (CoDy) 8 1.69 (s. 18H), 3.36 (s. 6H). 6.82 (d.J = 8.0 Hz. 2H) 7.39 (1. /= 7.5 Hz.
TH). 748 (dd. J = 2.5.8.0 Hz. 2H.). . .60 (dd, /= 2.0. 7.8 Hz. 211). 7.81 (d.J = 2.5 Ho.

3

4
tn

2H). 8.07 (t./ = 1.8 Hz. 1H): *C NMR (CDCl3) & 30.00. 35.21. 5 112.08. 125 3.
125.90. 126.01. 126.21. 129.19. 133.65. 138.71. 142.28, 158.43: MS (APCI) m'= 403.1

(M"’”H), caled tor (‘33“3402 402.5.
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2,7-Bis(3-tert-butyl-4-methoxyphenyl)naphthale : (48).

The product solution was concentrate and
CH30

the methanol (15 mL) was added. The product 48

crystallized from the reaction solvent DMA and
methanol as a colourless solid in 96 % yield: mp 48

210-212 °C: '"H NMR (CDCl3) & 1.49 (s. 18H). 3.93 (s. 6H). 7.03 (d. J - 8.5 Hz. 2I1)
7.59 (dd, J = 3.0, 8.8 Hz. 2H), 7.70 (d, / = 3.0 Hz, 2H) 7.73 (dd. ./ — 1.5, 8.5 Hz. 2
7.91 (d. ./ = 8.5 Hz, 2H), 8.05 (s. 2H); "C NMR (CDCl3) & 30.01. 35.26. 55.42. 112.17.
12542, 125,63, 126.06, 126.12, 128.19, 131.30, 133.35, 134.34, 138.84, 139.44. 158.50;

MS (APCI-) m = [M-H]. caled for C32H;40,452.3.

1,8-Bis(3-tert-butyl-4-methoxyphenyl)anthracene (52).
A dry round-bottom flask was charged with

P ~
~

magnesium turnings (0.979 g, 0.0400 mol). a crys  of

ONMce L
5

iodine and dry THF (60 mL). A few drops of a solution of

. . - = ‘//\ - ~
4-bromoanisole (42) (5.90 g, 24.2 mmol) in THF (30 mL) E ] L
DN T
was added under nitr¢ :n atmosphere and the mixture
52
was heated until the reaction initiated. Once initiation occurre  the rcaction was

maintained at reflux for 2 h by the dropwise adc ion of tI  remainder of the solution of
4-1 smoanisole. After cooling to room tempe ure, the reaction solution was
concentrated to a volume of approximately 65 mL by nitrogen gas blow-down. lhe
Grignard reagent solution was then addc opwise and with sti ng over | h, to

solution of dichloride §1 (2.00  8.07 mmol), nickel(Il) a  ylacetonate (21 mg . 0.084




mmol) and Ph;P (43.0 mg, 0.164 mmol) of in of THF (21 mL). e resulting black
(colloidal Ni) mixture was heated at reflux Hr 7 har a rcooling to room temperature
was then poured aqueous solution of hydrochloric acid (25 mL. 3.0 ¥  The crude
product was extracted by CH,Cl, (3 x 30 mL). The combined organic extract was dried
over MgSO, and filtered. The solvent was evaporated and 1e prod t was crystallized
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 clue:  to give an
additional amount of 52 (0.57 g. 14% yield). The cc 2 2d yield of §2 was 70% vield:
mp 181-183; °C: '"H NMR & 1.23 (s. 18H), 3.87 (s. 6H), 6.93 (d. J = 8.0 Hz. 2H) 7.31 (d.
J=25Hz 2H). 7.34 (dd. J = 2.3, 8.3 Hz. 2H). 7.39 (d. /= 6.5 Hz. 2H) 7.52 (d. / - 6.5
Hz, 1H), 7.53 (d.J = 7.5 Hz. 1H), 8.02 (d. J = 8.5 Hz, 2H). 8.55 (s. 1H). 8.90 (s, 1H):
HC O NMR (CDCl3) § 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, 1! 00; MS (APCI) m:z 503.3

[M"+H]. caled for C3,H3507 502.4.

Genceral demethylation procedure:

Boron tribromide (0.51 mL. 5.4 mmol) was added dropwise to the solutic  of anisole.
46-48 or 52, (2.5 mmol) in 15 mL of dry dichloromethane under n ogen in a 50-mlL
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, stured for 0.5 h, then saturated wit salt, and extracted with
dichloromethane. The extract was dried (MgSOy4) and ¢ centrated. The following

products were obtained:
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1,4-Bis(3-tert-butyl-4-hydroxyphenyl)benzene (53).

The product was p fied by silica gel coli n

o Y
x

chromatography using 30% ethyl ether- :xane eluent
to give 53 as a colourless solid in 92% yield: mp 237-
239 °C: '"H NMR (CDCl3) & 1.48 (s. 18H). 4.85(s. 2H) "’

6.76 (d. J = 8.5.2H). 7.35 (dd. / = 2.5. 8.0 Hz. 2H), . 55 (d, J= 2.5, 2F  7.58 (s. 4H):
“C NMR (CDCl3) & 29.85. 34.93, 117.39. 125.69. 126.30. 127.31. 133.59. 136.60.

39.90. 154.00.; MS (APCI) m’z 373.1 (M-H), caled for CyoHyOr & 42,

1,3-Bis(3-tert-butyl-4-hydroxyphenyl)benzene (54).
The product was purified by silic  gel column

chromatography using 6:4 dichloromethane:hexane

eluent to give 54 as a colourless solid in ¢ % yield: p

54

[46-147 °C; '"H NMR (CDCl5) & 1.48 (s, 18H), 4.82 (s.

2H). 6.77(d. J=8.0Hz, 2H), 7.35(dd, /=23,94 z. 2 ,7.46-748 (m. 3H). 7.55 (d.
J=2.0 Hz. 2H), 7.69 (s. 1H); °C NMR (CDCl3) 6 29.85. 34.93, 117.16, 12545, 12581,
12596, 126.56. 129.19. 134.11. 136.60. 142.17. 154.c,, MS (APCI) n.z 373.1 (M-H)

caled for C;4H13O, 374.2.

2,7-Bis(3-tert-butyl-4-hydroxyphenyl)naphthalene 35).

The product was purified by wasl 1g with HO o

hot hexane to give 55 as a colourless solid in 92%

yield: mp 212-213.5 °C; 'H NMR (CDCl3) § 1.53
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(s. 18H). 4.84 (s. 2H) 6.80 (d..J = 8.5 Hz. 2H). 7.47 ( |, J=2.5, 8.0 Hz. 2H). 7.67 (d..] —

2.5 Hz. 2H), 7.71(dd. J = 2.3, 9.0 Hz. 2H). 791 (d.J = 9.0 Hz. 2, 8.C (s, 2H); C

[

NMR (CDCl;) 8 29.90. 34.98. 117.27, 12541, 25 1, 1. 13, 126.63, 128.22,131.33,

133.86, 134315, 136.71, 139.35, 154.11: MS (APCI-) =z 423.3 [M-H]. caled for

C30H3205 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: 'H NMR (CDCl3) 8 1.30 (s. 18H). 4.79 (s.

2H) 6.72(d. J = 8.5 Hz, 2H). 7.23 (dd. /= 2.3, 7.3 Hz. 2H).

7.32(d.J=1.0 Hz. 2H). 7.38 (d. J = 6.0. 211), 7.51 (« ,J=
6.5.6.5 Hz, 2H). 8.01 (d..J = 9.0 Hz, 2H), 8.55 (s, 1H). 8.90 (s, 1H); "*C NMR (CDCl}) &
2981, 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 ( 2Cl-) m’= 473.4 (M-H). caled for

Csd 4O.474.6.

General formylation procedure:

A dry round-bottom flask was charged with the respective phenolic compounds
(53-56) (58 mmol). dry paratormaldehyde (0.59 g. 19.45 mmol). anhydrous MgCl>
(0.041g, 6.9 mmol), dry triethylanine (1.« 1L, 10.5 mmol) and dry HF 20.0 mL. The
reaction mixture was heated at reflux for 22 h under nitrogen and then coc *d to room

temperature. The product was extracted with dichloromet e (50 1l). e organic
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extract was washed with 2.0 M hydrochloric acid (3 x 50 mL). The organic extract was

dried over MgSO,, filtered and the solvent was evaporated 1 der vac im.

1,4-Bis(3-tert-butyl-5-formyl-4-hydroxyphenyl)benzene (57).
The product was washed with hexane to give H H

57 asa yellow solid in 92% yield: mp 264.5-266 °C:
B evaral
'H NMR (CDCl3) 8 1.51 (s, 18H). 7.65 (s, 4H), 7.66

5

N

(d.J=3.0 Hz, 2H). 7.82 (d..J = 1.5 Hz, 2H). 10.00 (s
2H), 11.83 (s, 2H): *C NMR (CDCls) & 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), caled for CagHyO,4

430.2.

1,3-Bis(3-fert-butyl-5-formyl-4-hydroxyphenyl)benzene (58).
The product was puritfied by silica gel

colt 1 chromatography and eluted with 6:4

§ OH
diel romethane-hexane to give 58 as a solid in O

s~
90% yield: mp 231 ~73 °C: '"H NMR (CDCl;) 8 1.52 \ ‘
(s. 18H), 7.54 (m, 3H), 7.66 (d, J = 2.5 Hz, 2H). <3
7.69 (s, 1H), 7.82 (d, J = 2.0 Hz, 2H), 10.00 (s. 2H). 1.84 (s, 2H): "C NMR (CDCLy) &
29.47. 3530, 121.00, 125.46, 12591, 129.74. 130.39, 132 5. 133 7. 139.19. 141.26.

161.04.197.41: MS (APCI) m/z 429.1 (M-H). caled for CogH5yOy4 430.2.
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3 x 50 mL). The organic phase was dried over MgSOy4 a | filtere  The solvent was
removed under vacuum, the crude product was dissolved in CH>Cls (5 mL) from which a
yellow solid precipitated. This precipitation process was repeated three times yielding 6

(0.308 g. 50% yield): 286-287 °C: 'H NMR (CDCl3) § 1.21 (s. 18H). 7.42 (d.J=8.5 Hz,
2H). 7.53 (s, 4H). 7.55 (s. IH). 7.56(d. J=6.5 1H).757(d.J=6.5 z1H). 8.08 (d.

J = 8.5 Hz, 2H). 8.60 (s, 1H). 9.87 (s, 211), 11.79 (s, . ): "C NMR (CDCl3) & 29.25.

N
N

34.99, 12094, 123.06, 125.62, 126.49, 127.51, 128.12, 13 48, 131.62, 132.14. [32.
136.30, 138.22, 139.39. 160.83, 196.94; MS (APCI-) ( z) 529.2 [M-H]. caled for

C36H3404 530.2.
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Appendix A

Selected NMR spectra Hr synthesiz
described in Chapter 1
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As described in Chapter 1, much effort has been 1 used on the development of a
reliable and convenient macrocyclization methodology 1 ilt on ¢ iff base chemistry.
This 1s due to the fact that Schift base macrocyclic compc 1ds have important

applications such as in chemical sensors. catalysts, fluorescent substances and supra-

: : 10-18
molecular applications.

C?

Q:UH HO
- 2R=¢ N 3 R-Q
/ \ B

1 X=0,S

.

— N\R/N =

v
% _
@

\
//

Figure 1.3-1: [2+2]-Condensation products of metal-templated chiff base macro-
cyclization reactions.

In general, Schiff base macrocyclization rear  dns take place efficiently between
dialdehydes or bisaldehydes and diamine compounds. u 2r 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 tem ate in a solution «

I:1 MeOH:CH,Cl; to afford the desired calix[2]salens, 2 and 3, in yields of 88% and
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obtained under Zn*", Pb>". Cd™ and La* -templated conditions. Other cations including
Na’, K'. Rb", and Cs”, however, did not show metal templating cffects in this
macrocyclization reaction. The [3+3] macrocycles 9 v ¢ obtained 1en excess
Ni(ClO4)> was employed and allowing slow evapoir ion of the solvent 1:1

MeOH:CH-CI> from the reaction solution.

9] OH OH

("

! ! ST Ty TN
AP O : Yy

Y =N N= OH HOY
O UH HO ,/\
1o ol Ho =

AMeO

- - 3 Y/

ON noe N [\

NH HN =N N=

S NI L )
) . OH o 0

_/ - )\r»\)
12 )

T ”
O Ot HUY
I

(" N
[ 0,
- A

| 1™
S]] HOY,
OBt HO
- ()
~=N ) 0 N
NN\ NS

Scheme 1.3-3:|2+2] macrocycle 12, [3+3] macrocycle 13 and |4+4] macrocycle 14
formed under non-templated Schiff base w1t yclization.

C

Non-templated and high-dilution conditions usually give lower yields of

macrocycles than the template-controlled conditions (S« » 1.3-3). For example. the
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Schiff base macrocyclization reaction of 1.2-bis(2-aminoeth .y)ethane (11) and
methylenebis(4,4'-methyl-6.6'-salicylaldehyde) (10) under high-dilution con tions with
1:1 MeOH:CH-Cl; solvent furnished a mixture of the [2+2]., [3+3] and |4 +4] macrocveles

12. 13 and 14, in 14, 7 and 4% yields, respectively.”

=
-
s
=
=
“
N
Z
\j
=
zZ
/\
)
e -
=

HO
HaN NH- N\
OH
/
15a-m H
. OH IO 7N
7
HO OH
O m—{)
A\ 7
— \
H = H .
16
17a-m
=H
b: R = OC,H;s h: R = OC;sH,4
= ()C;H‘] ir R=0C |()H2|
d: R:UC4H\) _] R:OC|1H35
¢: R=0C:H,, k: R=0C ;Ha
f: R=0C,H; I R -0OC Hy,
g: R =0CH; m: R =0CH;

Scheme 1.3-4: Template-free macrocyclization reactions » produce conjugated Schiff
base macrocycles 17a-m.

Nabeshima prepared the conjugated [3+3] Schift base macrocycle 17a under
template-free conditions in 92% yield (Scheme [.3-4).7 This hi;  yield was achieved
when 15a and 16 (4 x 1072 M) were allowed to react in acetonitrile. at room temperature.
for two weeks. The macrocycle 17a precipitated out directly from the reaction soluti
However, a lower yield (19%) was obtained and a longer ‘action time (« ¢ month) was
required when the reaction was cor * sted under more dilute conditions (2 4.0x10 M),

[t was rationalized that the driving force of the reac i tc  roduce 7a in high yield was
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Scheme 1.3-5: Template-free macrocyclization reactiot  to produce Schift base
macrocycles 19a-c.

It should be noted that in some ca s. the yield of [2+2] macrocycles formed
under non-templated conditions are relatively higher t  n 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-diphe ‘lethane (21) under high-dilution
conditions in dichloromethane furnished the optically pure 24-membered  icrocycle 22
in 45% yield from the Schiff base condensation reaction of (S)-3.3'-difor yl-2,2'-
binaphthol with 21 (Scheme 1.3-6). The other enantiomer. ((R)-3.3'-difor yl-2.2'-

binaphthol). afforded only an enantiomerically-pure polyimine product.24



= Olgima

(1)-20

Scheme 1.3-6: Schiff base macrocycliztaltion reaction of race ¢ mixture of 3.3'-
diformyl-2,2"-binaphthol (20) with (R R)-1,2-diamino-1.2-diphenylethane
(21).

Macrocyclization of bisaldehydes 23a-g (Schemel.3-7) with a series of chiral
diamines such as 24 and 25 using very short (5 n 1) microwave ir1  iation times,
successfully afforded mixtures of calix[nsalens such as 26 in moderate yields.”
However. the desired macrocyele(s) 26 were con 1 ated with linear oligo- or
polymeric imines in the reaction mixtures. Furthermore, some of t  resulting muixtures.
such as that from the condensation reaction of bisal :hyde 23a wit diamine 24a, could
not be purified. In contrast. the thermal condensation re ion of e bisaldehyde 2:
with diamine 24a led to a polyimine product.”® As well. under microwave irradiation
conditions the reaction of phenyl dialdehydes ¢ h as 27a-¢ with diamine 25 furnished

the trimer 28 also in high yields.”
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Scheme 1.3-7: Schiff base macrocyclization under microw

McAulitte employed Mn(C10,), as a template to form the Mn(I11)-sa

4
Q
= =n
=0 1and 2
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. . . . . ~ . . 27
(Schemel.3-8, discussed earlier in Cl Hter 2). in situ from the corresponding ligand.
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Scheme 1.3-8: McAuliffe's Mn(II)-
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described in this chapter are: (i) The synthesis 2 1 ch icteriza »n of a new series of
calix{n]salens with larger cavities based on rigid phenylene linking ips; and (11) the
development of convenient and reliable methodologies for the Schiff base reaction as an

efficient macrocyclization technique.

1.3.2 Results and ¢ icus on

1.3.2.1 Schiff base cor ensation of bisaldehyde 35

The condensation reaction of 1 4-bis(3-zert-butyl-S-formyl-4-hydroxyphenyl)-
benzene (35) with (S .5)-trans-1,2-diaminocyclohexane (DACH) ( 3) was accomplished
under the same conditions that were previously reported by Jablonski's group, using
Ba(ClO4), as the template (Scheme 1.3—10)428 Solutions of 35 in THF (0.0256 M) and
diamine 33 in MeOH (00256 M) were s .ltaneously added to the solution of
Ba(ClO4), in (1:1) THF:MeOH over 24 h The reaction »Hlution initially changed to a
yellow-green colour. The 'H NMR spectrum of the crude product obtained by
evaporation of the reaction solvent, was consistent with a mixture of Schiff base products.
No remaining starting materials were detected, | three sharp Schiff base signals
appeared at & = 8.38, 850 and 8.7  ppm, along with two broad, overlapping phenolic
signals at & = 14.00 and 13.97 ppm. The omatic re > in the 'H NMR spectruim was
very complicated although a sharp singlet & = 7.60 ppm assigned to the p-disubstituted

phenyl linking group could be discerned. The MALDI-TOF mass ¢ «ctrum of the crude
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Lcl

33
o Ba(C10,)-
o THF:MeOH

35

heme 1.3-10: The Schiff base macrocyvchzation reaction of bisaldehyde 3S.



product showed three peaks which are assigned  the molecular ions of [2+2]
macrocycle 36, [3+3] macrocycle 37 and [4+4] macro. :le 38 (Scher 1.3-10, igure

1.3-2).

Dimer 36

Voyager Spec #1=>NR{2.00)[BP = 1018.8, 28119]

100 1018 7661 28E4

- Trimer 37

304 d1n

Teramer 38

1020 7B

2087 Ja

1942 B

- - . . 0
14898 20007 2500.6 30010
Mass (mes)

Figure 1.3-2: MALDI-TOF mass spectrum producii  mixture from Schiff base reaction
of 35.

A great deal of effort was  rested in attemp 1g to separate the mixture tt
resulted from the THF:MeOH Schiff base reaction. Attempted separation of the mixture
by silica gel or alumina column chromatography resul 1 in the apparent hydrolysis of
the imines. The desired products also failed to elute. ird” s of the solvent system used
(e.g.. ethyl acetate, THF, diethyl ether or dichloromethane), even ter neutralizing the

silica gel by adding triethylamine to the eluent.
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Scheme 1.3-11: Sc  ff base macrocyclization reaction of bisaldehyde 40.



Purification of the crude product mixture using silica gel tlash colum
chromatography and several difterent eluents, failed to separate the mixture. Most of the
products appeared to have undergone hydrolysis on t 1 gel. With dichloromethane.
a fraction, whose mass amo ted to 52% of the total mass of the crude product, was
eluted. Its '"H NMR spectrum was similar to that of the crude prod ., and its MALDI-
TOF mass spectrum showed the presence of compounds 41-43. A cond fraction was
eluted with 10°6 methanol in dichloromethane. however. its 'H NMR spectrum showed
many signals which were due to imine group-containing oligomeric or polvmeric
products, with 41 being only a minor component.

Since silica gel chromatography failed to sep ite the compe  nts of the mixture
obtained, attempts to purify the crude prod t by crystallization were conduced but were
also unsuccessful. An acetone-insoluble solid, whose  1ss was approximately 23% of the
mass of the total crude product, was separated by filtration. Its 'H NMR spectrum
revealed broad and poorly-resolved signals. and only a ve  weak O N R spectrum.
The MALDI-TOF mass spectrum also did not show any sig  ficant features. except tor a
very weak signal corresponding to presumably a small amount of 41. All of these results
suggested that the acetone-insoluble product was most likely a mixture of oligomeric
and/or polymeric imines. The THF:methanol macrocyelization protocol. apparently
facilitated the formation of oligo-. or. polvimines. Th  :fore. in order to reduce
polymerization and to produce the target dimer 41 in better  elds, other so  :nt systems

were evaluated.







resulting from hydrolysis on the silica 1. Thus, 42 appears to resist hydrolysis on silica

gel better than 41.

1527 1806

1529 2125

1019 6197

017 6165 1631.1760

324348

1102.7014 525.1828 20357733

1549 1698 2037 7768
ST s epeaese J\.,_M

1.4 12998 - ,,,__ 2100.6

1403.9917

Figure 1.3-4: MALDI-TOF mass spectrum of the « :lized imine isolated by silica gel
TLC.

In conclusion, usit methanol as the solvent in the Schiff base reaction of
bisaldehyde 40 afforded a product mixture of cyclized imines and a large quantity of
oligo- or polyimines. This methodology, therefore, was ot suita e to optimally produce

the targeted cyclized Schiff base imines.
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Figi e 1.3-5: (a) 'HNT R (CeDy¢) spectrum of 42 isolated by silica gel TLC; (b) PC NMR (CDCls) 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. t ' use of methanol alone. or
with THF, enhanced the formation of polyimines in the Scl 1 base reaction. Figure 1.3-
6 shows two possible conformations of the bisaldehyde 40. As determined by molecular
mechanics modeling (MMM).”" the anri-bisaldehyde )Ja is approxima y only 1.3
kJ/mol lower in energy than the syn-bisaldehyde conformer 40b. 11 ; MMM calculated
energy difference alone is insufficient to account for the preferential >rmation of
polyimines from 40a, in the case of methanol or methanol/THF solvent. Nor 1s it
sufficient to account for the | :ferential formation of macr ycles from 40b in the polar
aprotic solvents THF. acetonitrile or dichlo  methane. Addi mnal discussion on e eftect

of solvent upon the macrocyclization reaction will be presen  11n Section 1.3.2.2.3.

HO |
‘ OH HO O

w MeOH o~ ‘("/

4
40a

Figure 1.3-6: Svn and unti conformatic  of bisaldehyde 40.

The use of THF alone as the solvent in the Schift base reaction of 40, under the
same conditions that were used in the THF:methanol procedure. provide a ditferent
product mixture. The 'H NMR spectrum (Figure 1.3-7a) of the «  de product showed a

peak at 6 = 8.54 ppm corresponding to a major product. Hov  ver, the addition of sodium
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Figure 1.3-8: The MALDI-TOF mass spectrum product of Schift base reaction of )
THF solvent.

Attempts to purify the two mixtures from the Schiff base reactions in THF failed
to give pure cychzed imine. However, using THF dimi shed the amount of acctone-
insoluble polyimine byproduct to 14%. Silica gel TLC purification of the crude product
from the sodium carbonate reaction conditions afforded f¢ - distinct bands. The second
mobile band. had spectroscopic properties consistent with dimer 41: a base peak at 6 —
8.25 ppm and MALDI-TOF mass spectrum peaks at mz 1 8.4 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 Schi  base reaction of bisaldehvde
40 with (R, R)-DACH 39 diminished the polymerization process and ftorc 1 e of the
cyclized imines 41-43. as a mixture, wi 41 as the major product. However. these
mixtures of cyclized imine were inseparable and appeared to be  sily hydrolyzed on
silica gel. As well. the Schi  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 ¢ :hloro ethane

In the preceding sections. it was described that the use of an aprot  solvent such
as dichloromethane for the Schift base macrocyelization re  tion of 40 with (R.R)-DACIHI
39 reduced the extent of product hydrolysis. Using dichl  omethane as the solvent. the
reaction was not complicated by the formation of oligo- or polyimine by-products and
afforded a clean mixture of cyclized Schiff base imines 41-43 from which pure 41 could
be isolated. The acetone-soluble crude product — ixtures gave sharp "I NMR signals and
produced strong “C NMR spectra. even in low concentration conditions idicating that
little. or no. oligo- or polymers had been produced.

The Schift base rcactions in methanol and methanol: TTIIF v -em h ster than
when dichlormethane was used as a solvent. A proposed abbreviated pathway for the
reaction is conjectured and is shown in Scheme 1.3-12.0 The Schift” base reactions
between the bisaldehyde 40a in two steps with and two molecules of dia  ine 39 forms
the diamino product. anti-44. This precursor could react at either amine te 1inal with the
bisaldehyde molecules to form for example. the lincar o womer - However. rotation
about the C'1-C2 bond would form syn-44 which would lead to the desired macrocvele
41 via a subsequent reaction with a molecule of 40b vig two distinct Schifl” base
condensation steps. On the other hand. a polyimine product is produced fro

intermediate anti-44 if the C1-C2 bond rotation to form syn-44 1s slower. or 1s prevented.
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Scheme 1.3-12: Proposed polyn ization d cyclization process in the Schifl base
reaction of 40.
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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 MALDI-TOF mass spectt n showed only major :ak. at - 1018.6
consistent with the molecular mass for the dimer igure 1.3-9). Dimer 41 was

isolated with a total yield of 30% from the filtr : by repeated cryst izations from

dichloromethane.

Voyager Spec #1- NR(2 Q01 -BLBY TUTE R 9799

100 281

. - —— e . . - . - o
o 8994 12998 17002 71008 010

Figure 1.3-9: MALDI-TC mass spectrum of the dimer 41.

The 'H NMR spectrum (benzene-d,) of this yellow solid showed it to be dimer 41

(Figure 1.3-10). as characterized by a sharp S iff base singlet pe at § = 7.81
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ppm (8.30 ppm in CDCl3) and a broad phenolic singlet at & — 14.56 ppm.  he 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 § = 7.59 ppm (meta, J = 2.5 Hz). 7.41 ppm (meta, J = 2.5 Hz and
ortho. J = 8.0 Hz) and 731 ppm (ortho. J = 8.0 H: respectively. Also. the C-
[2.12°12" 12" hydrogens appeared as a singlet si 1l at higher field. at & = 7.06 ppm,
while the C-8.8'.8".8" hydrogens appeared as a sir ztat =7.16 >m (which is buried
under the benzene-d, signal). Three characteristic signals were observed for the cyvclo-
hexane ring at 6 = 71.09. 32.33 and 23.87 ppm and two signals at & = 35.18 and 29.62
ppm corresponding to the tere-butyl group. confirmed the  ucture assignment for 41.

The *C NMR spectrum in CDCly showed one Schift base peak at = 165.55 ppm,
one phenolic signal at & = 160.28 ppm and nine (plus one overlapped) signals in the
aromatic region. due to four nonequivalent carbon atc s« the phenyl linking groups and
the six non-equivalent salen unit carbon atoms (Figure 1.3-11). Five hi i-field signals
were observed: two were assigned for the rerr-butyl groups at & = 29.62 and 35.18 ppm.
and three for the cyclohexyl rings at 23.87. 3233 and 710 ppm. The 'H NMR and "¢
NMR spectra confirm that 41 has > symmetry. This compound. a "calix[2]salen”. 41
gave an accurate mass measurement (27 = 1016.62 ) for the st ural formula
CasHgoOy (requires mvz =1016.6180).

All etforts to produce an X-ray viable sii "e crystal for calix[2]salen 41 failed.
Therefore, a molecular mechanics modeling (! VM) calculation study using the
MMFLE94 force field. was conducted ¢ optimized conformations of 41. These were

based on conformations defined by the relative positions of the rert-butyl substituent
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groups.”” and are analogous to those major conformations which are usually defined in
calixarene conformational analysis, as namely cone. partial cone. 1,2-alternate and 1, 3-
alternate and saddle (or boat) conformations.

The calculations suggested that the most stable ¢ iformer (Figure 1.3-12a) is e
saddlefboat, 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 10l. In this conformer, one ot 1
tert-butyl groups lies the in the opposite direction to the others. The cone conformer
(Figure 1.5-12¢) has higher energy (278.2 kcal/mol) than either the saddle-boat or 1
partial-pinched-cone conformers and has a structure in v ich all of the rere-butyl groups
are syn. In the 1.3-alternate conformer (305.9 keal/mol) (Figure 1.3-12d). cach of the
proximal pairs of rert-butyl groups are anti to each other. In the 1. 2-alternate conformer
(Figure 1.3-12¢). which has highest free energy (315.4 kcal/mol). two of the rers-butyl
groups linked via the same salen units are sy#n to each ot -, but are anti to the other pair
of tert-butyl groups. The 'H NMR spectrum of 41 is consistent with the anticipated
spectra for the cone or saddle/boat conformations, however it should be borne in mind
that the MMM calculations are for gas phase. isolated structures, wt  zas the NMR
spectra are in solution and are subject to intermolecular interactic 5 d+  vation effects.

The MMM calculations reveal that cone-41 conformer possesses a well-defined
cavity whose widths are approximately 12.4 A betweent  distal imine hydrogens of the

salen units, and 6.3 A between the phenyl linking ; >ups.
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Figure 1.3-13: 'H NMR spectra showing the Schiff base reaction of 40 in

dichloromethane solvent at ambient  npera e after: (a) 5d; (b) 4 d;
(¢) 2d;(d) 1h
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The MALDI-TOF mass spectrum of the crt  : product showed o peak which
could be assigned to the target dimer 48, at m/z 1116.6 (calculated: 1116.6 mol). After
standing overnight, pure 48 precipitated out as a yellow solid, in 30% yield, from a

concentrated solution of dry CHCl; (dried over Na;CO3).

HN N
39

AS\" ot
O
WH
- _
\_7 CH:Cly
0
(o
H
OH

47 48

Scheme 1.3-13: Macrocyclization reaction of bisaldehyde 47.

The '"H NMR specti 1 of 48 (Figure 1.3-14) in CD,Cl> showed a single sha
Schiff base singlet at 6 = 8.18 ppm and another at = 1.5 pm for the rert-butyl groups.
The signals due to the phenolic protons were at 6 = 14.27 ppmi. The hy ogens ot the
naphthalene linking group appeared as three signals: a doublet of doubl: ; at & = 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 doublet at & =
7.61ppm (meta. J = 1.5 Hz). The hydrogens of the phenyl groups showed as doublets at
5= 7.07 and 7.61 | n (meta, J=2.0 2. The "C NM spectr  in CD,Cl, (Figure

1.3-15) showed a characteristic Schiff base signal at & =  7.26 ppm. a phenolic carbon
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1.3.2.4 Schiff base condensation of bisaldehyde 49

Mn(ClOy )
R —
CILChMeOH

49
R r-Bu R, -~ CHO
.
: CH0,°
HSN NH; 51
®
50

Scheme 1.3-14: Mn(Il) template-assisted construction of the macrocyclic complex 51.

The same methodology used successtully to prepare macrocycles 41 1d 48 was
also employed for the Schift base macrocyclization reac n with the @ iracene-based
bisaldehyde linking group. Bisaldehyde 49 was sur 1 with (RR)-DACH 39 in
dichloromethane (dried over P,Os then distilled over CaH,) at room temper: e, under
high-dilution conditions, over a 30 day pertod. © 2 'H NMR s ctrum of the crude
product mixture showed mainly Schitt base-related broad signals at & ~ 8.60 ppm. The
MALDI-TOF mass spectrum of the crude product showed a very weak peak at m z
1217.8, which was assigned to the target dimer. 51. Th  weak mass spectrum and the
broad "H NMR signals are indicative of extensive polyimine formation.

The methodology. therefore, was changed in an at npt to synthe: e the Mn(lif)

complex 51 directly. using a McAulifte's Mn(ll) templ :-assisted approach (Scheme
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% Intensity

1.3-14).7 Bisaldehyde 49 was stirred for one week, in I:1 dichloromet ne:methanol
solution, with (1R, 2R)-trans-cyclohexanediammonium tartrate (50), in the presence of
Mn(ClO,),. A dichloromethane-soluble brown solid was isolated and was purified on a

short silica gel column. using 5% methanol:dichloro1 :thane as the eluent.

Voyager Spec #1=>NR{2.00)[BP = 1357.0, 48%

100 e 4.8E+4
90
|
80 ‘
70
60
50 1A, 4,
|
40
30
20
550 6476 1383 1316
10 | H0RBIOY
‘l li ) » R
: 0
489.0 899.4 1299.8 1000.2 21006 2501.0
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Figure 1.3-17: The MALDI-TOF MS of Mn™™ ¢c  lex S1.

The MALDI-TOF mass spectrum of the product isolated trom this mixture showed a
very strong peak at m/z 1357.0 which was assigned  the target ca  Hlex 51 (Figure 1.3-
17). The Mn(Il) was presumably oxidized in siru by _ v orate to form the Mn(ll)."
Structure 51 was assumed. by anale 7, with McAuli s complex. 31 (Scheme 1.5-8).

In the absence of a crystal structure, a MMM study was also carri out on 51 to
determine its lowest energy conformations. The results st ested that this 34 embered

macrocycle has a syn disposition of the two salen units and a well-defined rectangul:

shaped cavity with a width of around 11.3 A betwe  the distal int  nular carbon  oms
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Brown solids were obtained with Mn(ClOy),, but neither MALDI-TOF nor APCI MS-
spectra atforded any significant mass data, thus indicating that only poly 21 mixtures
were produced from these reactions. With Ni(ClO4),. only unreacted starting materials

were recovered.

OH HO
o 0 10 eq M(OAc g
\ >__\ ! 50% Benzene, or CH,Cl, \
ore o \_ in McOH N
N
« N N/
: T
36: Q — 1. 4-phenylene 32 53

41: Q = 1.3-phenylene
48: Q = 2.7-naphthylene

AN
N
5 <
\ /:NV N -
2.0 eq M(OACIN . N R = tert-Butyl
50% Benzene, or CHACl, o o \ al: N Ni(Il), Q = 1.4-phenylenc
. ) 3— a2: M =Ni(Il), Q = 1,3-phenvlene
MeOH -
e {; o a3: M Ni(ll). Q = 2.7-naphthylene
/
/
[ M= Mndll). Q — .4-phenylenc
bz: M — Mn(Ill), Q — 1,3-phenylene
b3: M= Mn(Ill), Q = 2.7-naphthylene
\ ; ¢l M= Cull). Q = 1 4-phenylene
'— ¢2: M = Cu(Il). Q = 1.3-phenylene
54 ¢3: M = Cull), Q = 2.7-naphthylenc

Scheme 1.3-15: Complexation reactions of 36, 41 and 48 with Mn' Ni*"and Cu”™
1.3.2.5 Complexation of 36,41 and 48 v h Mn’",Ni* : 1Cu™"

In order to circumvent the problem of decomposition of the Schitt base
macrocycles during their attempted | irification on silica gel. it was dect 1 to form the

corresponding Mn(IIl) complexes directly from the crude mixtures, followed by
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separation on silica gel. A solution of the crude mixture of the 1.4-ph ylene-linke

macrocycles 36-38 in dichloromethane, was stirred wi  a solution of two molar
equivalents of Mn(OAc); in methanol. A light brown solution resulted. to whi 8 molar
equivalents of LiCl were added. The MALDI-TOF 1 ss spectrum (Figure 1.3-19) of the
resulting mixture showed peaks at m-z 1047.0, 1071.1. 1580.3, 2148.4 and 2185.4 which
are assigned to the [Mn(II[)+53b1}", [Mn(II))+36-2H]", [Mn(Ill)+37-2H]" [Mn(I1)+38-2H]'
and [Mn(I)+38-2H+Cl]" fragments of e resulting mono-ma nese complexes.

respectively. No dimanganese complexes were observed.

voyaan Sped R1[BP 1011 L 2B6LS,

|
' ...53bl + Mn
\

e
80 37 + Mll'zH
. J
40
w030+ Mn-2H 38 + Mn-2H
ERARIN / /
10 L ran [ Qo ‘ ) e B ‘ i
o ln_;“;; o 'J L E R t(, o L 1 - : o .
{rreiw) PRETIICS RN R NM\..«M«,LW JLIHRRoS SRS WL N I e e A ,
49% ¢ 899 ¢ 1295 8 1700 2 2106 S0t 9

Figure 1.3-19: MALDI-TOF mass spectrum of e mono-metal-salen-macrocycles {to
the manganese complexation reaction with the mixture of salen-
macrocycles 36-38.
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Germany). 'H NMR and BC NMR were recorded in DCl; on a  :-300 MHz
spectrometer or on a Bruker AM-500 Fourier Transform s ctrometer with MeySi as an
internal standard. Data were reported as follows: chemical shift. multiplicity (s = singlet,
d = doublet, dd = doublet of doublets. t = triplet, b = broc  h = heptet. m = multiplet).
coupling constant (J, Hz), integration and assignment (mH-x, m for the H numbers in the
position x of a molecule). 'H NMR and BC NMR spe a were processed using "Nuts”
software. Chemical shifts for ?C NMR spectra are relative to the solvent 77.23 ppm for

CDCl;.

MS spectra were recorded on Applied Biosystems DE-RP instrument equipped with a
reflection, delayed ion extraction. and high performance nitrogen laser (337 nm).
Samples were prepared at a concentration of 1 mg/mL in 1:1 THF:CH-Cl.. ™ ¢ sample
was mixed with a matrix compound of «-cyano-4- -droxycinnamic acid at a

concentration of 10 mg/mL in 1:1 CH-Cly:EtOH, or. F:EtOH to promote desorption

and 1onization.
Syntheses:

Macrocyclization reaction procedure in THF:Me 1

Both solutions of (S.S)-(DACH) 33 (0.360 g. 3.16 mmol) in McOH (40 mL) and
a solution of bisaldehyde 35 (0.550 g, [.28 mmol) [HF 30 mL), were simultaneously
added with stirring at room temperature over 24 h to a solution of Ba(C 14); (0.473 g,
1.41 mmol) in 1:1 THF:MeOH (100 mL) and activated molecular sieves A(2.0g) At

the end of the a htion, the solvent was evaporat and the residue was dissolved in



dichloromethane (20 mL). The solution was filtered and -

&
the solvent was evaporated from the filtrate. The p  luct L
. R . B & \\ OH HO- \_\
was washed with hexane (3 x 5 mL) then with MeOH (3 PN \# N
B /\ /y’&\ . S
mL). The crude product was dissolved in THF (20 mL) ! ) \ , ‘\, |
then acetonitrile (50 mL) was added dropwise, and then \ o HUJ\’/\;\
g _
N N _
the mixture was stirred for 2 h. The mixt e was filtered > \
\7/\
and the solid was dried under vacuum to give 36 (213.9
36

mg. 38.%): decomposition > 270 °C: 'H NMR (CDCIL3) & 1.54 (s. 361, 7.22 (s. 4H). 7.45
(s. 8H). 7.9 (s. 4H). 8.36 (5. 4H). 13.95 (s. 4H): "C NMR "DCl;) & 24.51.29.73. 29.90.
3538, 72,61, 119.08, 127.29. 128.44, 128.77. 130.90. 137.91. 138.05. 1 ).63. 160.13.

165.88. MALDI-TOF/MS 1018.8 [M"+H]. caled for CogHy 40410 6.

Macrocyclization reactions in dichloromethane

The solution of (R.R)-DACH 39 (23.1 mg. 0.20r ], weighed under  nitrogen gas
environment) and bisaldehyde (40 or 47) ).20 mmol) in 400 mL of dichloromethane.
which had been dried over P,Os and distilled over CaH, was stirred at room t  perature
and under a nitrogen environment. After 1 d. the colour of the ‘acti  changed to
greenish-yellow. The reacti was stirred for 8 d for 40. and for ) d for 47 under a
nitrogen gas environment at room temperature. The sc ent was cva orated under

reduced pressure to give a yellow solid.
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Calix[2]salen 41

The crude product was re-dissolved in

NN

7N :on u;)}i/
— Y

dichloromethane (10 mL). Initially, the solution was

7,

clear but then became turbid after 1 min. The solution /
—’/ >T / \ 7 —\\
was filtered and the collected solid was washed with \ < va ; L
’ /
N AN
dichloromethane (10 mL), dissolved in benzene and \\—/L e N
fN 4/'
collected in a 50 mL round-bottom flask. The benzene {ﬁ}.

was evaporated under reduced pressure to give 41 a il
yellow solid 1n 43% yield. The filtrate was collected and the dichloromethane was
evaporated to give a solid. This crude product was dissolved in ethyl ether (10 mL). then
acetonitrile (10 mL) was added. The solution was rred r 10 n, then fi ‘red. The
filtrate was evaporated to give a yellow solid which was issolved in dichloromethane
(10 mL). Initially. the solution was clear, but it slowly  came turbid. Aft standn

overnight, the suspension was filtered to give 41 in 29% y d (total yield 142.2 mg. 70%
yield): mp 289 °C; 'H NMR (C,Dy) & 1.67 (s. 36H). 7.06 (s, 4H). 7.16 (s, 4H), 7.31 (t, .J
= 8.0 Hz. 2H). 7.41 (dd. /=2.5, 8.0 Hz, 4H), 7.59(d, J = 2.5 Hz, 2H), 7.81 (s. 4H), 14..

(s. 4H): "C NMR (CDCly)  23.87.29.62, 32.33, 35.18. 71.09. 118.67. 125.01, 126.03.

128.53. 128.86, 129.21, 131.14, 1...¢,, 141.79, 160.28, 165.55; MS (MALDI- JI)

1018.4 [M"+H]. calcd for CogHgoN4O4 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 °C; '"H NMR (CD,Cly) & 1.59 (s, 36H), 7.07 (d,

J=20Hz, 4H), 7.47 (dd, J= 1.5 Hz, 8.0 4H), 7.61 (d,

J=20Hz 4H), 761 (d,» 1.5 Hz, 4H), 7.75(d, J =
80 Hz, 4H), 8.18 (s, 4H) 1427 (s, 4H); °C NMR
(CD,Cly) & 24,78, 29.83, 32.96, 35.52, 71 54, 11894, " 7349, 12563, 2835, 12933,
13422, 13833, 139.38, 160.82, 165.26; MS (MALDI-TOF) 11169 [M+], caled for

C76HgaN4O4 1116.7.
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they have been extensively stud | and tested in many different applica ins, including
incorporating modifications in order to improve their h t-guest properties, and other

diverse applications, such as their use as non-linear optical (NLO) 1 terials. 12

OH OH

CH; S

n=4,68

Figure 2-1: Calixarenes 1 and thiaca :arenes

Calix[n]arenes such as 1," in which methylene groups link the = 2nol units, are
easily and reproducibly prep: 1 by the reaction of p-fert-butyl ienol 3 with
paraformaldehyde in basic solution, following Gutsche’s ground-breaking efforts and

procedures (Scheme 2-1).1

OH OH
CH;
Ras
+  (HCHO ase
A
| = n=4638
5 1

Scheme 2-1: Sy 1esis of calix[n]arenes 1.
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Also. oxidation of the bridging sulfur atoms to form the corresponding —SO- or -SO--
bridging groups. as in 10 and 11. shifts the complexation abilities of thiacalixarenes to

bind better with “harder” metals (e.g. alkali earth 1etals and lanthanides).*

8 Ry =SH,NH- hahde

OF

OR,

9 R- = alkyl, arvl, carbony! 6

10 11

Scheme 4: Modification of thiacalix arene 6.

Functionalization of the phenolic groups, using different ¢ ups ch as methyl
acetate, methyl amide or porphyr s, and others.’ as in 9 (Sche : 2-4). is the most

widely used approach to functionalize the narrow rim of calixarenes and thiacalixarenes.
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In cont t, 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. [ki and Mi no reported 2 multi-step
substitution of the phenol hydroxy groups in 12 which was previously derived from 6, by
amino groups via nucleophilic aromatic substitution (SyAr) with lithium N-benzylamide.
to form 13. Subsequent bromination-elimination. hydrolys and reduction vie 14 and 15

atforded 16, the tetraamine analogue of 6. in 67% overall yield (Scheme 2-5).%*

Ul OH
NaBO;. > KHCO5, Mel PhCH-NHL
CH;CO-H.CHCK acetone. refluy [HIF, rt
23% 0470
6 10 02
NHCH,Ph
S
\\
Q NBS, BP cone. HC
benene. reflux CHCl. reflux
4 83%, 850,
l
13 14 s
//
< LAl LT
IHY . m
NI
(1500

16

Scheme 2-5: Synthetic approach towards amine iacalix{4]arene 16.
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Time-controlled SyAr reactions of 12 with i N-benzylamide over 2 to 5
minutes afforded monoamino- 17 and diaminoth alix[4]arene 20 in 22% and 48%
yields, respectively (Scheme 2-6). Both 19 and 22 were also p oared by multi-st

. . . . . . . 32t
reactions involving removing the benzyl moieties fo rwed by reductions.”™

O o
1 3
Ny— 5 S !
!
X { . 1YNBS BPO
Y ’ X . / X X benzene, retlux / X A
0o=Ss S=0 . - 0=¢§ S= 0 o= — 0
X B 2 mun, 22% N R 2y cone HC NOR
CHC;, reflux
. S 770 .
n B (51
O 0 i

12 17 18
PhCH.HNL 1y Gialtl Tl
Tir THE 1
S, 48%a ) Bu,NF, THF
770
) Q
i
S
1} NBS. 8PO
benzene, retlus / Ry, X
():s S=0 HLl 0=% S=0
) cone ) /
(_H( I, reflux AN X R
89%
N X J IS
1
]
20 21 19
1) LIATHL TCH,
TIF. n
2) BuNF. THF
[

X =0OMe
R = NIHICH,Ph
R, = NIk,
BPO — Benzoy i peroxide
NBS = V-bromosuccinmide ﬁ\ @

22

Scheme 2-6: Preparation of mono-. and diaminothiacalix[4]arenes 1 and 22.

190



Further substitution of thiacalix[4 ene has ber accomplished by replacement of
the amino groups in 19, 22 and 16 by iodide to give the mono-, di- and tetra-
iodothiacalix[2]arenes 23, 24 and 25 respectively.’® Th : iodin. on steps took place

via Griess reactions of the corresponding diazonium salts of the amines 19, 22 and 5

with KI and I, (Scheme 2-7).

1) NaNO4, Ha80,

Z0-H
—_— N S

/ X X
S S
x Rl <) l-\-Lu‘ I‘]
33%
S

@/S
R, ¥ 1) NaN Oy, Ha304 N
’ “HACO,H N S
——
oKL
XR "4 oot
>é\}\ /\%< S

R, R, 1) NaNO,, HaS0,
s S

CHCO,H
R, R DKL ’
9%
S
16

Scheme 2-7: Preparation of mono-,di- and tetraiodothiac ~ xarene 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- methylthiocarbamoy!
chloride gave thioamide 26 which was thermally rearrar :d at3  °C to give 27 De-

protection of the sulfhydryls by hydrazine at 100 °C affor d 28 in good yield >’

0
S
>—NMe
>— NI\/ICv
: S
S 0
)L S
cl NMe, S o
300 °C
_— —_—
N2 COq )
X 4 "
6 26 27
NH-NH,

100 °C 4 380- 410 °C
900/6 /

S

S
X 4 >\ P S ) Z\ 1
| L |
28 X’/L»‘ ’ N

29

Scheme 2-8: Preparation of thiothiacalixarene 28 and thiacalt: !Jthianthrenes 29

Recently, Parola and coworkers,”® reported that heating compou 527 (X - H, /-
Bu) up to 410 °C led to rearran; nent, affording thiacalix{2]thianthrenes 29 (Scheme 2-
8). The tert-butyl-substituted analogue 29a (X = -Bu) was formed in 36% yield and the

unsubstituted thianthrene 29b (X  H) ¢ ot :d 1n 44% yield  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.”

This chapter presents the results of att ipts by this 1t rto fu lonalize e narrow
rim of thiacalix[4]arene 6 with acetylene groups. using the Sonogas ra coupling reaction.
Also. a Cu(l)-catalyzed rearrar :ment of thiacalixarene 6 to form a thiacalix{2]phenoxa-
thiin compound 30, is reported. In additic , a mect 1ism is proposed to account for tt
rearrangement reaction (Scheme 2-9). In a limited complexation study. the phenoxathiin
compounds obtained showed modest affinities towards complexation with Ag(l) and

Hg(II) ions.

><Q 3 “O\
X
/ Ol HO _ o
S N = § S
Ol HO X PN A
- |
\ — ,/k )
S . .
Vs ) N -
6 30

Scheme 2-9: Prej ation of thiacalix[2]phe oxathiin (30).
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X HO PA(PPh;),Cly, ™ Toluene
DBU. retlla, -0

(oL,

R = Ph, p-CoHyCF5 or p-CoHyNO>

Scheme 2-11: Narrow-rim substitution of calixarene 33 by acetylenes.

It was of interest to extend these findings with the Sonoga irar ction” 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-1  arylethynyl erivatives of
thiacalix[4]arene itself.

The 1,3-bistriflate thiacalix arene 35 was easily prepared v reaction of 6 with
tritflic anhydride in anhydrous pyridine (Scheme 2-12)." e crude product crysti 1zed
from hexane to give a 60% yield of 35. The residual product was purified by column
chromatography on silica gel using (1:7) CH-Cla:hexa  as the eluent to aftord an
additional 27% yield of 35 as a colourless solid. The '"H NMR and “C NMR spectra
confirmed that the structure of 1,3-bistriflate 35 i1s highly symmetric a | in the cone
conformation. The 'H NMR spectrum of 35 showed that the phenolic hydrogen atoms
were shifted to higher field at § 6.13 ppm and the two aromatic signals appear at 6 7.17

and 7.75 ppm. Inadditi  two singlets atd 1.35 an  0.96 ppm were observed for the two



tert-butyl groups. The °C NMR spectrum showed eight aromatic signals, four upfic |
signals due to the rert-butyl grov | ; and the characteristic peak for the carbon atom of the

triflate group appeared as a quartet at 122.78 ppm.

/ OHHO \ ThO Py Bb: }:QX
J S

S

35 R=0OT¢f

Sonogashira couphng

laseonitsmatito sl
NEs sV -

36 R-OIT 37 R-0OIf

Scheme 2-12: Products from the reactions ot 35 under Sonoga  ira conditions.

Different Sonogashira reaction conditions were used (Table 2-1) 1 attempts to
displace the tritlate groups by phenylethynyl groups. However, none of  ese reactions
gave the desired phenylethynyl products and instead other products such as . , 36, an

37 (Scheme 2-12) were detected.
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conditions® (Pd(1I) in acetonitrile with Cs>COj3) affor | nly thiacalix[4]ar 26 self.
the product of hydrolysis of 35 (Entry 2). No reaction was observed whe triethylami
was used as base with either Pd(PPh;)y as catalyst in CH;CN (Entry H.Y or with

Pd(OAc), as catalyst in (1:1) DMF:DMA (Entry 7).

/
N S s
/ Ry HO / OH t0) / Ry Ho
N S S 3

Na>COj3, acetone

> S S N
OH R, Mel. reflux, 15 h on R/ * R, HO
\
X
37
35R, = OTf 36

(9:1) THF:.DMF
Mel, NaH

38 R] = -OMe

Scheme 2-13: Methylation reactions ot 1,3-bistriflate 35.

[t 15 clear that the reaction affording 1.2-bistriflate 37 and phenoxathiin 30 is
associated with the presence of > phenolic groups ~OH in the reactant 35. Therefore,
protection of the phenolic groups. in principle. should minish the hydrolysis and

rearrangement processes and promote the Sonogeashira coupline. Various methods to
o o &
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mechanism, and the presence of Cul and DBU is crucial to produce 30 in high yield. The
mechanism in Scheme 2-15 is in basic agreement with that proposed by Hattori*” which
appeared after our own work had been completed and r_ irted by us.*™

Deprotonation of 35 by DBU forms the anion 43. In the absence of ‘ul, 43 forms
the phenoxathiin vie direct displacement of the triflate group and this pathway usually
gives 45 in low yield. In the presence of Cul. a phenoxide coordinates to the Cu(l) to
form 44 which in turn. leads to 45 via an Ullmann-type reaction. Also. 43 could rearrange
to form the more stable anion 41 (Scheme 2-14), which fc 15 46 in the presence of Cul.
and leads also. to 45. Subsequently. deprotonation of 45 ads to phenoxide 47 which
reacts with Cul. to form 48. Phenoxathiin 30 is obtained >m Cu(l) complex 48 viu .
Ullmann-type reaction.

In order to sce whether 35 could react in an inter >lecular fashion under these
same  Cu(D-catalyzed conditions, the following two « serimer © were conducte
Bistriflate 35 was reacted with 10 mol equivalents of either phenol. or 4-methoxyphenol.
in the presence of DBU, Cul, and Pd(PPh;)-Cl in toluene (Scheme 2-16). None of the
possible products of the corresponding intermolecular  1ctions (49) were detecte
however, and the product mixture again contained the product phenoxathiin 30 in 18%0 or

26% yields, respectively.












MMM calculations suggested that the new bowl-shaped cor »ound 30 might be

capable of complexation with Ceo or C7p. 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 cont ing diff :nt wide
rim ethynyl substituents, which in principle, could be introduced via Sonogashira
coupling reactions, as was demonstrated in 2003 by Parola et al. for tetra-O-

propylthiacalix[4]arene.

ascoa i o
XC[ jé>< Phenol refluc 7d @[ :(j

Scheme 2-17: De-ter  wutyl " Hn reaction of tetra-fert-butylphenoxathiin 30.

The prerequisite removal of the rers-butyl groups from 30 as a first step towards
this goal was achieved using the AICl;-phenol protocol " scribed by b sseni ¢f al.,
(Scheme 2-17)."* The desired de-fert-butvlated 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.*® The X-ray structure
of 50 reveals that there is a pair of “int ocked L-shaped™ molecules in the unit cell
(Figure 2-7). The planes of each of the phenoxathiin unit: { one of these 1olecules are
approximately antiparallel to the corresponding pheno:  hi  units of its partner molecule.

Each of the C-S-C bond angles which inc porate the sulphur atoms connectit  the pair
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complexation ability is suggested by the two structures shown in Figure 2-9. Figure 2-9(a)

is the MMM™! computer-generated structure of the hypothetical 2 Ce complex: and
Figure 2-9(b) is that of the complex of Cg with tetra-rert-butylcalix[« 1aphthalene (57), a
molecule which has shown experimentally demonstrable com; :xation behaviour
towards Cegand Cry.

It is hypothesized that in the case of 30, a Cqp me  :ule is not as dee  y embedded.
or as tightly embraced by this host molecule, in compar n with the deeper. basket-
shaped calixnaphthalene 57. Another factor could be that the barrier to ¢ formational
interconversion in the case of 30 is smaller than that in 57. In the latter the 1 row-rim
hydroxyl groups are hydrogen-bonded to one another, thus  lowing for a greater degree

of pre-organization for effective complexation with a Cg molecule.

(a) (

4

PE -
=

e -

Figure 2-9: MMM computer-generated hypothetici  structures of supramolecular
complexes of Cg with (a) phenoxatt n 30 ad (b) tetra-rerr-
butylcalix[4|naphthalene (57).









(b) — T T T R T AT e e T

Figure 2-12: (a) The '"H NMR spectrum of a solution of Ag" and 30 in 1:9 CD;CN:
CDCls. (b) The '"H NMR spectrum of a solution of 30 in 1:9 CD;CN:CD(

| W
! | ! i il
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|
(a) M e A -
(by ho_ j - i U{ﬂ.

Figure 2-13: (a) The 'H NMR spectrum of a solution of Ag'a | 50 in 1:9
CDsCN:CDCl;. (b) The 'H NV spectrt of a solution of 50 in 1:9
CD;CN:CDCls.
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Figure 2-14: (a) The 'H NMR spectrum of a solution of .g2+ and 30 in 1.5:9

D;COD:CDCls. (b) The 'H NMR spectrum of a solution of 30 in 1.5:9

i

a R N (SN
@ |

J\/\ - ’ \ ,\’\ M
(b) T I— e

Figure 2-15: (a) The 'H NMR spectrum of the solution of Hg2+ ar 5 I 1.59
D;COD:CDCls. (b) The 'H NMR spect  m of the solution of 50 in 1.5:9
D;COD:CDCl;.






It was rationalized that the abilities of 30 and 50 to bind with the Ag" and Hg™
ions studied are due to the Ag'— « and P{g2+— . and/or Ag'— S and gz‘— Interactions,
and that these likely occur within the cavities of the host molecules. It is noteworthy that
terr-butyl-substituted phenoxathiin 30 showed larger K, values t  n 50 for both Ag”
and Hg2+, and this enhancement is attributed to the | ¢ ity of 30. The aftinity of 30
for Ag” was ~ 4 x greater than that of 50. In contrast, compounds 30 and 50 had almost
the same affinity for Hg™" which possibly could be ascribed to solve  effects. In the case
of the Ag”. the solvent system which was used is less polar than that used for the g™’
determinations. The more polar solvent, therefore. could possibly be more effectively
dissociating any formed phenoxathiin—Hg} complexes by favouring the solvation of the

Ilg2+ ions, instead.

2.1.4 Summa

v

Replacement of the hydroxyl groups at the narrow m «  p-feri-butyl
thiacalixarene could not be achieved viu Sonogashira coupling reaction of 1.3-bistriflate
35. This is likely as a result of 7 sensitivity of 35 to t  basic conditions whi  are
necessary, which results in rearrangement to form t§ more stable 1.2-bistritlate 37.
Cu(I)-catalyzed intramolecular rearrangements occurred to form phenoxat in 30 in 70%o
yield in the presence of excess Cul (5 mol eq.). An unprecedented displacement of a
hydroxyl group in p-tert-butyl thiacalixarene by a hydrogen atom to »rm 42, using Pd( )

and DBU in tolucne in the presence of Cul (1.0 mol eq.) was also observed.



The structure of the phenoxathiin 30 was successtu  modif 1 by ‘moving the
tert-butyl substituents to form the de-rerr-butylated phenoxathiin 50.  his new compoun
could open the door for substitution of the wide r by various functionalities whic
could improve potentially the host-guest capacity, or for stt  'ing other pro'  ties such as
their NLO properties of these new products.

Complexation studies confirmed 1at phenox. iins 30 4 50 are mode:
receptors for Ag™ in 1:9 CD3;CN:CDCl; solvent ar  for Hg*" in 1.5:9 D;COD:CDCl;
solvent. "H NMR titration experiments to determine the K. values Hr 30 with Ag+ and
ng* solutions revealed that Ko values were 2200 + 200 for Ag” and 540 £ 75 for
Hgl ", On the other hand, the Ky values 50 with Ag" and ;} were 630 £ 50 and 475 £

36, respectively.












variables = 470: reflection/ paran :r ra » = 19.77, R} (/>2.00c ) = 0388: R (all

reflections) = 0.0391; wR; (all reflections) = 0.1034. GoF = 1.038.

1.2-Bistriflate 37

(7.0 mg, 7% ): mp 234-236 °C: 'H NMR (CDCl;. 500

MHz) 8 7.72 (br, s, 3H), 8 7.56 (d,J = 2.5, 2H), 7.54 (d, J S
= 2.0 Hz. 2H), 7.38 (d. J = 2.0 Hz. 2H). 7.25 (d. J = 2.5 R o

Hz. 2H). 1.23 (s. 18H), 0.99 (s, 18H); “C NMR (CDCl;. e i
500 MHz) & 155.19, 151.67. 147.33, 144.10. 135.67, s

135.29. 134.45, 134.39, 132.65, 129.50, 120.59. 120.42,
37 R=0Tf

119.13, 34.74, 34.40, 31.44, 31.05. MS (APCI-) m/z

983.1(M-H), caled. for CuaHaeFsO3Se 984.1.

Crystallographic data for 37: Cy2 35H4635F60g S¢Cly gs. fw = 1026.95, primitive triclinic
cell, P-1 (#2) a=13.1289(15) A, 0 110.835(2)°, b=19.¢ ¥3)A.B = 98.5680(18)". ¢ =
22.054(3) A,y = 104.8480(17)°, V = 4954.7(11) A’ . Z = 4, Dege = 1.377 g/em’. The
data was collected at a temperature of -160=1 °C to maximum 26 value of 61.5°. 42658
reflections were collected. 20234 were unique (R, = 0.032). The ¢ a was collected and
processed using CrystalClear (Rigaku). No. of variables = 1117; reflection/parameter

ratio = 18.20; R, (/>2.00c(/)) = 0.0862; R (all reflections) = 0.0944; wR, (all reflections)

=0.2550. GoF = 1.065.

| ]
| )
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Monotriflate 36
(10.5 mg. 11%): mp 270-273 °C: '"H NMR (CDCl;, 500
MHz) 6 7.71 (d.J = 3.0, 2H), 7.69 (d. /= 2.5. 2H), 7.50 (s. :
2H). 7.08 (s, 2H). 1.31 (s, 18H),1.16 (s, OH). 0.80 (s, OH); [/ OMHo
PC NMR (CDCls. 500 ME & 155.77, 155.66. 151.74, e
147.48. 144.50, 144.07, 136.30, 135.64, 135.37. 1 .19,
129.99.121.31.121.19, 120.19, 34.53, 34.46, 34.36. 31.61, 36 R=OTr
31.38,30.67: MS (APCI-) m/z 851.1 (M-H), calc  for C4;H47F;06Ss 852.2.
Crystallographic data for 36: C4 Hy7F;06Ss, fw = 853.11. P2)/c (#14), a = 12.490(3) A
b = 16.513(2) A; B=104.682(5)" ¢ = 21.792(4) A, V = 4347.6(14) A’. Z =4, Doy =
1.303 g/lem’. The data was collected at a 'mperature of - >0 £ 1 to a maximum 26
value of 61.5°. 46060 reflections were collected. 8526 were unique (R, = 0.069). The
data was collected and processed using CrystalClear (Rig 1). No. of variables = 497:
reflection/parameter ratio = . ,.15; Ry (/ >2.000(/))= 0.0695: R (all  lections) = 0.0760;
wR, (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
(I5 mL) was stirred at reflux temperature for 15 h under argon. The solvent was
cvaporated on a rotary evaporator and the resulting crv - product was dissolved in
CH>Clz (25 mL) and washed with aqueous 10% HCI (15 mL). The CH>Cl> extract was
dried (MgSOy4) and the solvent removed under vacu n to give the crude product which

was purified by PLC (3:7) CHyCly:hexane to give the following compounds: 1.2-



bistriflate 37 (49 mg. 89%) and tetra-fert-butyl-thiacalix[2 |phenoxathiin (30) (3.0 mg,

8%0).

Reaction of 1,3-bistriflate with DBU in the presen of P "1(PPh;);

To a stirred mixture of PACL(PPh;): (4.0 mg. 0.0055 mmol) and 1 3-bistriflate 38
(55 mg. 0.055 mmol) in dry degassed toluene (30 mL). D 7 (35 mg. 0.23 mmol) was
added at reflux temperature. The  iction mixture was stirred for a further 15 h at the
reflux temperature under argon. The solvent was evaporated on a rotary cvaporator and
the resulting crude product was dissolved in CHLCL (20 mL) and washed with aqueous
10% HCT (13 ml.) and with H>O (20 ml.). The CH-Cl> extract was dried (MgSOy) and
the solvent was removed under vacuum to give the crude o duct which was purified by
PLC (3:7) Cl11:Cl:hexane to give the tollowing compounds: 1.2-bistriflate 37 (45 mg.

81%) and tetra-fers-butyl-thiacalix| 2 [phenoxathiin 30 (5.0 mg. 13%).

Reactic  of 1,3-bistriflate with DBU in the presence of Cul.

To a stirred mixture of Cul (50 mg. 0.27 mmol). and 1.3-bistriflate 35 (55 mg.
0.053 mmol) in dry-degassed toluene (20 mL), DBU (351 1 0.23 mmol) as added at
reflux temperature. The rear on mixture was stirred for a further 15 h at the reflux
temperature under argon. The solvent was evaporated on a rotary evaporator and the
resutting crude product was dissolved in CHLCL, ) ml) and w hed with agueous
saturated NH,C1 (15 mL) and with H-O (20 ml.). The C1-Cl extracts was — ted (MgS0)y)

and the solvent was removed under vacuum to give the « 1+ product which was purified
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by PLC (3:7) CHxCly:hexane to give the following compounds: tetra-ters-butyl-

thiacalix[2]phenoxathiin 30 (26.8  ». 77%) and 1,2-bistriti 2 37 (6.0 mg, 12%).

Reaction of 1,3-bistriflate with DBU in the presence of PdCl;(PPh;); and 1.0 mo
eq.Cul
DBU (70 mg. 0.46 mmol) was added to a stirred

mixture of PAC1y(PPhs); (8.0 mg, 0.011 mmol), Cul (20 mg, >b/
HO

0.11 mmol). and 35 (110 mg. 0.11 mmol) in refluxing dry- OH

degassed toluene (30 mL). The reaction mitxture was o

stirred for a further 24 h under argon at re 1x. Removal of

volatiles on a rotary evaporator gave the crude product

which was dissolved in CH>CL (40 mL) . d washed with aqueous saturated NHLC (15
mL) and with H-O (20 mL). The CH,Cl; extract was dried (MgSOy) and the solvent was

removed under vacuum to give the crude product which was purified by PLC (5:5)

CH>Cls:hexane to give the following compounds:

Tetra-rert-butyl-thiacalix|2 Jphenoxathiin 30 (21.5 mg, 28% yield). monotriflate 36 (37.5
mg. 40% yield). 1.2-bistritlate 37 (8.00 mg. 7.0% yield) 1d monotriflate 42 (8.5 mg.
9%): 218-220 mp; 'H NMR (CDCl;. 500 MHz) & 7.67 « 111). 7.64 (s, 111). 7.63 (s.
1H). 7.61 (s. 1H). 741 (s. TH). 7.39 (s, TH). 7310 (s TH). 7.24 (s, 1D, 692 (s, HHD. o0.14
(s. 2H). 1.32 (s. 4H). 1.31 (s. 4H). 1.21 (s. 4H). 1.18 (5. 4H); "C NN (CDCls. 500 MH)
155.25, 155,16, 153.15. 151.40. 14783, 145.16, 143.70. 1. 14, 13731, 1 .09, 135.60.

135.45, 134.15, 134.01, 133.98, 130.01. 128.85, 12¢ 3. 1. 20.125.03, 121.11, 120.03,

o
£
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117.51. 116.98, 35.14, 34.87. 34.45, 34.33,31.79, 31.51. 31.39, 31.31: M (APCI-) m/z

8342 (‘M-H),. caled. for C41H47F305S§ 835.2.

Crystallographic data for 42: C, H,,F;O.S., tw=38_,.11. P-1 (#2), Lattice Parameters a
= 10.9907(13) A. b= 143416(11) A, c = 15.5658(8) A, u = 61.816(9)0, B = 75.573
(13)0, vy = 81.851(13)0, V = 2093.6(3) A3~ Z =2 D= 1.338 g/cm"’. The data was
collected at a temperature of -135 + 1 °C to a maximum 26 value of 61.7°. 20163
reflections were collected, 8573 were unique (R, = 0.064). The di 1+ was collected and
processed using CrystalClear (Rigaku). No. of variables = 488: retlection/  rameter ratio
=17.57; R, ({»2.000(/))= 0.0865: R (all reflections) = 0.0973; wR> (all reflections)

0.2403 GoF = 1.106.

Thiacalix|2]phenoxathiin (50)

A mixture of phenol (267 mg, 2.8 mmol) and AICI; (1.5 mg. S

=
11.2 mmol) was added to a solution ot 30 (194 mg. 0.280 mol) in 07 X
S S
dry toluene (5 mL). After heating for the reaction mixture on retlux O
=
for 8 days. it was allowed to cool to room temperature and the X -

resulting dark solution was poured onto aqueous solution ot 10%

74
<

HCI (10 mL). The organic layer was s arated and the aqueous

phase was further extracted with CH>Cl> (2 x 50 mL). The combined organic layers were
dried (MgSO,) and evaporated to dryness leaving black oil which was triturated wi
hexane to give a precipitate. . arther purification by column chromatc  aphy ¢ silica gel

and (1:9) CH>Cl>rhexane gave a product which was crystallized fror a CE - 1s:hexane to

226







recorded at 298 K at 500 MHz. A similar methodology was employed with H ZlC -in

1.5:9 D;COD:CDCl; solutions (2.74 x 107 M).
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Appendix B

Selected NMR spectra for synthesized compounds in Ch pter 2.1
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Appendix C

Complexation data for compounds 30 a 150 in Cha er2.1
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