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SYNTHETIC METHODS IN SUPRAMOLECULAR
CHEMISTRY

MAREK PIETRASZKIEWICZ
Institute of Physical Chemistry, Polish Academy of Sciences 01-224 Warsaw, Kasprzaka 44/52, Poland

INTRODUCTION

Supramolecular chemistry is a relatively young branch of chemistry. The beginnings
of this interdisciplinary science are associated with Dr. Charles Pedersen, father of
crown ether chemistry. Twenty years after his pioneering work, the Nobel Prize was
given to Prof. D. J. Cram, Prof. J.-M. Lehn, and Dr. Ch. Pedersen for their outstanding
contributions to progress of supramolecular chemistry.

During this time many synthetic methods have been developed for the formation
of macrocyclic molecular receptors, and a brief account on most popular strategies
will be presented here.

Readers are also encouraged to go through’an original reviews, books, and
monographs relevant to the field of supramolecular chemistry, cited at the end of
this elaboration.

1. TEMPLATE SYNTHESIS OF MACROCYCLIC AND
MACROPOLYCYCLIC SYSTEMS

1.1 Alkali Metal and Alkaline Earth Metal Ion-promoted Macrocyclizations

Although the first alkali ion-promoted macrocyclizations were found in the field of
crown ethers, and are associated with Pedersen’s discovery, they will not be discussed
in this chapter. The scope of this presentation will be limited to macrocyclic and
macrobicyclic structures possessing mixed donor atom sets, mainly nitrogen and
oxygen atoms.

There are a few alternative strategies for the formation of monocyclic and bicyclic
systems, They can be outlined as follows:

MONOCYCLES
A A
__uﬁ____.k Sq NR A
B
FIGURE 1.
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Representative examples for all pathways A, B, C, D, E will be provided.

In general, alkali metal carbonates served as bases and templating agents, although
there are a few examples with other carbonates. It has also been proven that addition
of alkali metal halides to the reaction mixture had a significant impact on the overall
yield, since the presence of metal ion is crucial for templated macrocyclization.
Strategy “A”

A classical example for the preparation of 4,13-diaza-18-crown-6 was described by
Kulstad and Malmsten:

s}

L U

30%

d Y

)

FIGURE 2.

It should be noted that in this, and in the majority of further examples, acetonitrile
was solvent of choice, giving the best results in comparison with other aprotic solvents.

Gokel and co-workers have studied extensively various aspects of strategy “a”.
For example, a combination of diamine and diiodide components led to 15-membered

ring in good yield?:

i o
BaNH HNBn N.zcoJ ot (\ /W

Bn NB8n

+ ‘ MeCN ) 2%
\/
Lo

FIGURE 3.

More examples can be found in the literature.?

Strategy “B” -

This path consists on “2+2” condensation of an appropriate dihalide component
and a primary amine. Gokel and co-workers demonstrated the usefulness of this
approach which can be shown as follows*:
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.
C? e O

BaN NBn 20%
BaNH, + H,NBa MeCN

1 <—o P
FIGURE 4.

Usually, yields for such cyclfzations do not exceed 30%, however they seem to be
quite satisfactory, since the reactions proceed in one step without need for preparation
of diamine component.

Bicycles: strategy “C”
Early, the idea of combining two molecules of dihalide and one of diamine was
demonstrated by Kulstad and Malmsten®:

i
¢ <—°m°
Couﬁ W

In this way, cryptand (2.2.2) was prepared in 21% yield as its sodium cryptate.
When potassium carbonate was used, no cryptand was detectable, indicating sodium
template effect. It was important that mixed dihalide was used.

This strategy was further developed by Lehn and co-workers in the synthesis of
cryptands incorporating heterobiaryls®:

FIGURE 5.

(wiqllypy  L13CO;* % (siqi), bpy  NayCOyt 18% wigilvpyly N, CO, ¢ 20%

FIGURE 6.
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A very interesting feature was observed during the reaction course for (biqi),py;
Li,COj turned out to be superior template than Na,CO,, giving higher yield of the
product as its Li* cryptate. However, purification of this cryptate on silica gave a
mixture of Li* and Na* cryptates as indicated by mass spectrometry. In fact, Li*
in its cryptate of (biqi),py could be easily exchanged for Na*, when equilibrated
with aqueous solution of NaBr. This example shows that the sodium cation forms
the kinetically more stable complex, although as template is less efficient than lithium.

This fact can be explained in this way, that lithium acts as local template, and
binds more efficiently than sodium two amino groups in 2,6-bis(aminomethyl)-
pyridine in the following manner:

[ J
}!2N i l_:i e NH2

FIGURE 7.

Therefore, this configuration is more appropriate for bicyclization reaction.
Further exploration of this strategy indicated that this approach may be of
importance in the large-scale preparation of bicyclic structures’:

NHq H, TsO (—0‘ ‘()_>
N
. 2 Na,€O, [ MeCN L __./(\_Jo\_l&
0 23%
Ts 0\/1 FIGURE 8.
Strategy “D”

This approach has also been studied by Lehn and co-workers and a pronounced
template effect was demonstrated as shown in the scheme.®

pR ., . P4

)

H
MeCN
'< /> { ; Li,CO,  * 80%
FIGURE 9 N1gCOy 1 333

xzcoa t momne
Similar macrobicyclizations may be found in earlier works of Lehn.®
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Strategy “E”

This path seems to be the shortest access to bicyclic structures possessing the same
three units linked by two nitrogen atoms, and has been elaborated by Lehn and
co-workers. This method consists of reaction of dihalogeno component with ammonia
at elevated temperature in a medium-pressure reactor in MeCN with Na, CO; as a
base. In this way, two sodium cryptates of the following formula have been obtained!°:

27%

29%

FIGURE 10.

Macrobicyclization involving sodium cation as a template has been reported by
Vogtle and co-workers.!!

Nz
' O Q) L
10O
~ td
NaZCO3 S II -
———— \N’si"
2 + 3. MeCN ,,/ \\\ -~
“ @) O | O
NHR . N
RN

-

462

FIGURE 11.
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Yield for this reaction was low (4-6%). So far, the discussion was limited to rather
smaller cavities and cations such as lithium or sodium were sufficient as templates.
There are also non-typical macrobicyclizations for much larger cavities in which
cesium cations were found to be particularly good templates. Efficient cesium-
promoted cyclizations are called “cesium effect”.!? Several examples will illustrate
this concept. ,

Large macrobicyclic polyamines have been obtained by so-called “tripode-tripode™
coupling, a one-pot procedure. The essential macrobicyclization step consists of the
condensation of a tris-terminal tosylamine tripodal unit with a tris-terminal tripodal
mesylate in hot DMF in the presence of large excess of Cs,CO; or K,CO; 3.

T M0 NN (Wﬂ
JH‘I‘- * Moo ;r‘- Ce,€0g T ;r‘-
. u.o\v/://§8 Dxr, 85°C (5/% .\/\@3: ;?

50%
NN ,1"./\/\""1- ), m NN 3 /—->
. s QA AS
<_/‘\/\/"\/\/"
¥ 2N !‘,’/\/\ox-)‘ 27 %

I Y aYaW! /\S\g
: )

+ Cc,CO:,!D)(! % " T N>
\/N\-‘/X \_—/N\ \

]3 ;‘ x Ts :

J NHTs \ / \—-/N

Xz-o s 31%
X =CH, 1 45%
X =(CHy)» 23%

FIGURE 12.

A cesium effect was observed in case of macrocyclizations leading to polythia- and
polyazaoxa macrocycles from respective terminal bis-tosylamides and dihalogeno
derivatives, This concept was demonstrated by Kellogg and co-workers, and can be
illustrated schematically'4:
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TsH Cs,CO
. + HTs_%49%% e TeN NTs
Br /Pr DMF
FIGURE 13.

It turns out that cesium carbonate is basic enough to ionize sulphonamides and
thiols, enhancing therefore the nucleophilic character of nitrogen or sulphur atoms.
Thus, the cesium effect can be regarded as a fusion of strongly basic character of
Cs,CO; and templating properties of Cs*.

Template effect was observed during macrocyclization of ethylene-diamine
ditosylate with bis(2-chloroethyl)ether!s:

1;- . / \I
TsHN HTs o
) X,COy N2,CO0, { )
- e —————
A DuMT + nMr TN Ts.
> c1 1 \_/
N,
k/o\)

FIGURE 14,

When K,CO, was used, the 18-membered macrocycle was found, whereas with
sodium carbonate the diazaoxacyclononane derivative was the main product.

Dale and co-workers have elaborated one-step macrobicyclizations leading to small
cryptands!®:

‘r-o’d
NH, .
E + 2 j NagCOy[MeCN
NH, o
'r.o\/r

FIGURE 15.

Similarly, 1,4,7,10-tetraazacyclotetradecane was subjected to react with tricthylene
glycol ditosylate in the presence of Na,CO, and Cs,CO,.!7 It is interesting to note
that macrocyclization involving Na,CO, led to 1,4-annelated and 1,7-annelated
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isomers in ratio 10:1, respectively, and reaction stopped at this stage because strong
sodium complex prevented further annelation. Reaction in the presence of Cs,CO;,
is the first and rare case of one-step macrotricyclization.

One-step macrotricyclization has been reported by Japanese chemists.'® Potassium
ion was involved in this case, probably as a template. The overall yield was rather
low (2.4%). Similar condensations Ieading to macrobicyclic polyamines have been
reported.*®

N ?/\ /\(%
4+ .= +, -
H.Cl1 KH3C1 aq. KOH
CH Cl é\/n\/&
Br Br

FIGURE 16.

NL/
S .
)

aVava
CQ .

Ingenous method for lithium- and sodium-templated macrocyclization has been
recently reported by Bradshaw and co-workers.2%2!
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l/\% 1. MeCN/LiBr
2. LiAlH,
H \/E

__/
i~ /\lj gt ()
o J L”L )

FIGURE 18.

g

L/

Alkaline earth cations were mainly involved in the macrocyclic Schiff base
condensations. A review on this subject appeared in 1980.%!

Either 2,6-diacetylpyridine or furan-2,5-dicarboxaldehyde was condensed with
1,3-diamino-2-hydroxypropane or 1,5-diamino-3-hydroxypentane in the presence of
Ba2* and Sr2* salts to form respective mononuclear macrocyclic complexes, as shown

N N
E—ou nog OH Ho on
N
N
B \ \ /
2
Ba[ClOg), t 50-60% BalcClO,}; ¢

Ba(ClOg) : 60-30%

Ba[NCS], * 30~35%
Ba(NCS), : 35%

FIGURE 19.
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Similar reaction was observed with 2,6-diacetyl-4- methyl phenol and 1,3-diamino-

2-hydroxypropane??

OH BalClOg), * 38%

sclciog), @ 17%

H

FIGURE 20.

Alkaline earth macrocyclic complexes with Schiff bases appeared to be kinetically
labile, thus they could be transmetallated with transition metal cations to obtain
transition metal complexes inaccessible by direct template method.

The *“1+41” macrocyclizations have been observed on a few instances?3—28:

x
Z

| ®
L )

" Co)
“ L

M2t caZt 52420

FIGURE 21.
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Bell and co-workers have reported the synthesis of a hexaazamacrocycle from
2,6-dicarbonylpyridine and 1,2-diaminobenzene?®:

NH.
C[ 2 /@\ se{CF, 50,1,
+* e r—— e
MeCN
NH,  OHC CcHO ‘

FIGURE 22.

Tetraazamacrocycles were recently obtained by magnesium-template 242
reaction between 1,2-diketones and range of diamines3°:

R o
=
+ HgN [CH,] NH,
3 o
u.?-t
R= Me, Ph n=12,3,4, 6,8
R
7/ N\
N N
IcH ‘ll [\“2
e
\ 7/
R
FIGURE 23.

Barium-template has been found recently to be effective in the macrocyclic Schiff
base formation3!:
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\\
E Ba(CF450,),, MeOH -—- _;Baz Lemm
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< /
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'd
CH

/

Q@H ’
N N
0

FIGURE 24.

Cesium-promoted macrocyclization has been used in the synthesis of a large
hydrophobic receptor molecules?:

(CH2)4C1 .

o(CH2)401

Cs2C03. DMF



17:44 23 January 2011

Downl oaded At:

164 M. PIETRASZKIEWICZ

FIGURE 25.

1.2 Transition Metal Ion Templates

The number of macrocyclic compounds prepared by template reactions involving
transition metal ions is so enormous, that it is far beyond the scope of this account.
The reader is advised to go through books and reviews on this subject and respective
references are collected at the end of this Chapter.

First examples of templated macrocyclization with Ni** begun in 1961, when
Curtis demonstrated the reaction of Ni(en),(ClO,), (en= NH2CH2CH2NH2) with
acetone, yielding isomeric tetraazamacrocyclic compounds.!

In 1964 Thompson and Busch described a template synthesis of macrocyclic
compound as its Ni2* complex?:

LR 8By
‘,:’"\ . Ni . \N.'.. s
N \_/

FIGURE 26.

Macrocyclizations involving 1,2-dicarbonyl compounds and a range of terminal
diamines will not be discussed, since vast numbers of examples can be found in
original books (“Coordination Chemistry of Macrocyclic Compounds”, Ed. G. A.
Melson, Plenum, N.Y., 1979).

Emphasis will be placed on more recent works in this area, providing less typical
host structures.

A number of macrocyclic Schiff bases has been prepared using transition metal
ions as templates. Tetranuclear, mixed-valence manganese complex was obtained by
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Mn?* template reactions between 2,6-diformyl-4-methylphenol and 1,5-diamino-3-
hydroxypropane?*:

OH

FIGURE 27.

Similarly, a tetracopper complex was obtained by the same authors (t-Bu instead
of Me) in the same way.*
" The “4 4-4” Schiff base macrocyclic ligand was prepared by template rearrangement
of an appropriate barium complex®:

L.N/ju/\,,
. ,;10 ,\—/ mMal?
Q;"\/T\/"

RS
<

g
FIGURE 28.
A wide range of vpentadentate macrocyclic Schiff bases has been obtained from

easily accessible components, templated by various transition metal ions. They are
summarized briefly as follows®1!:



17:44 23 January 2011

Downl oaded At:

166 M. PIETRASZKIEWICZ

o
FIGURE 29.

. - - . . 1 .
Larger rings were obtained in similar manner 2

1 “
\N S
N
<—NH H (/,{H HN
FIGURE 30.

Many other examples of pentadentate macrocyclic Schiff bases of general formula
N5, N, X, N;X,, N,X;,and N,X have been presented extensively in a review article.'?

Black and co-workers have studied in a great detail transition metal ion templated
macrocyclizations. One of the examples can be shown as follows'?:

o

X
NH O,
—
H

X

o

FIGURE 31.

Along with macrocyclic Schiff base formation, an alternative approach based on
polyamines, formaldehyde and carbon acids, has been elaborated.
Generally, metallic complexes of macrocyclic Schiff bases can be easily reduced
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with NaBH, to saturated systems, containing metal ion when complexation is strong,
or eventually, the metal ion is also reduced (Pb° for instance).

Saturated macrocycles may be formed in the condensations involving formaldehyde,
CHe-acids and linear aliphatic polyamines. This type of synthesis has been elaborated
extensively by Lawrance and co-workers. Several examples will illustrate this
concept!*:

. H
.. 2'+ EtN02
Cu
o« e HCHO ) 2
H

. mﬂ
ot EtNO, >§l
ng HCHO, hase |\)
FIGURE 32.

In the second example shown above large-scale preparations were possible.!® Also,
the N2S2 macrocycle was obtained in the same way?!®

ﬂ“z EtNO, .. ¥"
'CGZO —eiets C\iz

Hy bdase

FIGURE 33.

One-step macrobicyclization was observed with octaamine, formaldehyde and
nitrometane!”’
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H, ny - NHy;  cCobr, un NH,
trr——

o MeNO,/HCHO
g e e——-
«Co,,
H H)‘-' . ,NH3 N12C03

Hy U" HN M, j' HN T NHy

FIGURE 34.

Bicyclic ligands have been a subject of extensive investigations since the late sixties.
Boston reported the synthesis of a clathrochelate containing cobalt from dimethyl-
glyoxime, boron trifluoride and Co3*!8:;

B F T BF,

FIGURE 35.

Sargeson has conducted a broad studies on macrobicyclic polyamines in the form
of their metal complexes from very simple components!®-2°:

HCHO

NH 4%

FIGURE 36.

Instead of ammonia, nitromethane could be used. Cobalt III complexes of
sepulchrate type have been proven extremely strong and kinetically inert.
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Macrotricyclic ligand have been prepared recently by a Nickel(II) template
condensation of linear triamines with formaldehyde?!

/_\N
cH,) | ) (CH,) \|
1
g | AN 2 CH,O ’”
~ -
W12 —_——
-7 ls\\
-~
g i
g ! LY ' \HN
S, 3\
2
CH), N (CH,)
\./
70 - 90%

FIGURE 37.

Dicopper(II) imidazolate complex was found to be a bimetallic template for the
macrocyclic Schiff base formation??

\p\( ;, \%“"’*euz* -.._.Iéu--__n.
1
I

) - >

2 ‘\‘
tmme=Cye=e=N
i
| i
@ O

FIGURE 38.

Very elegant chemistry has been invented by Sauvage and coworkers. Their concept
is based on the design and synthesis of interlocked systems known as catenands.
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There are two general strategies for the formation of catenands??

STRATEGY A

C. e ) 'Q_A\D
[C=
e )=

FIGURE 39.

Template effect is induced by a transition metal cation. Stragety “A” provides
systems with the same rings, whereas “B” delivers two various interlocked rings?*

FIGURE 40.

Cesium carbonate may be considered also as auxiliary templating agent,

An excellent review on catenands chemistry has been published recently.?? Further
developnient of the template strategy led to more sophisticated design of an unusual
ligand possessing a topology of trefoil knot, and has been synthesized by template

synthesis in combination with high dilution technique in 3% yield?>:
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I s e

}GE{AM,O@@Q e

FIGURE 41.
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Direct alkylation of amino-nickel complex led to facile synthesis of P,N
macrocycle?®:

2

L., . 2t Hy Et3N ", H
’ﬂ % ——— e ’tN i *
& Y, MeOH \\\“\ \N
T, ‘NHg P H

FIGURE 42.

One step macrobicyclization templated by Fe** cation proceded in remarkable
yield?’:

FIGURE 43.

Binuclear transition metal template has been reported recently in one-step macro-
cyclizations involving formaldehyde, nitroethane and polyamine complexes28:2°;

N,

X, NH
2 4 2
p No2f

\“2

hS ’

N
e NS —
’H M *ZCHO'I’CHNOZ
\ .

\‘ 2",'
’
N / 2 2's N
H N\,

M M=RKi, X =85, 422
M= Cuy, X=0, 352

FIGURE 44.
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1.3 Rare Earth Metal Ion Templates

The essential reason for using lanthanide ions as templates in the synthesis of
macrocyclic systems is an access to their macrocyclic complexes possessing a number
of important characteristics, such as NMR and ESR contrast agents, luminescent
probes, energy-transfer devices, stereochemical probes, etc.

Most of these syntheses consist on the Schiff base condensations involving aromatic,
or heteroaromatic dialdehydes and aliphatic or aromatic diamines. Depending on the
mode of condensation, four groups of condensations can be distinguished; “1+ 17,
2427 “34-3", and “4+-4” additions. So far, the “4+4” type of condensation has
not been accomplished with lanthanide cation, although tetranuclear manganese
complex formation has been obtained (see reference 5, Section 1.2).

The “1+4 1" Condensations

The 2,6-diacetylpyridine reacts with a range of di- and polyamines in the presence
of La(NO,); with the formation of the complexes (La(M)(NO;)3).nH,O for 1 and
2, and (La(M)(NO,),0H).nH,O0 for 3 and 4',%:

3 H H
. Y
FIGURE 45.

The *24 2" Condensations
Diacetylpyridine and 1,2-diaminoethane were condensed in a “2+42” mode in the
presence of La** and Ce** ions to form macrocycle 5°:

FIGURE 46.
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The heavier lanthanides were not found to be effective as templates. They were
effective however, in template reactions for 14-membered macrocycle 6 incorporating
hydrazine lateral units.*

More recent studies of the template potential of the lanthanide ions indicated their
greater potential in the template synthesis of the macrocycle 7:

s
l
N
: :
| 7
N
FIGURE 47.

Complexes of 7 were obtained with all lanthanides except prometium.® Template
synthesis of 8 and complexes with Ce, Pr and Nd have been reported.® Similar “2+2”
complexes were prepared from 2,5-diformylfuran and aliphatic diamines.” An excellent
review on template “1+1” and “2+2” Schiff base syntheses has been published
recently.® '

The “3+ 3" Condensations :
There has been recently a report on the synthesis of a macrocyclic Schiff base from
1,3-diamino-2-hydroxypropane and 2,2-diacetylpyridine in the “3+3” mode. This
reaction was templated by lanthanum nitrate. The product 9 appeared to be a complex
with three La** cations®:

FIGURE 48.
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It should be noted that “2 + 2" condensation with the same reactants and lanthanide

templates have also been reported!® (Formula 10):

Me Me
N,

OH Hoj
N

x Me 10

FIGURE 49.

Macrobicyclization involving Yb3* as a template has been reported!!:

| Q/\NH b3t

N + 2 CH20 —_————

" k/\)

1.4 Platinum Metal Ion Templates

Platinum salts are used as templates when their particular complex is desired, but
not the free ligand itself. Therefore, only limited number of platinum metal complexes
has been synthesized.

Ruthenium II has been used as a template in the following synthesis!:

NHR
OOkt 0C) NHR 0
2+ 2+
7 7
'q d
i, ko M RH
Re — .
Z ii, s0CIy MeNO,~THF/ NEt3
3 3
OOEt oc o

FIGURE 51.
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Grzybowski and co-workers reported the synthesis of Ru clathrochelate obtained
from 1,2-cyclohaxanedione and phenylboronic acid?:

12.5%

FIGURE 52.

Sargeson and co-workers demonstrated that some platinum ions may serve as
templates in the synthesis of cage macrobicylic polyamines from ethylenediamine
metal complexes, formaldehyde and ammonia or nitromethane34;

" ﬁ'\r'q
HCHO H RE3* ¢ 40%
4+
N LT NH3 Pt 1:37 1 90— 100%
2
s NH
I\kﬂ/r 80% [a]
No,
NHg NNH N
HCHO
[ PtCl et asn (=]
NHZ 4 MCNOQ
3 base NH
NO,

FIGURE 53.
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1.5 Other Metal Ion Templates

Many macrocyclic Schiff bases have been obtained by Sn IV or Pb II template
condensations, and representative examples are collected in this Section.

For example, 2,6-diacetylpyridine was condensed with various aliphatic poly-
amines, as shown below!*?:

FIGURE 54.

Reaction of 2,6-diacetylpyridine with 1,3-diamino-2-hydroxy-propane in the
presence of Pb(ClO,), led to the formation of macrocyclic mononuclear complex
with contracted cavity?:

80-90%

FIGURE 55.
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Lead ions were most extensively used as metal ion template. The same work reports
on Pb II effective macrocyclization of dicarbonyl components, as shown below:

N N
4 =N |
N | _ l

PH{CIO,)g ¢ 75% Pb(CIO,), ' 95%

PL(NCS); : 55%

FIGURE 56.

Similarly, 2,6-diacetylpyridine condensed with 1,6-diaminohexane in the presence
of lead thiocyanate®:

CHle

\Y
N=,

- CHz)a

FIGURE $57.
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Lead-driven macrocyclization was observed for 1,3-diaminopropane and 2,6-
diacetyl-4-methylphenol®:

N OH N
<: OH HO
H
N oH N
FIGURE 58.

Lead-templated synthesis of binucleating tetrapyrrole ligand has been reported®:

Pb(SCN)

—_—2

FIGURE 59.

1.6 Non-Metallic Templates

Templates that cannot be fitted into former categories are collected here. There are
boron and hydrocarbon species as templating agents.

Very recently there has been report on the synthesis of host molecules with
m-acceptor properties! (sec Figure 60).

It was demonstrated that the synthesis on 1d proceeded in 16% yield when an
excess of phenanthrene was present, whereas in its absence—only 3-5% of 1d was
formed. Thus, the authors suggest a hydrocarbon template effect.
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A boron transient template was postulated during the following macrocyclization?
(see Figure 61).

The boron intermediates were not isolated, but boron was essential for good yield
of the macrocycle. Metallic templates were not effective at all.

An interesting example of templated formation of [2]catenane has been reported
by Stoddart and co-workers.? The driving force of this reaction is n-donor n-acceptor
interaction between reactants (see Figure 62).

MeCN, RT, 24 h

70%

ERRIRINNY

o 0 0 O
S\
FIGURE 62.
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2. HIGH DILUTION TECHNIQUES

The essential feature of this method is the reaction between two components in an
inert solvent at concentration around 10~ %M. This requirement emerges from the
fact that at higher concentration linear polymerization will be a predominant process,
whereas at low concentration intramolecular cyclization has a better chance to happen.

In general, two or sometimes three components are added via syringe pump to
vigorously stirred solvent. The rate of addition can be adjusted in order to maintain
a low concentration of reactants constant. There are two classes of substrates: fast
reacting (for instance diacid dichlorides and diamines) and slow reacting (bis-
tosylamides and dihalogeno derivatives). In the first case, there is no need to run the
reaction at elevated temperature, whereas in the second case elevated temperature is
essential to accelerate the rate of reaction to avoid the polymeric product formation.
An excellent review on high dilution macrocyclizations has been published.’

Discussion here will be limited to macrocyclic aza-oxa macrocycles, or macrocyclic
polyamines, although the above-mentioned review covers also syntheses of oxa-thia
macrocycles, cyclophanes, macrocyclic lactones, etc.

2.1 Slow Reacting Components

Here we will discuss macrocyclizations involving terminal bis-N-tosylamides and
terminal dihalogeno derivatives. Several examples will illustrate the utility of this
approach for the synthesis of cyclic polyamines.

It has been generally found that unprotected diamines when condensed with
dihalogeno derivatives form the desired macrocycles in fairly low yield. Better results
were obtained when N-ditosylamides reacted with respective dihalogeno compounds?:

[ CHQ]
TeNHICHy |,NHTs x,ca, e '\v
+ — TsN / Ts 30%
pentanol .
Br[CH,14Br
als \l CHylg
FIGURE 63.

1,7-Dibromoheptane and p-toluenesulphonamide were dissolved in methylethyl-
ketone and dropped into the same solvent with 72h, containing K,CQOj,. The yield
of the cyclic product was 17%>:

CH,l
K2C03
lr[CH2]7l! + TsNH, —_— Ts Ts 17%
MeCOEL Cﬂgl

FIGURE 64.
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Macrocyclic polyamine containing four nitrogen atoms has been synthesized in
the following way*:

Ne
NTs Br[CH, , --[CH ].._
:.T' Br{CH,l, —[cx-x |-—N\

FIGURE 65.

Azaphanes were prepared in the same way from respective bistosylamides and
dihalogeno compounds. DMF was found to be the best solvent for macrocyclization,
although pentanols and DMSO have been used as well.

An example of a phane synthesis is shown below®:

TsNH TaN
K,CO,
+ Br[CHglyq Br —_ (CHyl,,  4s%
DMF
TsNH Ts
FIGURE 66.

The reaction conditions were the following: 20 mmol of each reactant were dissolved
in DMF (350 mL) and added over 21 h to 350mL of DMF+K,CO; at 130+5°C.
The sodium salts of bis-tosylamides can be used in the formation of large rings*:

TsNNs
lrlCH,]_; NTs TIN‘_[CHQlS__NT‘
TsNNa "’(Cﬂzls NTs

T.N—[c"zla——NTl

FIGURE 67.
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A large paracyclophane was obtained in DMF/K,CO, mixture®:
TsNH lCHQl

K,Cco,/DMF
] 2¢0,
+ 3 BriCH, ], Br 5%

L

TsNH {CH, |—
Tl 23

FIGURE 68.

It should be noted that smaller macrocycles can be formed in good yield without
high dilution conditions (see: Richman-Atkins syntheses).

2.2 Fast Reacting Components

In this section, cyclizations involving diamines and dicarboxylic acids will be discussed.
Carboxylic groups have to be activated prior to reaction to ensure fast reaction with
diamines. Usually, due to high reactivity of acid chlorides there is no need for elevated
temperature, although in the case of aromatic amines elevated temperatures are
essential for a desired high rate of condensation.

Usually, a double amount of the diamine component is used because the second
molecule serves as HCl-receptor. Alternatively, to save diamine, which sometimes is
expensive, other amines, such triethylamine, pyridine can be used conveniently as
HCl-traps. Toluene or benzene are frequently used as a solvent.

An early example of macrocyclic bisamide formation can be exemplified as follows”:

O H
cocl H, N
[CHyl, + 2lcng) ————=  [CHyl [CHal, T4%
Hj
CcocCl pr R

FIGURE 69.

Instead of acid chlorides, activated carboxyl derivatives can be used alternatively,
such as para- and orthonitrophenyl esters,® phosphoric acid esters,’ or tertiary amide
of the thiazolidene-2-thione.'® It is interesting that less reactive acyl derivatives display
apparent selectivity upon macrocyclization with mixed primary/secondary amino
components. This fact can be illustrated by the following example!°:
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c‘o,}l Q" u—{culs
é ] QR - .

tCH, 1, pce
— IC i lCHzl. N“ v 2
sz“ DMAP s I | s /3s
&N T
S
S 0%
FIGURE 70.

There were no detectable amounts of other cyclic products present.

High dilution technique has been applied successfully in various syntheses of diaza
crown ethers and cryptands. most of them have been prepared with diacid dichlorides.
Details can be found in numerous reviews.! -3

A typical procedure for the synthesis of macrocyclic diamines is shown below:

/N

£ Y
D I
e + o —_— (— —->

SO

FIGURE 71.

The reaction conditions were the following: diamine—99.8 mmol in benzene
(500mL), dichloride—44.4mmol in benzene (500mL); solvent—benzene (1.2L),
reaction temperature—10-20°C; addition time 8 h.

More complicated hosts are also possible to be formed by high dilution technique.
Cyclotriveratrylene speleands have been obtained from CTV-triacid trichloride and

(18)-N,0, triaza-crown ether'’
AN /E;CKC?%\

A C
ST, % H} UL H

it BoHg
< A

s N,

FIGURE 72.

R = CH,COCI



17:44 23 January 2011

Downl oaded At:

186 M. PIETRASZKIEWICZ

3. NON-TEMPLATE MACROCYCLIZATIONS AND POLYCYCLIZATIONS

3.1 Schiff Base Formation

There are interesting examples of macrocyclizations and macrobicyclizations
involving dialdehydes and diamines without any template agent. This alternative is
superior to similar ion-promoted syntheses, since it provides metal-free macrocycles.
It should be noted also that the metal ion may be removed from the complex with
difficulties.

There are examples of macrocyclizations using aromatic or heteroaromatic
dicarbonyl compounds and linear aliphatic polyamines!—3

H
N
+ C /j
NH, H,N =

H
PN
M, NHy

X=NHt §5%

X=8 ¢ 3%

Ao — o3

FIGURE 73.

Similar macrocyclizations were observed between terephtalic aldehyde and
bis-(3-aminopropyl)amine or 1,1-bis-(3-aminopropyl)ethylenediamine in high yield*:

N NH H
HO
H
. N"Z H, N’H
R ————
THF, . t. THF, et
- HO
- H

5%

FIGURE 74.
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It seems that the driving force for these cyclizations lies in the formation of
six-membered aminal rings. Using shorter amines, such as bis(2-aminoethyl)amine
led to polymeric product only.

An ingenous method for macrobicyclization has been developed independently by
two groups. This method consists on “2+3" Schiff base condensation between
tris(2-aminoethyl)amine with a range of aromatic or heteroaromatic dialdehydes
without template. Schematically, this type of condensation is shown below*6:

& TN

NHy &_.:\— R_/Nj

FIGURE 75.

Lehn and co-workers reported similar synthesis’:

7]
| ) OON
Co gl SharS

FIGURE 76.

Such macrocyclic or macrobicyclic Schiff bases can be reduced easily with LiAlH,
to polyamines. :
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3.2 Cyclooligomerizations

There are many types of hydrophobic host molecules capable of binding the neutral
guests by means of van der Waals forces. Inclusion of neutral species may have a
variety of further commercial applications, for instance as a sensing materials for
coatings in piezoelectric sensors.

Three classes of hydrophobic receptors will be discussed here: calixarenes,
cyclotriveratrylene derivatives and cavitands. It should be also emphasized at this
point that these cyclic oligomers can be easily derivatized further to form much more
elaborated architectures that are able to perform more complicated tasks, such as a
simultaneous binding of several substrates, supramolecular catalysis, signal trans-
duction, light conversion, transport, etc. Although the other types of hosts, such as
macrocyclic cyclophanes also bind a neutral molecules, their syntheses will not be
discussed here, since they are synthesized by high dilution technique, whereas
macrocyclic oligomers are formed by condensation of phenol-type compounds with
aliphatic or aromatic aldehydes. The chemistry of water-soluble cyclophanes has been
reviewed.?

Essential advantage of macrocyclic oligomers is their accessibility by straight-
forward preparation from commercially available phenols and aldehydes. Such
condensations are run in an acidic conditions.

Cyclotriveratrylene Compounds

Cycloveratrylenes are compounds formed from veratrol and formaldehyde, or its
polymers in acid-catalysed reaction:

OMe Me
s a : + 3 HCHO — -
OMe

FIGURE 77.

Not only mineral acids are effective as catalysts, but also Lewis acids. Cyclic trimer
is the major product, accompanied by small amount of cyclotetramer.

Cyclotriveratrylene forms crystalline inclusion complexes with hydrocarbons,
chlorohydrocarbons, ketones, carboxylic acids, esters, alcohols, ethers and hetero-
cyclics. On the other hand, host-guest interactions have not been observed in the
solution, probably due to weak interactions.

Cyclotriveratrylene can be further derivatised. Of particular interest is a
development of so-called cryptophanes comprising two cyclotriveratrylene fragments
linked together by supporting units (pillars) to form a three dimensional void capable
of forming stable complexes in solution.

The chemistry of cycloveratrylenes and their derivatives has recently been reviewed.?
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HOQ OH

:
Ho, on HO l
H* 7
U 4+ A R—=CHO e Q
nd

®

OH

3%
when R= Me

OH

FIGURE 78.

Cavitands

Cavitands are the class of cyclic tetramers originating from resorcinol and aldehydes,

either aliphatic or aromatic. The first synthesis was reported in 1940.1°
Substituents R possess all-cis configuration. The greater stability of the hydrogen

bonds is possible only in all-cis configuration, but not in other isomers. Oligomers

containing more than four resorcinol units have not been observed. A great variety

of possible functionalizations for cavitands can be envisioned.

Calixarenes

Calixarenes are hydrophobic cyclic oligomers obtained by controlled base-catalysed
reaction between p-alkylphenols and formaldehyde.'? The best known is calix(4)arene
comprising four aromatic units:

base O

4 + 4 HCHO —_ Q Q

QH

FIGURE 79.

Larger oligomers consisting of five, six or eight units are more conformationally
mobile and their chemistry is less elaborated than for the calix(4)arene.

Calixarenes form a great variety of inclusion complexes with neutral molecules,
such as aromatic hydrocarbons, ketones, alcohols, halogeno-alkyls, etc. Many
possibilities exist to functionalise calixarenes. They involve alkylation and acylation
of oxygen atoms, removal of t-butyl group and introduction of functional groups,
for instance sulphonyl, aminoalkyl (Mannich reaction) etc.
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Therefore, calixarenes remain a group of hydrophobic hosts that offers a lot of
interesting objects, as enzyme mimics, supramolecular catalysts, energy transducers
and selective complexing agents.

4. MISCELLANEOUS METHODS OF PREPARATIVE SIGNIFICANCE

4.1 Richman-Atkins Method

An alternative access to macrocyclic polyamines has been developed by Richman
and Atkins.!'? In these works tosylated polyamines were allowed to react with
respective dihalogeno- or ditosyl components in the presence of base, such as NaH
in DMF at elevated temperatures. For example, tritosyl triamine sodium salt
condensed with appropriate second component, as shown below:

NT
]
X
T / \,Tc
< N
T - DMF
Ts s
NTs
Na x
X=0Qq
] sos
X = Br
X=1 25%
X= Ts, Ms 830%
FIGURE 80.

When sodium was replaced by tetramethylammonium cation, the yield dropped
to 50% which was a bit surprising result. It has been suggested that large sulphonyl
groups tend to restrict free rotation in the starting materials. As a consequence, there
is a small internal entropy loss on cyclization, allowing for macrocyclization to occur
in quite good yield even when no apparent organization is involved by a templating
ion. On the other hand, the difference in 50% and 80% yield depending on the nature
of the cation involved reflects some template effect of the sodium cation.

In this technique high dilution is not required. Rather concentrated solutions of
reactants appear to give the best yields.

The nature of components may give different results when two alternative pathways
exist leading to the same target molecule:

FIGURE 81.



17:44 23 January 2011

Downl oaded At:

SYNTHETIC METHODS IN SUPRAMOLECULAR CHEMISTRY 191

It turned out that lower yield result in pathway “a”. Similar approach has been
published recently* for the preparation of a range of polytosyl polyaza macrocycles.
Appropriate components were coupled in DMF solution in the presence of cesium
carbonate at room temperature.

The Richman-Atkins procedure was extended by Lehn and co-workers towards
larger, 24-, 27-, and 32-membered macrocyclic polyamines®:

1/ ;
N
-.-,r([/\/\NT-N-]z . ‘h\N Ts
110 C
DMF . < > son
N
ren | NN NN

2 ol N

Ts
DM F Q 35%

Tsx{\/\/:‘\/\/OMl ], QC/ \)

llO C

[\
wl Y NN N C M

110°c Ts=N N=Ts
e ———

FIGURE 82.

Yields for all macrocyclizations are remarkably good and considered of general
importance for the formation of large rings. DMF has always been a solvent of choice
and should be dried carefully prior to use.

4.2 Double Quaternization

Lateral macrobicycles can be synthesized by the method elaborated by Newkome
and co-workers.® N,N'-Dimethyl diaza macrocycle is doubly quaternized on nitrogen
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atoms with bis(2-iodoethoxy)ethane in refluxing MeCN to form the bis-quaternary
salts that can be demethylated with L-Seletride®:

P P

o O 0

FIGURE 83.

The bis-quaternization in thermal conditions has not been further explored.

4.3 High-Pressure Method

Newkome’s findings have been adopted as high-pressure modification based on the
fact that well known Menshutkin reactions under high pressure are greatly accelerated
by pressure, due to highly negative volume of activation. Indeed, this approach turned
out to be very successful in respect to yield of bis-quaternization. A general scheme
for this method may be outlined as follows”:

DTN e R
{3yt
A\

+
tf.t., 20 hrs
l\/T —
ln,r/m‘r

~
AVNN
o

\__f 65

FIGURE 84.

Typically, these reactions were carried out in dry acetone under 10kbar pressure
at room temperature for 20h. Usually, a white percipitate of bis-quaternary salt
deposited during the reaction course. Yields were generally high (81-100%).
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Demethylation was achieved by heating the bis-quaternary salt in boiling DMF with
triphenylphosphine. In this way, a range of cryptands have been prepared: (1.1.1),
(2.1.1), (2.2.1), (2.2.2), and (2B.2.2) in excellent yield.

Systematic studies on the influence of aliphatic bridging unit (linking nitrogen
pivot atoms) have been done by the same group.® It turned out that chains consisting
of ten methylene units can be incorporated into 4,13-diaza-18-crown-6 framework
in only 55% yield. Shorter units gave much better yields. This result demonstrated
a practical scope of this method.

Along these lines, the influence of leaving group, solvent and reaction time have
been investigated in order to optimize the reaction conditions for practical purposes.®
These studies demonstrated a usefulness of highly polar solvents as a reaction medium
(the shortest reaction time) and bisiodides appeared to be the best bridging
components among chlorides, bromides or tosylates.

High-pressure technique has been applied successfully in Diels-Alder macro-
cyclization to form an exotic host molecule from readily available materials*'®:

XOGeGes ¢od

202

FIGURE 85.

Also, a few chiral cryptands incorporating carbohydrates have been synthesized
in this way, being inaccessible by classical procedures.!!~!3

4.4 Macrocyclizat-t:ons on Solid Supports .

Yamawaki and Ando demonstrated the utility of alumina coated with KF as a
solid support for the synthesis of “all-oxygen™ crown ethers.'* This method proved
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to be useful also in the case of synthesis of diaza crown ethers incorporating
carbohydrates.'* Simple diaza crown ethers can be obtained in this way from ea51ly
available starting materials: N,N’-dimethyldiamines and triethylene glycol diiodide*®

L]
YIELD %
MeH HMe s

A
‘“’/M:O: nxl, 2 g, 32 23
+ MeCN, u' Ay az1 Ne 30 9

<_ —> 0\—/ Baz2 x “ s

U + + +

M=Li, Nea, K

FIGURE 86.

Components are stirred with the solid support at room temperature in MeCN for
72h. Filtration, evaporation and high-vacuum distillation led to appropriate diaza
crown ethers in acceptable yields. There is no need for protection-deprotection of
nitrogen atoms which is obvious advantage.

4.5 Okahara’s One-Step Cyclization Method

This method consists in preparation of aminodiol which is subsequently mono-
tosylated at oxygen atom and cyclized in a basic conditions to form N-alkyl-monoaza
crown ether. This concept can be illustrated as follows!?:18:

Y
< o Y
Q . " s

r\l
@

FIGURE 87.
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4.6 Kimura’s Method

Kimura and co-workers have developed a method for preparation of phenol pendant
cyclams from commercially available linear polyamines and coumarin derivatives!®:

Ny N 3 ~
_r G s _:' a i
— —
ratt,
x- U 2 weske " ™ i - Py

FIGURE 88.

The components are refluxed in methanol for 2 weeks to afford the monocyclam
in 20% yield. The product can be reduced typically with diborane. Although the
yield is not very high, this strategy may be the only choice as far as pendant phenol
side arms are to be incorporated into macrocyclic polyamine backbone. This subject
has been reviewed recently.!®
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