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Preface 

Macrocycles are a highly topical subject. They constitute a large 
spectrum of compounds involving both artifical substances and 
natural products such as crowns, cryptands, cyclophanes, por- 
phyrins, or macrolides. The former initiated the exiting area of 
host-guest supramolecular chemistry, which was highlighted by 
the award of the Nobel Prize for Chemistry to D. J. Cram, J.-M. 
Lehn, and C. J. Pedersen in 1987 but is still developing enormously. 
Porphyrins and macrolides are important active substances. No 
wonder that macrocycles are of immediate interest and everyone 
wants to know how they can be synthesized efficiently. 
The present volume is intended to provide this knowledge, showing 
synthetic principles and creative strategies for the above-mentioned 
classes of macrocycles with stress on crowns, strained and cavity- 
shaped cyclophanes, expanded porphyrins and macrolide antibio- 
tics. 
General effects supporting macroring formation (high-dilution 
reaction, caesium salt assistance), also discussed, are now gaining 
wide use in macrocyclic chemistry. Although the synthetic aspect 
is placed in the forefront, startling properties of novel macrocycles 
are specified at several places in the volume as well. For instance, 
some of the expanded porphyrines are highly promising as far-red 
absorbing photosensitizers for use in photodynamic human thera- 
py, others show potential applications in magnetic resonance 
imaging. 
It is hoped that the book will be of particular value to those whose 
interest is the design and synthesis of macrocycles. The volume 
contains five chapters written by contributors who are eminently 
capable of meeting this expectation. 

Bonn, Oktober 1991 Edwin Weber 
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The chemistry of medio- and macrocycles experienced an impetuous development during 
the past years, especially through the increasing significance of supramolecular chemistry [1] 
which was valued in 1987 by awarding the Nobel Prize to Pedersen, Cram, and Lehn [2]. 

The following contribution is intended to explain recent syntheses of macrocycles using 
the dilution principle after giving a short introduction into the basics of dilution principle 
reactions [3]. 
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1 Introduction and Historical Review 

The synthesis of alicyclic ring systems makes use of open-chained starting materials 
which are cyclized by a ring closure reaction. These are usually standard reactions, 
e.g., Dieckmann condensation of diesters, Glaser coupling of acetylenes, in- 
tramolecular Wurtz coupling, Acyloin condensation, etc. 

However, the following problem is encountered when cyclizations are carried 
out in practice: yields of carbocycles are the largest for common rings (5-7 carbon 
atoms), lower for small rings (3-4 carbon atoms), and poor for medium rings 
(8-12 carbon atoms). This is due to strain effects on one hand and entropic effects 
on the other hand: In small rings the strain opposes ring formation, but the 
probability of ring closure is higher than in the case of longer chains. In common 
rings the negative entropy of activation, i.e., the lower probability for a coincidence 
of the reactive centers of the molecule and a subsequent cyclization, is more than 
compensated by the considerably decreasing ring strain, whereas in medium rings, 
in addition to the low probability for a coincidence of the two reactive ends of 
the open-chained starting material, transannular strains further diminish the yield 
of the cyclization. Large rings do not have any ring strain. However, the probability 
for a coincidence of the reactive centers is extremely low, i.e., the yield of the 
cyclization is likewise very poor [4]. 

If, however, ring formation is carried out at low concentrations of the reactants, 
ring closure is favored compared to oligomerization because the reacting molecules 
are "isolated", therefore more time is available for the intramolecular reaction. 
This observation was made as early as 1912 by Ruggli in the reaction of 
2,2'-diaminotolane (1) with succinyl chloride (2) which yields the lactam 3: 

" . . .  However, the expectation was that such a chloride can also react with the 
amino groups of different molecules and that in this way long chains and rings 
• . .  can develop. To reduce their formation a diluted solution was used; since after 
a reaction on one side has taken place the probability of polymerization at the 
expense of simple ring formation decreased with increasing dilution . . . "  [5] 

q.. el  HN NH 

oCl ~ 

I 2 3 

Subsequently, experimental procedures of dilution principle reactions were 
further improved and standardized, so that today it is possible to synthesize many 
desired compounds by suitable choice of components and dilution conditions, 
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often with the assistance of other effects, e.g., the "rigid group principle" [6], the 
"'cesium effect" [7a, 8], and the "template effect" [9]. 

In the following chapters a progress report on recent syntheses using the dilution 
principle shall be given; some examples of  reactions which work without dilution 
conditions, but nevertheless use the basic ideas of  the dilution principle, are 
presented, as welt. 

2 Theoretical Approaches [10-15] 

The practical aspects of the dilution principle, i.e., the choice between different 
possible reactants and reaction parameters (solvent, rate of addition, amount of 
solvent), are determined as empirically today as in those days when the basic 
ideas of the principle were developed. Quantitative approaches were attempted 
by several authors but the pretension of a complete mathematical description 
considering the multitude of  possible types of  reactions is rather illusory. One can 
only hope to obtain general rules for the experimental procedure. Some of these 
approaches are outlined briefly: 

The "'theory of  the effective molarity'" (EM) [10]: Galli and Mandolini defined 
the EM as the reactant concentration at which the intramolecular and the 
intermolecular processes occur at the same r a t e  (k in t ra /k in te  r = 1). I f  the concentra- 
tion of the reactants is small enough, the intramolecular ring formation is favored. 
For the method normally used, where the reactants are introduced slowly into a 
large volume of solvent, the rate of  addition is decisive. 

The "Monte Carlo method" [11]: This purely statistical method allows - on 
the assumption that the rate of cyclization is not dependent on the size of the 
macrocycle being formed - the following conclusions: 

- with increasing dilution the portion of cyclic compounds increases at the 
expense of the formation of linear oligomers. 

- the dilution principle is not confined to certain ring sizes. 
- not the absolute rate constants are decisive for the success of a cyclization, 

but the ratio k/k~ (k = rate constant for the formation of linear compounds; 
k~ = rate constant for the cyclization). If the ratio k/k~ is small, the influence 
of dilution is minor. 

- the best yields are obtained by using equivalent amounts of reactants (provided 
that the remaining parameters are constant). 

The method of Fastrez [12]: It considers the reaction of two symmetrical, 
bifunctional monomers (A-A and B-B with A functions reactive toward B) which 
are added to an extremely large volume of solvent at a constant rate. The theoretical 
yield of the reaction is calculated - on the assumption that the probability of 
the formation of a macrocycle is not dependent on its size, i.e., with neglect of 
the entropic term - by setting up differential equations for the rate of formation 
of the different possible products (Fig. 1). 

4 
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Fig. 1. Calculated yields of cyclic oligomers as a function of the rate of addition of the 
monomers [12] 

From the calculations the following conclusions have been derived by Fastrez: 

- at slow rates o f  addition, dimers are formed. 
- at higher rates o f  addition, more and more larger cyclic oligomers are 

formed. 
- to diminish the yield o f  the dimer (n = 2) from 90 to 10%, the rate of  

addition has to be enhanced by a factor of  104. 
- the yields o f  cyclic tetramers, hexamers, etc. (n = 4, 6 . . . )  as a function of  the 

rate o f  addition resemble a bell-shaped curve and are not very dependent on 
the rate o f  addition. 

- under consideration o f  the entropic term, even lower yields o f  cyclic tetramers, 
hexamers, etc. (n = 4, 6 ...) are obtained. 

It has to be emphasized, however, that.conformational effects are not included 
in this theoretical consideration. 

Other authors [10, l i b ,  13] have derived that the maximum concentration 
which favors the intramolecular at the expense o f  the intermolecular re- 
action is about  10-2-10-3mol /1 .  High temperatures usually favor the intra- 
molecular reaction, whereas low temperatures ( - 7 0  °C) favor oligomer forma- 
tion [14]. 
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3 Examples of Recent Cyclizations Using 
the Dilution Principle 

The following contribution compiles recently published cyclizations. Most of these 
examples have not been included in our former survey on the dilution principle 
[3a] and are thought as a continuation and update of that former survey up to 
1990. As shown there, some characteristic experimental standard methods are 
specified here as well. (For a standard apparatus and a modified motor-driven 
syringe-type version see [3d, e].) 

3.1 Formation of C - S  Single Bonds [6b, 7b, 16-261 

Cyclizations by formation of carbon-sulfur-bonds belong to the best studied 
reactions which use the dilution principle. Usually bromides react with thiols [7b, 
17, 18], thiuronium salts [19], or with sodium sulfide [20] and thioacetamide, 
respectively. The formation of C - S  bonds represents one of the most valuable 
methods to synthesize medium-membered cyclophanes such as 4 -8  [7b, 18b, 
20d, 21]. 

4 5 6 7 8 

In general they can be transformed into strained [2.2]cyclophanes by subsequent 
extrusion of sulfur. (In case of the [3.2]cyclophane 6, all attempts of desulfurization 
have been unsuccessful up to now [21]; no report on attempts to desulfurize 
hexahydrodithia[3.3]paracyclophane 8 is known so far [18h].) 

Even severely strained ring systems such as the bridged biphenylene 9 [20c] and 
the helical chiral [2.2]metacyclophane 10 [22, 23] could be synthesized by formation 
of C -  S bonds. 

9 10 
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The cyclophanes 11-13 [18 a, g, 24] represent examples for the formation of 
three C - S  bonds in one step; even the formation of six bonds at the same time 
to 14 [18 c, d] and 15 [17c] succeeded - although in low yields only: 

12 

q.s.  
s. s 

S 

11 

15 13 14 

Experimental procedure for 14 [18 c]: 

Reaction of 1.63g (3.60mmol) 1,3,5-tris[3-(mercaptomethyl)phenyl]benzene, 
2.00g (1.80mmol) hexakis[3-(bromomethyl)phenyl]benzene and 3.70g (11.3 mmol) 
Cs2CO 3 in 400 ml benzene and 200 ml ethanol 
reaction temperature: boiling solvent 
time of addition: - 
reaction time: 8 h 
yield: 2% 

3.2 Formation of C--Se  Single Bonds [27, 28] 

Cyclizations by formation of c a rbon -  selenium bonds represent a modern method 
with a high synthetic potential in the chemistry of cyclophanes. Selenocyanates 
such as 16 are accessible usually in excellent yields through the reaction of bromides 
with KSeCN [27]. The reaction with benzylic bromides under reductive conditions 
using the dilution principle results in good to excellent yields of [3.3]di- 
selenacyclophanes which can be deselenized photochemicatly, pyrolytically (with- 
out previous oxidation), or by reaction with arynes, Stevens rearrangement and 
subsequent reaction with Raney nickel. [2.2]Metacyclophane (18), for example, 
is accessible in 47% total yield by using this sequence of reactions starting with 
1,3-bis(bromomethyt)benzene [28]. In this case, the method seems to be superior 
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to the customary synthetic routes, e.g., the desulfurization of dithia[3.3]metacyclo- 
phane [29a] or the reaction of 1,3-bis(bromomethyl)benzene with phenyl lithium 
(yield 29%) [29b]. 

NOSe SeCN 

16 

Se Se 

17 18 

Experimental procedure for 17 [28]: 

starting components:a) 1.32 g (5.0 mmol) 1,3-bis(bromomethyl)benzene in 100 ml 
ethanol/THF 1 : 1; b) 1.60 g (5.1 mmol) 1,3-bis(selenocyanatomethyl)naphthalene 
in 100 ml ethanol/THF 1 : 1 
reaction medium: 1 1 ethanol/THF 1 : 19 and 2 g NaBH4 
reaction temperature: 40-50 °C 
time of addition: 13 h 
additional reaction time: - 
yield: 81% 

The deselenization of 17 succeeded photochemically in 52% yield [28] (for 
comparison: The direct synthesis of this [2.2]cyclophane from the corresponding 
benzylic bromides and phenyllithium yielded only 5.7% [30]). 

3.3 Formation of C - O  Ether Bonds [9i, 31-37] 

Oxygen atoms usually are less strong nucleophiles compared to sulfur atoms. Thus 
the formation of ethers belongs to the group of reactions using weakly reactive 
starting materials [12]. Many of the compounds which are important in su- 
pramolecular chemistry were cyclized by formation of an ether bond, e.g., several 
crown ethers [31], hemispherands [32], host molecules of host/guest chemistry [9i, 
33], catenanes [34], and several natural products. 

The synthesis of the cyclophane 22 from the dibromide 19 and the bis(phenol) 
20 was carried out in various ways [9i]; on the one hand, stepwise via the 
open-chained intermediate 21; on the other hand, in a one-step cyclization of 19 
and 20: 

Here a rare template effect was noticed: On cyclizing the open-chained 
compound 21 under dilution conditions the macrocycle 22 was obtained in 28% 
yield, whereas the direct cyclization under these conditions yielded only 4%. 
If, however, benzene was added in the direct cyclization the yield increased to 
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23%. This increase of yield is attributed to a template effect of the added 
hydrocarbon; even without application of the dilution principle, 22 could be 
obtained in a one-step reaction from 19 and 20 in the presence of benzene in 21% 
yield. 

Br r 

19 20 

/ 

21 

NO 2 

22 

With only moderate dilution and without a template effect, the cyclic ether 
24 which is an important precursor in the total synthesis of the racemic ger- 
macranolide-aristolactone (25) was obtained from the hydroxychloride 23 [35]. 

23 24 25 

Experimental procedure for 24 [35]: 

reaction of the hydroxychloride 23 with one equivalent of ethyl magnesiumbromide 
in THF/HMPT 
concentration: 0.02 M 
reaction temperature: 0 °C to boiling solvent 
reaction time: 4 h 
yield: 70% 
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Two further compounds which are attractive because of their topological aspects 
were cyclized by formation of ether bonds: Walba [31 a] succeeded in realizing 
the M6bius belt in molecular dimensions: Starting with the crown ether ditosylate 
26 he produced the molecular belt 27 and the M6bius belt 28 by cyclization. Here, 
28 results from the twisting of 26 and subsequent "crosswise" ring closure which 
becomes possible at sufficient length of the ditosylate. The difference between 27 
and 28 is the fact that 27 has two surfaces, an inner and an outer one, whereas 
28 has only one single continuous surthce because of the twisting. 

26 

Nail 

DMF 

3 
27 

3 

28 

The existence of 28 was proved by Walba in an obvious and elegant manner: 
Ozonolysis of the C = C double bonds in 27 leads to two 30-membered cyclic 
ketones, whereas in the ozonolysis of 28 one 60-membered cyclic ketone is 
produced. 

Experimental procedure for 27 and 28 [31 a]: 

starting component: 32 mg (0.02 mmol) dioltosylate 26 in 5 ml DMF 
reaction medium: 15 mg (0.63 mmol) Nai l  in 11.3 ml DMF 
reaction temperature: room temperature 
time of addition: 15 h 
additional reaction time: 2 h 
yield: 55% mixture of the polyethers 27 and 28 

Sauvage [36] succeeded in synthesizing the "molecular knot" 30 by cyclization 
of the binuclear helical phenanthroline-copper(I)-complex 29 with hexaethylene 
glycol diiodide in DMF under extreme dilution and addition of cesium salt. 
However, the yield amounted to less than 3%. 

Both molecules, 28 and 30, are topologically chiral; the chirality of 30 was 
proven by 1H-NMR spectroscopy with the addition Of KPF6 and Pirkles reagent. 
This resulted in different chemical shifts for the hydrogen atoms of the "clover-leaf 
knot" 30 due to formation of diastereomeric complexes. 

10 
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q... , ,  1~ cs2co3 
~ , ~  N,,, o/~, ,~.  ~ I-CH2-(eHz0cH2)5-CH2-1 
k /l~.,~u~....~ /7 DMF0 60°C 

2g 

09 i2 03 
30 

3.4 Formation of Amines and Amides 

3.4.1 Synthesis of Amines [38-47] 

Ring formations by nucleophilic substitution at saturated carbon atoms with 
primary amines as nucleophiles have rarely been carried out because the re- 
sulting secondary amines as a rule are more nucleophilic than the primary 
ones, and therefore competition reactions are favored. The synthesis of secondary 
amines often starts from toluene sulfonamides which can easily be deprotonated 
and alkylated. A large number of methods for detosylation exists; especially 
the acidic cleavage with H2SO 4 or with HBr/phenol have proved to be reli- 
able. 

Most of the cycles which have been formed in this way belong to the field of 
host/guest chemistry, e.g., the azacrown ethers 31 [38] and 32 [39], tropocoronands 
such as 33 [40], or even cyclophanes such as the host compound 34 synthesized 
by Koga [41]. In the cavity formed by the two diphenylmethane units, 34 encloses 
naphthalene as a guest [42]. 

In the field of azacrowns the representative 35, synthesized by Lehn and Hosseini 
[43], while is able to catalyze the reaction of phosphate to pyrophosphate, has to 
be emphasized. 

By reaction of the tritosylamide 36 with the trimesylether 37 in DMF and 
subsequent detosylation, Lehn [44] succeeded to synthesize the bicyclic cavity 38 
in 65% yield. Complexation experiments in acidic solution point to the inclusion 
of nitrate ions into the cavity of the host. However, no such inclusion could be 
found in the crystal. 

The macrocycle 41 represents another example of large molecular cavities. The 
size of the cavity can be changed by switching the azobenzene units photo- 
chemically [ ( E) / ( Z)-isomerism]. 

11 
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E"H ."3 ,/-'vcH=o' 
NH HN ~ 5  

31 32 

N H-- (CH2)4.--N H 

N H - -  (OH2) 4 - N  H 

34 

(CH2)4 (CH2)4. 
I I 

H N \ ~  

33 

H 
~.." oJ k__/ 

35 

NHTos 

T°sHN'vX'~NHTos 

36 

+ 

X 

X = TosN(CH2)3OSO2CH 3 

37 

H 

38 

Br. TsH N , ~  

Br 39 T s H N ~  

40 

Cs2CO 3 

41 

b 
NTs 

12 
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The synthesis of 41 succeeded in 5% yield by reaction of 1,3,5-tris(bromome- 
thyl)benzene (39) with N,N'-ditosyl-3,3'-diaminoazobenzene (40) in DMF using 
potassium carbonate as base and without dilution conditions (see Sect. 4); if, on 
the other hand, the reaction was carried out in DMF under high dilution and in 
the presence of cesium carbonate, the yield of 41 could be increased to 12% [45]. 

By reaction of 5,5'-bis(bromomethyl)-2,2'-bipyridine (42) with 1,3,5-tris[N- 
(benzyl)aminomethyl]benzene (43a) and 1,3,5-tris[N-(t-naphthylmethyl)amino- 
methyl]benzene (43b), respectively, and sodium carbonate as auxiliary base the 
bipyridine units containing macrocycles 44 a, b could be prepared as its sodium 
complexes in 4 and 6% yield, respectively. The sodium ion exerts a template effect 
in this reaction; however, if cesium carbonate was used as base, only traces of 
the macrocycles could be detected [46]. 

R H ~ ~  NHR 
NHR 

BI 
Br 

4 2  .... Ng" 

U 
NHR RHNN_.~H R 

Br 

43 

Na2C03 = ""~ N~ "1~ 
C%CN ~ ...... '" I 

L 
R N , ~ I  "NR 

44 
a) R = Benzyl 
b) R = 1-Naphthylmethyl 

Experimental procedure for 44a- NaeX e [46]: 

starting component: 4.74 g (10.88 mmol) 43a in 400 ml acetonitrile 
mixture put into the reaction flask: 5.58 g (16.32 mmol) 42 and 30.0 g (280 retool) 
sodium carbonate in 1500 ml acetonitrile 
reaction temperature: boiling solvent 
time of addition: 8 h 
additional reaction time: 15 h 
yield: 0.3 g (4%) 

3.4.2 Synthesis of Amides [32c, 47a, 48-57] 

The synthesis ofmono- and bicyctic amides from acid chlorides and amines under 
dilution conditions leads to a series of host molecules significant in supramolecular 
chemistry. 

13 



Fritz V6gtle et at. 

Two methods can be offered when using bifunctionalized educts: either 
the direct one-step synthesis starting with a diacid chloride and a diamine, or 
the stepwise reaction to an open-chained intermediate which is closed sub- 
sequently. 

~ o  °CI 

cI 
45 

+ = (.3 (N3 
R N R 

R = C6HsCH2CO 

VP, 49% 

47 

~ ocl 

ocI 
45 

+ (13 35~  

46 

v ~ 48 

Therefore the direct cyclization of 45 and 46 under high dilution conditions 
yields the tetraamide 48 in 35%, whereas in the two-step synthesis via 47 the cycle 
48 is obtained in 49% yield [49]. 

The amide protons of the cyclic products can form hydrogen bonds, e.g., in 
the cyclophane 49 which is able to recognize nucleotide bases (50) [50a]. 

0 

° "-x__ 
49 50 

The bicyclic cavity of the pyrocatechol type 54 which is shown in Fig. 2 represents 
a recent example for a modular two-step synthesis. 
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NHR 

NHN~ NHR NEt3 Benzol 

R = Benzyl 

4 3 a  

5 2 e  5 2 c  + 5 3  

_ _ . .  0 

G : R' = COOEr 

5 2  b : R' = cooN° 
¢ : R '  = COCI 

Benzol 
- 5 4  

DMAP 

~ ~  o 

o,..N" ---'~..H3q -~ 
T ~ R",,o 6..,( ~ NHR 

O~N~ .3eo~ ) 

5 4  

Fig. 2. Modular two-step synthesis of the bicyclic cavity 54 [51] 

The podand 52a as well as the macrocycle 54 show the ability to complex 
sodium ions with their methoxy functions. The macrocycle exceeds the open- 
chained compound with regard to the comptexation constant by a factor of six. 
While 52 a complexes only Na e, 54 shows increasing complex constants for K s and 
Cs e with a distinct selectivity for the larger cesium ion. The order of magnitude 
of the constants of the alkali-metal complexes corresponds to those of the crown 
ethers [51]. 

Experimental procedure for 54 [51]: 

starting components: a) 2.70 g (4.07 mmol) triamine 53 in 250 ml benzene; b) 
2.27 g (2.04 mmol) triacid chloride 52e in 250 ml benzene 
reaction medium: 50 mg (0.41 mmol) 4-(dimethylamino)pyridine in 21 benzene 
reaction temperature: boiling solvent, subsequently room temperature 
time of addition: 8 h 
additional reaction time: 15 h 
yield: 0.58 g (17%) 

As early as 1984 V6gtle et al. [52] succeeded in synthesizing a bicyclic cavity 
with pyrocatechol units (55) which is able to complex Fe 3~ ions with its hydroxy 
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functions. The stability constant of the iron complex exceeds the one of the hitherto 
best complexing agent of iron, enterobactin, by the factor 107 (for 55 lg k = 59). 

O=-/ Nil HO I NR~RN~ #- 

H o 

O"~k, | /NH H N-.. . , ~ . . ~ "  

55 
56 

R=CH 3 

57 

The macrobicyclic hexamine 56 which could be synthesized by thesame group 
[53] is able to include plain, disc-like, aromatic guests in its hydrophobic cavity 
and thus to transport them into an acidic aqueous phase. 56 complexes e.g., 
triphenylene, perylene, and acenaphthylene, whereas the linear anthracene is not 
complexed. 

Anions, e.g., nitrate, can be complexed by the protonated form of the cyclophane 
57. The protonated ligand (57.6 H e) seems to form a 1:1 complex with the 
nitrate ion; the stoichiometry suggests that the anion is enclosed inside the cavity 
of the host [54]. 

Of course, the peptides [55] and peptide alkaloids [48, 56] belong to the 
field of macrocyclic amides, as well. The cytotoxic ulicyclamide 58, for ex- 
ample, can be prepared in very diluted solution from the open-chained penta- 
peptide by reaction with diphenylphosphorazidate in DMF/triethylamine in high 
yield. 

Schmidt et al. [56d] report on a cyclization under reductive conditions: By 
treatment of the Z-protected amine 59 with palladium and hydrogen in diluted 
solution the cyclopeptide 60 could be obtained in 80% yield. 
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=~ Z~HN H2/Pd ~0~ N 
0 fN)  ''''C02C6F6 VP 

=o= 

59 60 

3.5 Synthesis of Macrolides [58-67] 

A simple possibility for the synthesis of esters, the reaction of an acid chloride 
with an alcohol, was used by Schrage and V6gtle [58] for a two-step synthesis of 
the macrocycle 63 from the alcohol 61 and the acid chloride 62. Compound 63, an 
example from the field of host/guest chemistry, forms a cavity, as studied with 
CPK-models, which could include planar, aromatic guests. Crystals obtained from 
benzene/n-heptane point to a 1:2 stoichiometry of 63 and benzene according to 
NMR-spectroscopic data. However, whether this is a molecular inclusion complex 
or just a clathrate is not yet known. 

° 

~3 ON C=O~ 

S \ 
C= 0 

61 -'-," ~ J ~ o  

63 

Another synthetic strategy known from peptide chemistry consists in the 
transformation of  an acid into an activated ester and its subsequent reaction with 
an alcohol. An example of this strategy is the preparation of  the 32-membered 
macrolide tetranactine 65 from the acid 64 which is activated by 3-cyano-4,6- 
dimethylpyridine-2-thiol 66 [59]. 
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o 

j -  H"L-/"H 6 ,/ '  .- ~ ". 6 

~ H 3  

R = " ~  6 4  
$~ ~N- ~CH 3 

p-TosOH 
64 CH2C12, A= 

51~ 

N CH3 

H ~ C H  3 

66 

3."<2k".U 

H"" "'H 

65 

Another example of the activation of a hydroxy acid was described by Rastetter 
and Phillion [60]: First the O-protected hydroxyacid 68 reacts with a thiol group 
containing crown ether 67. Then the resulting thioester 69 reacts with potassium 
tert-butoxide to give the alkoxide. At the same time a complexation of the 
potassium ion by the [18]crown-6 part of the molecule occurs. Thus, the alkoxide 
ion comes close to the carbonyl group of the molecule, so that nucleophilic attack 
leading to ring formation is facilitated (cooperation of dilution principle, template 
effect, and ion pair interaction). 

H H H H 

; 

°8  
6 7  6 9  

H H 
~ ~ ~ s  (CH2)n~.~ (CH2)) 

KOtBu ~ ~['¢~ i~0.~ eo ..._ y e S 
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Regarding the temperature dependence of the formation of oligomers in the 
macrolide synthesis under Yamaguchis conditions for macrocycles, Seebach et al. 
[61] obtained an interesting result for the lactonization of (R)- and (S)-3- 
hydroxybutyric acid 70: At room temperature the cyclic penta-, hexa-, and 
heptamers 74, 73, and 72 were formed in a ratio of  1 : 1 : 1 in 50% total yield as 
the only isolable cyclic products (Fig. 3), while at 110 °C the ratio of 74 to 73 to 
72 was shifted to 59 : 30 : 9 in favor of  the pentamer 74. 

Experimental procedure for 72-74 [61 ]: 

starting components: a) 0.5 g (4.80 mmol) (R)-3-hydroxybutyric acid 70 in 10 ml 
THF;  b) 0.87ml (6.20mmol) triethytamine and 0.67ml (4.80mmol) 2,4,6- 
trichlorobenzoyt chloride (71) in 10 ml toluene 
reaction medium: DMAP in 200 ml toluene 
reaction temperature: room temperature 
time of addition: 4 h 
additional reaction time: 30 rain 
yield: 50% 74, 73, 72 (1 : 1 : 1) 

.OH o 
.a. H 

7O 

o ~  o o jo ; o 

o 
o 

Et3N 7 7 ~  73 
DMXP / ~ O, .J 
- / o 0/--~ \0-.~ 0 

o., 

.%.o_#O 
o 

74 

Fig. 3. Product distribution for the cyclization of (R)-3-hydroxybutyric acid [61] 
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An alternative ester synthesis, the reaction of a carboxylate anion with an alkyl 
halide, was used by Maciejewski [62] for the preparation of (E,E)-l,9-dioxacy- 
clohexadeca-3,11-dien-2,10-dione (76) under dilution conditions. This 16-membe- 
red dilactone represents a precursor for the synthetic norpyrenophorin 77a, the 
physiological activity of which corresponds to the one of the natural products 
pyrenophorin 77b and vermiculin 77e. The lactone 76 can be obtained in 77% 
yield by dimerization of (E)-7-bromo-2-heptenic acid (75) in DMF in the presence 
of potassium carbonate. 

0 

r ~ C O 0  H K2C03, DMF ~ " v " - . . . . ~ O  R ~ O  
B 16 h, 40°C ~ 0 0 O 0 ~ . ~ v ~  

75 
76 77 

a) R= H 
b) R = CH 3 
c) R = CH2COCH 3 

Several macrocyclic dilactones such as 80 were prepared by reaction of 
dicarboxylic acid difluorides (e.g. 78) with triphenyltin derivatives of diols (e.g. 
79) in excellent yields [63]. The required acid fluorides can be synthesized by 
reaction of the acids with 2-fluoro-N-methylpyridiniumtosylate (81) and addition 
of triethylamine. The triphenyltin derivatives of the diols were prepared in situ 
from P h 3 S n - O - S n P h  3 and the diols. 

FOC-(CH2)3 -cOF Ph3SnO OSnPh 3 CH3 F eOTos 

78 79 80 81 

The macrocyclization step proceeds at 80 °C at moderate dilution conditions 
because tin exerts a template effect in the course of the reaction, so that good 
yields are already obtained in 10-2 M solutions. If, on the contrary, the reaction 
temperature is increased to 140 °C, the yield of monomer 80 is drastically reduced 
in favor of higher molecular, linear oligomers, an effect which can be attributed 
to the cancellation of the template effect. 

Lactone syntheses under dilution conditions were carried out photochemically, 
too [64], e.g., the synthesis of  (+)-aspicilin (84), an 18-membered macrolide 
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isolated from a lichen source. Quinkert et al. [64a] transformed the ortho-chinot 
acetate 82 (c = 2 x 10 -3 M) by irradiation in toluene with addition of DABCO 
to the mixture of the diastereomeric lactones 83 a, b in 62% yield which is the 
key step in the synthesis of (+)-aspicilin (84). 

~ a) R 1 = H Ph02S R hv 
Ac R 2 = S02Ph 

69~= R 1 b) R 1 -- S02Ph 

R 2 H 
R = (CH2)-CH(OH)-CH 3 CH3 ~ = 

a :  b = 2 . 5 : 1  

82 83a,b i 

OH ~ ,.,,'OH 

..... OH 

CH 3 0 84 

First of all, a photochemical ring opening of the chinolacetate to the ketene 
occurs; in the subsequent thermic cyclization the tertiary amine serves as a 
nucleophilic catalyst to form the lactone. 

3.6 Formation of C--C Single Bonds [68-74] 

A large number of reactions for the formation of C - C  bonds exist which can 
often be used under dilution conditions to form cyclic systems. OfaU these reactions 
some are discussed here in detail: 

The application of the Wurtz coupling for the synthesis of [2.2] (2,6)pyridinophane 
(85) from 2,6-bis(bromomethyl)pyridine (86) was already attempted in the fifties 
by Baker et al. [68]. Yet, the desired cyclophane could not be found. However, 
the intramolecutar cyclization of  87 with phenyl lithium or butyl lithium in ether 
led to 85 in 3 and 28% yield, respectively [68]. The intermolecular cyclization of 
86 with phenyl lithium in dioxane gives a 9% yield of 85, too [69]. 

Compounds 88 [70d] and 89a [70a] could be synthesized by alkylation of 
malonic esters [70] in 26 and 0.6% yield, respectively. 
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Br 

Br Br 

8 5  8 6  8 7  

E E ~ ' ~ ' C R  2 

E = C02CH 3 ~_~r~2 G) R = C02Et 
b) R = COzH 

8 8  8 9  

Macrocycle 89b is capable of including benzene, toluene, and mesitylene into 
Its cavity in alkaline aqueous solution. 

Intramolecular acyloin condensation [71] of the diester 90 under dilution 
conditions with sodium in toluene and with addition of trimethylsilyl chloride led 
to the bis(trimethylsilyl)en-diol ether 91 (29% yield) which was transformed 
subsequently in several steps to [1.1.1.1]paracyclophane 92 [71a]. 

H{•• cH2CH2C°2cH3 

H2C--O--CH2CH2CO2CH 3 

9O 

Na, Me3SICI ~ 
Xy4ol 

H2C CH2-CH 2 "-] 

H2C ~ C H 2  

92 
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Bis(benzyl) halides react with p-toluenesulfonyl methylisocyanide (TosMIC, 
94) in the two-phase system sodium hydroxide/methylene chloride and in presence 
of tetra-n-butylammonium bromide as phase transfer catalyst to [3.3]cyclophanes 
which contain a carbonyl function in each bridge [72]. The furanophane 95 is 
accessible from 93 and 94 in 39% yield [72b]. 

"~c-4~ -s°z-c"2-"c o=~o 
94 Cl Cl ~-- 

93 95 

Another standard method for the formation of C -  C bonds is the coupling of 
acetylenes which was applied in many cases under dilution conditions to synthesize 
macrocyctes [73]. Examples for this method are 96 and 97 [73 a, e]. 

~ CH3 

"~ CH 3 
96 97 

3.7 Formation of C = C  Double Bonds [75-78] 

The Wittig [75] and the McMurry reaction [76] are standard methods to form 
C = C double bonds. For example, the bridged biphenylene 98 was prepared in 
diluted solution by Wittig reaction [75a]. Vogel synthesized the bridged [14]annu- 
lene 100 with its phenanthrene perimeter from dialdehyde 99 by McMurry reaction 
[76c]. "n-Spherand" 101 could be prepared likewise. Because of its n-orbitals 

98 99 100 101 
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arranged inwards, 143 becomes an eight-electron donor, so that it is capable of 
enclosing an Ag e ion into its cavity and thus complexing it [76g]. 

Flexibilene (103), a 15-membered diterpene, which was not isolated until 1976 
from the coral Sinulariaflexibilis [77], could be obtained in 1987 by addition of 
a 10 -2 M solution of the dicarbonyl compound 102 to TiC14/zinc within 32 h in 
53% yield [76t]. 

OHC  
102 

103 

The reaction of keto phosphonates with sodium hydride as base is applicable 
to the synthesis of ~,13-unsaturated carbonyl compounds, even under the condi- 
tions of the dilution principle [78]. Thus the keto phosphonate 104 could be 
transformed by this cyclization reaction into the mixture of the epimers 105 in 
28-36% yield. 

CH 30-,.. ? cH'3 
P=O 

S_ S L~_ 

MemO" N . , ~ , . , , ~  M e r n H ~ - - ~  cH3 

104 105 

3.8 Intramolecular Cycloadditions Under Dilution Conditions 
[79-81] 

Pericyclic reactions were used successfully, too, to build up macrocyclic ring 
systems as found, for example, in natural peptides and peptide alkaloids. These 
reactions are carried out in general at moderate dilution conditions (10- 2_ 10- 3 M). 
An example of a Diels-Alder reaction is the cyclization of 106 to 107, where the 
basic framework of cytochalasane B (108), a substance found in fungi, is built up 
in yet 27% yield [79]. 

The bridged paracyclophanes 111 and 112 could be obtained from the aziridines 
109 by 1,3-dipolar cycloaddition with remarkable diastereoselectivity [80]: First 
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~lz~ ~ ~ H3C"H~ 
0 CH3 H2C.-~h 

1 O6 1 O7 1 O8 

the unstable azomethinylide 110 is prepared by thermolysis of 109 which then 
reacts as an 1,3-dipole to give 111 and 112. Starting with the trans-aziridines, only 
two of the four possible diastereomers could be obtained in a diastereoselective 
manner, whereby the yields increased with increasing chain length (Fig. 4). 

o 

(CH2)n 0 
[ o"&,.c~E 

109 

o 

(Ci2)n 0 e~ 

110 

o 
(CH2)n ~-.~..,,-v~.,.. "JF 
I o ~ o  ""-E 

111 

0 
(CH2) n ~"~"'~ .~" 

t 0 .6 :  , E 

112 
Fig. 4. Macrocyclization by 1,3-dipolar cycloaddition [80] 

3.9 Ring Expansion Reactions [67, 82-84] 

An interesting way of achieving macrocyclization consists in building-up of bicyclic 
systems with "normal" ring sizes at first and subsequent cleavage of the bridge 
between both rings. This method was applied, for example, by Mahajan and Resck 
[67] in the synthesis of the 12-membered lactone 115 from 113 via the bicyclic 
intermediate 114. 
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NoH, C6H 6 
HO VP 

113 114 115 

Reactions of this kind are not always carried out under dilution conditions 
[82]; and as a consequence, this results in appreciable amounts of dimeric products, 
t o o .  

The radical ring extension of ~-alkyl-13-tin substituted cyclohexanones in the 
presence of azobis(isobutyronitril) (AIBN) and tributyltin hydride in diluted 
solution results in good to excellent yields of the ring-extended products [83] 
(Fig. 5). 

Using this method the 12-membered ketone 117 can be isolated as the only 
product in 72% yield from 116. 

[ ~  02CH3 I [ ~  

SnBu'~ C02CH 3 

116 117 

X 

[~(~2)n Bu3SnO~ H2). 

v ~SnBu 3 v ~SnBu 3 

Fig. 5. Radical ring expansion [83] 
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Experimentalprocedurefor 117 [83]: 

reaction of  0.4 mmol 116 in 80 ml dry benzene (c = 5 × 10 - 3  M) with 0.2 equiv. 
AIBN and 0.1 equiv, tributyltin hydride 
reaction temperature: boiling solvent 
reaction time: 50 h 
yield: 72°,/0 

3.10 Formation of Cyclic Disulfides [85, 86] 

Up to now the easy oxidizability of thiols to disulfides has rather rarely been used 
for the synthesis of macrocycles. 118 could be prepared from 2,3,5,6-tetrafluoro- 
1,4-benzene dithiol by oxidation with DMSO in 95% yield [85]; the bicyclic 
cyclophane 119 was synthesized by Whitesides through oxidation of 1,3,5- 
tris(mercaptomethyl)benzene with iodine [86]. The high yield of 68% is not only 
attributed to the high dilution but also to the low solubility of the macrocycle 
being formed which precipitates during the reaction. 

S F F S 

~ s  s 
F F 

118 

119 

Experimental procedure for 119 [86]: 

starting components: a) 1 g (4.7mmol) 1,3,5-tris(mercaptomethyl)benzene in 
400 ml ethanol; b) 1.76 g (6.93 mmol) iodine in 400 ml ethanol 
reaction medium: 600 ml ethanol 
reaction temperature: room temperature 
time of addition: 3 h 
additional reaction time: - 
yield: 0.68 g (68%) 
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4 Synthesis of Macrocycles Without Use of the Dilution 
Principle: "Disguised Dilutions" [9f, 18c, 87-90] 

A certain disadvantage of the dilution principle consists in the sometimes long 
reaction times and the required large amounts of solvent. Repeatedly this 
disadvantage led to efforts to carry out cyclizations with only small amounts of 
solvent. Using these modifications it is still important to keep the concentration 
of the reacting species low. This can be done in different ways: 

Heterogeneous dilutions [87]: Here the dilution effect can be achieved by using 
a multiple-phase system (solid-liquid or liquid-liquid). If a component with low 
solubility is applied, it dissolves successively, its stationary concentration is 
extremely low [18c]. Similar effects can be obtained by using phase transfer 
catalysts in liquid-liquid two-phase systems. 

Dilution reactions in concentrated solution [88]: A method applied successfully 
by Schneider [88] in the synthesis of tosylaza macrocycles consists in the reaction 
of tosylamides with bromides in DMF using potassium carbonate as base. Here 
K 2 C O  3 compared with Cs2CO 3 has the advantage of lower solubility (ca. 10- 5 M). 
Thus more concentrated solutions of the reactants can be added to a suspension 
of the base in DMF. The low solubility of K2COa causes only a small amount 
of the reactive tosylamide anion to be present at all times, securing the dilution 
effect. 

High-pressure syntheses [89]: By application of high pressure the viscosity of 
the reaction medium is raised, with the result that the components of the reaction 
are "frozen" in the solution: molecules which are not so far from one another 
in the reaction mixture stay close together during the reaction and thus react 
preferentially with one another. An example for this is the reaction of 120 
with 121 which results in the 12-membered cyclic dication 122 in almost 
quantitative yield [89a]. 18-Membered rings could be obtained in almost the same 
yield, too. 

H,..3C\/CH3 

MeCN, 250C 
0 + 0 -=-- 0 0 
~-NMe 2 I -~  20 h, 11 kbar ~--~-J~ 2 ,e 

H3C / XCH 3 

120 121 
122 

The application of high pressure (9-10kbar)  enabled Stoddart [89 b] to 
synthesize the cycles 123 and 124 by repetitive "structure directed" Diels-Alder 
reactions; the synthesis of 124 under "normal" dilution conditions resulted in a 
substantially lower yield of the desired product. 
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H... .,.,, H 
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1 2 3  

0 

0 

0 

124- 

A similar result can be obtained by using donor-acceptor-templates [87 i, k, 90, 
91]: The final cyclization step in the synthesis of the [2] catenane 128 succeeded 
in 70% yield starting from 125, 126, and 127 [90a]: 

00000 
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[2PF6]- ~ 127 

+~ 12~+ 1 1 00000 

MeCN 

1 2 5  
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00000 

U '""U'""H 

[4PFs] 

• - - '~ r ' ~  r " %  ,'--% 

0 0 0 0 0  
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~ Illi 

+ ~ - - - T - ~ +  I 
0 0 0 0 0  
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5 Concluding Remarks 

As the examples mentioned above show, a variety of  experimental procedures for 
cyclizations under dilution conditions exist. Up to this day no generaly applicable 
procedure is known; also, the determination of cyclization parameters to a given 
target molecule is based on the experiences made by synthesizing similar 
compounds. Each new structure requires precise conditions for its synthesis; often 
a small "window" has to be hit with regard to the reaction conditions. 

The synthesis of macrocycles with the aid of the dilution principle still remains 
a dominating cyclization method although there have been many attempts to 
avoid the standard procedure, i.e., the simultaneous addition of reactants to the 
reaction medium (see Sect. 4). The dilution principle can be avoided in some cases 
[90, 92] by application of "template-directed reactions" and/or by use of the "rigid 
group principle". 
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Fritz V6gtle et al. 

This overview highlights the application of the "cesiUm effect" in synthetic reactions. Special 
attention is drawn to macrocyclizations. More recent examples published between 1983 and 
1990 are selected critically. In a short introduction cesium salts which are usually applied in 
organic chemistry are introduced, followed by many concrete examples of the use of cesium salts 
in ring closure reactions leading to macro- and oligomacrocyclic compounds. It is shown that by 
using cesium salts instead of the corresponding sodium and potassium compounds in ring closure 
reactions yields can often be dramatically increased. The review is concluded with attempts to 
explain the special effects of cesium salts in organic synthesis. 
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1 Introduction 

The synthesis of large and medium-sized rings has been of constant interest to 
organic chemists. Whereas "normal" ring compounds bearing five to seven ring 
members usually have a high tendency of formation and therefore are obtained in 
good yields, the preparation of larger ring compounds, in particular medium- 
membered ones bearing 8-12 ring atoms, often faces considerable difficulties. 

Besides methods using high dilution conditions [1] or a pre-orientation of the 
reactants [2] ("preorganization" [3]) or template effects [4, 5], ring closure reactions 
under assistance of cesium ions have been applied during the past years. The 
advantages of cesium assisted reactions depend on the good accessibility of organic 
cesium salts and the high yields of cyclization reactions, which often proceed without 
the method of high dilution [1]. 

The following contribution is intended to continue our earlier review [6] 
dealing with the then known cesium assisted ractions; only some very important 
earlier cesium assisted reactions are described here for the sake of completeness: 
After a short description of the properties of some cesium compounds used in this 
respect in organic synthesis, those reactions are discussed that have been published 
more recently and which proceed under the intermediate formation of organic 
cesium salts at oxygen, nitrogen or sulphur functions. Only those cyclization reac- 
tions are considered which allow a direct comparison of the yields obtained with 
cesium compounds or cesium metal. The description starts with reactions leading 
to the formation of C--C bonds and proceeds to the syntheses of ethers, lactones, 
amines and sulfides. The discussion ends with a summary of the attempts to explain 
the "cesium effect". 

2 Cesium Salts Used in Organic Chemistry 
and for the "Cesium Effect" 

In organic chemistry cesium fluoride and to a lesser extent the carbonate and the 
hydroxide have gained great importance. These three cesium compounds are app- 
lied mainly as basic reagents. Further applications of cesium fluoride are e.g. 
the preparation of fluoroalkanes by SN-reactions using fluoride anions [7a] and 
desilylation reactions [7 b]. 

2.1 Ces ium Fluoride  

The basicity of fluoride anions under aprotic conditions is based on the stability 
of the H- -F  bond (approx. 569 kJ/mol; cf. H--C1 approx. 432 kJ/mol) [8]. In 
general, the basicity of ionic fluorides depends strongly on the solvent used, on the 
water content and on the counterion. Whereas ionic fluorides in protic solvents 
usually exhibit only weak basicity, under aprotic reaction conditions they may allow 
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deprotonation of weak CH-acidic compounds like DMSO or acetonitrile [9]. 
Cesium fluoride is the alkali metal fluoride exhibiting the highest reactivity [10, 11], 
but often the potassium analog is preferred for its lower price and lower 
hygroscopicity. The low solubility of all alkali metal fluorides in aprotic solvents 
is disadvantageous, and as a consequence, reactions proceed mainly in a hetero- 
geneous way on the surface of the undissolved fluoride [11]. Addition of crown 
compounds [12] or other phase transfer catalysts [13] therefore may lead to 
significant rate accelerations or even different reaction paths [13]. 

2.2 Cesium Carbonate and Cesium Hydroxide 

In the series of the alkali metal carbonates and -hydroxides the cesium compounds 
are the strongest bases [14]. For reasons of simpler handling the less hygroscopic 
carbonate is often preferred to the hydroxide. In dipolar aprotic solvents, 
carboxylic acids [15], phenols [16], thiols [17, 18] and sulfonamides [19] are 
easily deprotonated by cesium carbonate, whereas with carbamates such as e.g. 
benzyloxycarbonyl- ("Z"-)protected amino acids no reaction occurs [20]. 

3 C - - C  Bond Formation 

The use of cesium compounds in C--C bond formation reactions has so far been 
limited to a few cases. V6gtte and KiBener [21] observed that the use of 
cesium metal in the MiJller-R6scheisen procedure [22] of the Wurtz coupling reac- 
tion ofp-xylylene dibromide, intended to yield [2,] paracyclophanes 1, leads to the 
[23]paracyclophane lb with the highest yield compared to other alkali metals. 
The yields of the other cyclic compounds 1 c--e thereby are much lower compared 
to the application of sodium metal (Fig. 1) [23]. 

V6gtle and Mayenfets studied the influence of the bases cesium hydroxide and 
sodium hydroxide on twofold aldol condensations leading to macrocyclic dichal- 
cones 4 [24]: 

0 
o II 
II (CliO HaC-C,. MOH : Hc#CH C--~ 

A + B ~ A B 
LCHO H~C-C J CH30H LHC~cH_C/  

It 0 II 0 
2 3 4~ 

The condensations were performed in methanol without conditions of high 
dilution [1]. Differing arene units 2a--c and 3a--e were introduced. In the reactions 
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tpe : 

alkali metal 
tpe 

tetraphen~eth~ene 

~ m  

! m 
a:  o 
b: 1 
c: 2 

e: 4 

No .... 

1 r 
Paracyclophone 

Fig. 1. Oligomer formation in the [2n]paracyclophane series: dependency on the alkali metal 
applied [21] 

Table 1. Yields in the aldol condensations leading to macrocyclic dichalcones 4 with the bases 
NaOH and CsOH [24] 

No. 2 3 Yield [~]  Arene Unit 

arene unit NaOH CsOH a b c 

4 a  a a 41 4 8 6 0  
4b c a 23 29 
4e b b 12 5 
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of conformationally rigid arene units like 2 a/3 a or 2e/3 a, only minor yield improve- 
ments from 41% (NaOH) to 48-60 % (CsOH, 4a) and from 23 % (NaOH) to 29 % 
(CsOH, 4b) were found. In contrast to this behaviour conformationally flexible 
arene units such as 2b/3b did not show any yield-improvements (Table 1). 

4 C- -N Bond Formation 

4.1 Synthesis of Aza Maerocycles 

Kellogg et al. [19] for the first time used cesium salts of aliphatic tosylamides 
5 for the preparation of N-tosyldiazacycloalkanes 7. The well known method of 
Stetter [25] and Richman [26] which has often been used for the synthesis of 
aza crown compounds using sodium or potassium salts of tosylamides in the 
cyclization with bromoalkanes, usually leads to medium-sized azacycloalkanes 
in comparably low yields. The cesium salts of the tosylamides 5 obtained from the 
reaction of 5 with Cs2CO3 were reacted with the dibromides 6 in an analogous way 
to the procedure of Stetter [25] using DMF as the solvent, but without application 
of dilution techniques. 

1) Cs2CO~/DMF 
TosNH(CH2)nNHTos P,, 

2) Br(CH2)m Br 

5 6 

"]'os fN.  
(~2)m 

Tos 

7 

As demonstrated in Table 2, the application of cesium carbonate particularly in 
the case of large rings (7c-e) leads to high yields. Compared to the method of 
Richman [26] using sodium methylate as the base, much higher yields of the 

Table 2. Yields of macrocycles 7 and 8 in the cesium assisted cyclization compared to the classical 
method of Stetter and Richman [19] 

No. 5 6 Ring Members Yields [%] 

n m C%CO3" NaOCHa b 

7a 5 5 12 30 -- 
7b 5 10 17 65 40-50 
7c 10 6 18 95 -- 
7d 10 t0 22 76 
7e 10 16 28 60 30-40 
8 18 66 

Analytically pure product, b Yields of raw product 
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macrocycles were obtained: The 28-membered ring 7e, e.g., obtained in 60 % yield 
according to Kellogg using Cs2CO3, could only be isolated in 30-40 % yield accord- 
ing to the method using NaOCH3 as base. 

In general, yields decrease in cesium assisted cyclizations changing to smaller 
ring sizes (T a) or by introduction of hetero atoms into the ring skeleton. The 
"cesium method" is also well suited for the preparation of cyclophane compounds 
like the 23-membered macrocycle 9 or the tetraoxa cycle 10, which were obtained 
in 60 and 46% yields respectively, starting with the ditosylates [19]. 

7O\ q 

0 (CH2)5 0 
o NJ 

TOS / k_-/ v j  I 
Tos Tos 

8 9 10 

A comparison of the yields of the cycles 7b and 11 obtained by application of 
different alkali metal carbonates demonstrates the superiority of  the cesium 
assisted cyclization: 

Table 3. Comparison of the yields of 7b and 11 in cycli- 
zations with different alkali metal carbonates MzCOa 
[19, 27] 

No. Yields [%] M * 

Li * Na e K • Rb ~ Cs * 

7b [19] 0 10 10 70 a quant, b 
11 [27] 0 21 75 -- 75 

a Yield of raw product. -- bNmr pure product 

Under identical reaction conditions by using Cs2CO3 it was possible to isolate 
7b in quantitative yield as an N M R  pure product, whereas by application of 
Rb2CO3 only an impure product in 70% yield was obtained (Table 3) [19]. By 
addition of other alkali metal carbonates, even after ten days of  reaction time, only 
unsatisfactory yields below 10~  could be obtained, whereas in the synthesis of 
the tris(amide) 11 applying KzCO 3 as base the yields of the Cs procedure were 
reached [27]. This was attributed to the insufficient basicities of  these carbonates, 
which did not allow complete deprotonation of these tosylamides [19]. 
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-N Tos 

Tos-- N + 

~ 'N Tos 

r ' ~  M2COa/DMF Tos... N NITos 
Br Br 30_500 c - L N _ ~  

I 
Tos 

M= Li, No, K, Ca 11 

Potyaza macrocycles like 15 are of interest due to their capability of forming 
complexes with transition metals [28] and anions, e.g. carboxylates [29], phosphates 
[30] and even ATP [31]. 

The chirat tosylaza ring compound 14 was obtained in 80 % yield in a cesium 
assisted cyclization without application of dilution techniques [1] starting with the 
building blocks 12 and 13 [31, 32]. 

j ,~p  CH = OR 
Tos~ i" 1/Tos N N j~jCH=OR (,~ypCH= OR 

H H Tos\l I/Tos I ~  ~ }  
12 + C,=COa.. (~  ; )  1) nBu4N ~ 

DMF 2) U. NH 3 
TOS / Lv,J "~Tos H Lv  ~ H 

OMs MsO 
L . . - )  lz 15 

Tos / LvJ "To-, 

13 R= S|(Me)2tert-C4H 9 

The 32-membered ditopic hexaaza monocycle 16 was obtained in 47 % yield by 
Lehn and Hosseini [33] in an analogous direct cyclization reaction using Cs2CO3 
in DMF as solvent. 

Tos Tos 

I I C4~2CO~/DMF Tos Tos "-- Tos--N N--Tos 

I 1 47g Tos Tos 
Tos "los 

16 

4.2 Synthesis of Macrobicyclic Aza Compounds 

A significant "cesium effect" was observed in reactions forming C--N bonds lead- 
ing to macrobicyclic compounds. Lehn et aL [34] synthesized the nona-tosylaza 
macrobicycle 19 in a one step reaction by a threefold bond formation combining 
the two triply functionalized building blocks 17 and 18. The cryptand 19 was 
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obtained in 27 ~o yield when Cs2C03 was applied; replacement of the cesium salt 
by potassium carbonate led to a decreased yield of 19 ~ [34]. 

Ts "Is Ts Ts Ts "Is 

C C M s O ~ N  N ~ N ~ N  

Ts Ts + "Is ~ G Ts Ts Ts 
~...../N ~ N  H M sO ~,~/~N~...~"~ ~',....~N ~ N ~  ~ /  
~ ' , . . . tN~N H "1"8 Ts M s O ~ N ~ . . ~ '  T, "'~N " ~ N s " " " ~  NTs ~ 

17 18 19 

V6gtle et al. [35] prepared the tris(azo) macrobicyclic compound 22, which was 
of interest with respect to host compounds with photochemically modifiable 
cavity size and shape (photo-switching inclusion compounds). The reaction pro- 
ceeded in one step starting with 1,3,5-tris(bromomethyl)benzene (20) and 3,3'- 
bis(tosylamino)azobenzene (21) under application of the dilution principle and 
assistance of Cs2CO 3 in 12~o yield. Considering the sixfold bond formation in 
one step, this yield is remarkable. For explanation, the rigid group principle can 
also be regarded to be effective here. With potassium carbonate as the base in this 
cyclization reaction, 22 was obtained in a lower yield of only 4 ~ [36]. 

N Ts 

2 l ~ B r  4- ~ ~ Cs2CO~ N/fl 

2/  
22 

5 Formation of C- -O Ether Bonds 

5.1 Synthesis of Crown Compounds with Cs2CO3 as Base 

Cesium phenolates were introduced by Kellogg [16] for the synthesis of crown 
compounds, after crown ether diesters had been obtained in good yields from 
the cesium salts of aromatic carboxylic acids and oligoethylene glycol dihalides 
[37]. The preparation of the crown ether 25 was achieved by reaction of the 
cesium phenolate 23 with the dibromo compound 24 in DMF without application 
of high dilution conditions [1]. The monoesters 28 were obtained in an analogous 
way be reaction of the cesium salicylate 26 with the bromides 27 (Fig. 2). 
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25 m n 

Yields [%], M e 
Cs* Na e 38) 

Br 0 ar f ' 'O '~ 'A/~,  a 1 3 50 62 
O~M • X - ( - /W 

0 eMe DMF 0 c 3 5 78 

23 24 25 

Br 0 Br 
OeM e W ~ ~ 0 " ~ ' ~  Yields [%], M ¢ 

0 M • ~ 28 m n Cs e K e 

DMF 0 m 
0 a 1 3 54 12 

26 27 28 b 2 4 68 54 

Fig. 2. Yields of the crown compounds 25 and 28 obtained by cyclizations with different alkali 
metal cations [16] 

A comparison of the yields of the crown compounds 28 demonstrates that 
the application of cesium salts leads to significant improvements in yields compared 
to the use of potassium salts. The yield of 28a is increased from 12 to 54 %, whereas 
the increase of the yields of the crown ethers 25 by use of cesium compounds 
is not as significant [16] (Fig. 2). Crown compounds of type 25 had been obtained 
formerly by Pedersen applying the sodium salts [38]. 

A dramatic cesium effect was found by Weber in the case of the synthesis of the 
tetrabenzo crown ether 31, which is of interest for applications in ionselective 
electrodes [39]. The cyclization reactions starting from the cesium phenolate ob- 
tained from 29 and the tosylate 30 under high dilution conditions in DMF led to 
31 in 37 % yield. This is a dramatic improvement of the formerly obtained yield 
of only 6 % in the system KOH/n-bu tano l /e thanol /DMF [40]. 

HO OH 

29 

OTos TosO 

L 2 
o o 

3O 

0s2003 
- - t b , .  

DMF 

36% 

o o 

o o 

31 

Remarkable yield improvements by cesium salts were also observed in the syn- 
thesis of  crown compounds containing pyridine units in the ring skeleton as shown 
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in formula 32. This type of pyridino crown compound aroused interest due to 
its selective formation of inclusion compounds with unbranched aliphatic alcohols 
such as ethanol or 1-propanol [40]. The yields of these cyclizations, which were 
carried out as two-component, high-dilution reactions [1] in DMF, were dramati- 
cally increased by the application of CszCO 3 for the deprotonation of the phenols. 
A yield increase of the pyridino crown 32a from 26% (KOH as base) [40] to 
70% (Cs2CO3 as base) is reported by Weber [41]. 

Cl Cl ~ __~0:~]~0 70% 
+ Cs2C03 0 0 

~ O H  H O ~  DMF ~ 0 O b:[~o~ ~, 65% 

o o Co o-) 
c: o 

¢,b) 
32 a-c  

The pyridino crown compounds 32b, c were obtained by Weber and V6gtle 
by a systematic variation of the spacer groups A. Again a dramatic increase of the 
yields could be obtained by the application of the cesium method [42, 43]: Whilst 
32b in the system KOH/n:butanol was obtained in only 9.4 % and 32c even only 
in traces [40], the cyclization with cesium carbonate in DMF under high dilution 
proceeded in the much better yields of 65 %, (32b) and 33 % (32c) [4i]. 

5.2 Synthesis of  Crown Compounds with CsF as Base 

The application of cesium fluoride as base in the synthesis of crown compounds 
from phenols and the ditosylates of polyethylene glycols was first described by 
Reinhoudt [44]. This method uses the high basicity of weakly solvated ("naked") 
fluoride anions under aprotic conditions and is based on the formation of very 
stable H- -F  bonds (approx. 569 kJ/mol, H--C1 approx. 432 k J/tool for compari- 
son) [8]. 

The applicability of cesium fluoride for the synthesis of smaller crown ether 
rings such as benzo[12]crown-4 (35) was investigated by Bartsch et al. [45]. The 
result of this study was that the 12-membered crown ether 35 and its naphthalene 
analogue 36 can be obtained from the aromatic diols 33 and the tosylate 34 with the 
base cesium fluoride in yields of 29 and 25 %, respectively. This means a significant 
increase in the 4~o yield of benzo[12]crown-4 (35) reported by Pedersen, who 
started with sodium phenolate [38]. 

C (  °.  , IMoCN 
OH i- 0 0 Tos O . Tos 

33 34 35 

/-"k 
o 0 

CLT.o 
25~ 

36  
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The preparation of benzo[18]crown-6 (39) from catecho137 (R = H) and the tosy- 
late 38 with different alkali metal fluorides was studied by Reinhoudt et al. 
[44]. Significant differences in the reactivities of the alkali metal fluorides were 
observed, whereby the cesium salt exhibited the highest reactivity. The benzo[t8]- 
crown-6 (39) was obtained in similar high yields of  67 and 60 % using RbF and 
CsF, but the reaction time was shortened from 65 (RbF) to 17 h by application 
of the cesium salt (Table 4) [44]. 

R 0 0 

~ "OH 
Tos 0 Tos ~ ~ | 0  / 

39 
38 

This method also allows the introduction of substituents, which are sensitive 
towards nucleophilic bases, into the crown ether ring. In such a way, 39 with an 
aldehyde function (R = CHO) was obtained in remarkable 57 % yield [44]. 

The yields of  crown ethers containing condensed arene units were increased 
significantly by cyclizations with the application of cesium fluoride. Bartsch et al. 
[45] isolated e.g. the naphthaleno crowns 42 and 43 from the reaction of 1,8-naph- 
thalene diol (40) and the corresponding ditosylates of the ethylene glycols 41 
using cesium fluoride as the base in yields of 63 % (with NaOH as base: 28 % [46]) 
and 53 % (with K-tert-butanolate as base 7 % [47]). 

csF,oM  
oH Toso o TOS 

L~ n+2 
,(0 /,I ,(2 n=l: 63r. 

~3 n=2: 53~ 

Table 4. Yields of the benzo crown 39 in cyclization reactions with different alkali metal fluorides 

Base (in CH3CN) R Isolated Yield Reaction Time = 
[%1 [N 

LiF, NaF H no reaction 140 
KF H 52 69 
RbF H 67 65 
CsF H 60 17 
CsF CHO 57 23 
(n-C4Hg)aNF H 5 19 
Cs~CO3 (solvent: DMF) H 74 [16] 96 

a Until complete reaction of the tosylate (controlled by nmr) 
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6 Formation of Ester Bonds 

Cesium salts of N-protected amino acids were introduced by Gisin [15] for the 
synthesis of ester bonds under mild reaction conditions in the solid phase synthesis 
according to Merrifield [48]. Cesium salts of short chained carboxylic acids like 
cesium propionate found broad application for the selective inversion of the stereo- 
chemistry of secondary alcohols which could be performed with cesium salts under 
careful reaction conditions [49, 50]. 

R" ..R" NEt3 - 1) C2H~C02 Cs/DMF R" 
H ."'~'OH ~ H ."~OMs ~" HO.~H I~' MsCl F~' 2) hydrolysis t~' 

6.1 Synthesis of Heteroaryl Lactones 

Cesium salts of substituted pyridine-3,5-dicarboxylic acids were used first by Krui- 
zinga and Kellogg for the synthesis of macrocyclic lactones [51]. Kellogg obtained 
the bis-lactone 46 in a one-pot reaction of the cesium carboxylate 44 and the dibro- 
mo compound 45 in 85 % yield without application of high dilution conditions [1]. 
By comparison with other alkali metal carbonates he proved the yield-increasing 
effect of the cesium ions: 

Cs(~O e 0 8 C  ,, ~) 

OH~~HO M2CO3/DMF 

Br 0 Br 

d5 

C-o  
o o 

,~6 

M yield [%] 

Na 5 
K 15 
Rb 45 
Cs 85 

In more recent syntheses of chiral macrocycles containing pyridine units like 48, 
which are of interest in their reduced dihydropyridine-form as model compounds 
for the redox system NADH/NAD e, the yield increasing effect of added cesium 
salts was also used [52]. The yield of 48 was doubled in the cyclization of bis-L- 
valine amide 47 with 1,5-dibromopentane in DMF from 41% (Na2CO3) to 80% 
by application of Cs2CO3. The results of cyclizations with several other alkali 
metal carbonates [52] are shown below. 

(,-(CH2)5~ 
0 OH HO 0 0 0 

~ N H  HN ~''~'<H Br(CH2)5Br ~ N H  HN O~''~u H 

M yield [7.] 

Li 21 
No 41 
K 64 
Rb 70 
Cs 80 

~7 Z8 
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Lactones with "oligoheteryl" units in the macrocyclic ring skeleton can also 
be prepared in good yields from the reaction &cesium carboxylates with dihalides. 
Potts [53] obtained the "triheteryl" lactones 51 with a pyridine (X=CH)  and a py- 
rimidine unit (X= N) in 60 % (X= CH) and 55 ~/o yield (X= N) by cyclizing the 
cesium salt 49 with the dibromo compound 50 using DMF as solvent. 

SCH 3 

~ S  Xl N / S ~  S N S 8 e Br Cs2CO3/DMF 0 Br I~ 0 ~'S 0 S'~O 0 

co, c, co,  c, ( 
o o 

x _ /  
51 

6.2 Synthesis of Arene Lactones 

Crown ether lactones with an azulene unit were synthesized by V6gtle and L6hr 
[54]. They served for studies of the influence of the cation complexation on the 
absorption spectra of the coloured compounds ("chromoionophotes"). The cycli- 
zation of the crown ether ring started from the cesium salt of the 1,3-azulene 
dicarboxylic acid 52 and the ditosylate 53a and 53b and led, under dilution condi- 
tions [1] with DMF as solvent, to the lactones fula and 54b with yields of 66 and 
43 % respectively. 

52 

cs2co3 ~o/-~°~o 

V o, o ° 

53 a: n=3 5ga: m=l 
b: n=+ b: m=2 

6.3 Synthesis of Aliphatic Lactones 

The high yields in cesium assisted crown ether syntheses may be attributed 
partly to a template effect of the cesium ions. In order to estimate the importance 
of such a template effect in cesium assisted cyclization reactions, Kellogg and 
Kruizinga [51 a] synthesized a series of macrocyclic lactones containing an oligo- 
methylene chain, for which a coordination of cesium ions can be excluded. 
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0 

A (CH2)n.?.. 0 DMF 
X(CH2). COeC~ ~ I I 

- C s X  - -  (CH2) 0 O,..[I/(CH 2) ~ 
55 0 

56 57 

Table 5 shows the yields of  the lactones 56 obtained by an intramolecular cycli- 
zation of  the o-halogeno carboxylic acids 55 using cesium ions. The yields are 
compared to those obtained by Corey and Nicolaou [2] using the pyridinethiol 
procedure. 

As a summary of  the investigation, the yields o f  the pyridinethiol procedure can 
be reached using cesium salts with the small as well as the higher ring member 
numbers (56g-k). Thereby the significant simplification of  the cyclization proce- 
dure due to the cesium method, which can be performed as a one pot reaction, 
should be noted. Only in the preparation of  the medium-sized ring compounds 
56b-f  the cesium method yields higher amounts o f  the dilides 57. In these cases, 
the pyridinethiol method leads to better yields of  the desired lactones 56 (Table 5). 

A comparison of  the yields of  the 16-membered ring compound 56i in cycliza- 
tion reactions using different metal carbonates is shown in Table 6: In the series 
of  the alkali metal carbonates the best yields are obtained with Cs2CO3. 
T1 e ions, which possess the highest polarizability in the periodic system of  the 
elements [51a], led to yields which are comparable to those obtained with 
Rb2CO 3 and K2CO 3, whereas by using the alkaline earth metal carbonates no 
reaction could be observed [51]. 

The stereochemical course of  cesium assisted cyclizations was investigated in 
the case o f  the intramolecular reaction of  the enantiomerically pure (R)-mesylate 

Table 5. Yields of the lactones 56 and of the dilides 57 according to 
the cesium method [51] and according to the method of Corey and 
Nicolaou [2] 

56 55 Cs2CO3 Yield [ %] 
Pyridinethiol Method 

n X 56 57 56 57 

a 4 I 7 0  4 - - -  

b 5 Br 0 88 87 7 
c 8 Br 0 95 -- -- 
d 9 I 23 55 -- -- 
e 10 I 33 54 64 30 
f 11 I 62 30 76 7 
g 12 I 77 18 79 6 
h 13 I 72 13 -- -- 
i 1 4  I 83 17 - -  - -  

k 15 I 85 15 88 5 
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Table 6. Yields of the makrolides 56i and of the dilides 57i in cyclization reactions with different 
metal carbonates [51] 

M e Li e Na * K * Rb e Cs * TI e Mg ~* S~ * Ba 2. 

56i 0 54 67 68 80 64 0 0 0 
57i 0 10 9 12 12 8 0 0 0 

58 under formation of the lactone 59 [51]. The cyclization with ces ium carbonate 
in D M F  led in 80 % chemical yield exclusively to the (S)-enantiomer of  the lactone, 
which points to a SN2 mechanism of the reaction [51]. The analogous procedure, 
using potassium or rubidium carbonate, led to the lactone 59 only in 28 % and 
54 % yield, respectively, a determination of the enantiomeric purity was not possible 
due to impurities [51]. 

H 

" t ~ C 0 2  H DMF 

58 59 

7 C--S  Bond Formations 

The preparation of thiamacrocycles of  the cyclophane type by substitution of 
thiolates on suitable substrates usually leads to the desired products in good 
yields [55], favoured by the rigid group principle [56] and by application of the 
dilution principle [1]. On the other hand yields of conformative flexible thia- 
cycloalkanes under similar conditions as a rule are not satisfactory and often low 

[571. 

7.1 Synthesis of Dithiacycioalkanes 

The yields of macrocyclic dithiacycloalkanes 61 in cyclization reactions were 
significantly increased by the introduction of cesium thiolates by Buter and Kellogg 
[17, 58]. The synthesis of  the cyclic sulfides was performed by the reaction 
of dibromoalkanes with the cesium thiolates 60 under dilution conditions [1] in 

D M F  as solvent. 
Whereas by using the sodium thiolates the 9- to 12-membered thioethers 

61a and 61b formerly were obtained only in 5.8 [591 and 0.8 % [57], by application 
of the ces ium effect the yields were increased to 45 % and 63 %, respectively 
(Table 7) [17, 58]. 
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Br(CH z)mBr 
+ 

csese(cH2)nsec8 e 

50 

DMF s S ~  
(CH2). (CH2)m 

61 

The macrocyclic bis-sulfide 61d containing 27 ring members  and the 36-member- 
ed bis-sulfide 61e were obtained analogously in high yields of  80-90 and 90 % 
for the first time (Table 7). 

Table 7. Yields of many-membered dithiacycloalkanes 
61 according to the eesium method [17] 

No. m n Yields [ %] 

CszCO s Na-thiolates 

61a 3 4 45 5.8 [59] 
61b 5 5 63 0.8 [57] 
61 e 10 I0 85 ~ 69 [60] 
61fl 10 10 80-90 ~ -- 
61e 16 18 9 0  b - -  

a Determination by ~H-NMR -- b Raw yield. 

7.2 Synthesis of  Thia-Crown Compounds 

The investigation of  thia crown ethers, e.g. tri thiacyclononane (64, "9S3"), whose 
complexation properties towards transition metal  cations were of  interest [61, 62], 
was complicated for a long time by the low yields obtained f rom the corresponding 
cyclization reactions [63]. The combined application of  the cesium effect and of  
the high dilution principle [1] in the reaction of  t ,2-dichloroethane and the dithiol 
63 led to an increase of  the yield of  64 f rom 4.1% (tetraalkylammonium methano-  
late as the base) [64] to 50 % [65, 66]. 

63 
/--x/---x 

HS S SH 0s2C03 S S 

/--k DMF S 
Cl cI 

62 6,~ 

Though "9S3" (64) in the meant ime has also been obtained in 60 % yield by 
cyclization with a molybdenum template [67], the cesium method is nevertheless 
advantageous on account of  the simplicity of  the one-pot-cyclization procedure 
[65]. 
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The 11-membered chiral tris-sulfide 67 was obtained in a high yield of 80 ~/0 
by Kellogg et al. [16] from the reaction of the D-tartaric acid derivative 66 
with 3-thiapentanedithiol under dilution conditions in DMF. 

 oyco, ,  oSsq s 
O~"'C02Et 2)  MsCI ~ 0 .... CH2OMs 082C03  ~ 0 .... S v )  

65 66 80% 67 

In a similar way the yields of the 12- to 14-membered tetrathia crown compounds 
69a-c were significantly increased by Kellogg and Buter [17], when the dithiols 
68 were reacted with 1,2-dibromoethane and 1,3-dibromopropane under dilution 
conditions [t] by the addition of equimolar amounts of Cs2CO3 (Table 8). 

f -~ / - x -~  , .-~ f - - ,  / - ~  / - ~  
HS S S SH C,200~_ (S S~ (S S ~  C S S ~  

68 + DMF S S S s S S 
pX- x M_/ X__/ X._./ 

Br Br 

X ~__ - -  

or X = CH 2 

88% 72% 76% 
b C 

69 

Yield increases in a similar order of magnitude as in the synthesis of the 
lower homologues were achieved also in the preparation of hexathia[18]crown-6 
("18S6", 72) by the "cesium effect". Cooper et al. [70] obtained 72 from the 
dithiol 70 and the dichloro compound 71 in a one-component dilution principle 
reaction [1] in a yield of 76% using a suspension of cesium carbonate in DMF. 
When the reaction was carried out under analogous conditions with potassium 
carbonate, 72 was isolated in a much lower yield of only 38 % [70]. 

/--A /--A 
70 HS S SH "/~/~'|S~ 

+ 
C82C03: 76~ S S 

Cl S CI 

7t 72 

7.3 Synthesis of Strained Thiacyclophanes 

With the introduction of ring contraction reactions for the preparation of [2.2] --  
phanes such as the sulfone pyrolysis [71] or the photoextrusion of sulfur in 
thiophilic solvents [721, the synthesis of thia[3,]cyclophanes gained in significance. 
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Table 8. Yields of the tetrathia crowns 69a-e 

No. n m Yields [%], base 

Cs2CO 3 NaOR 

69a 2 2 88 4 [68], 6.3 [571 
69b 3 3 72 16 [68] 
69e 3 3 76 8 [69] 

In particular, the yields of strongly ring-strained or sterically hindered dithia[3.3]- 
cyclophanes were increased by the application of cesium salts in the cyclization 
reactions. 

Whereas V6gtle and Ley in the cyclization of 1,3-bis(bromomethyl)benzene 
(73) with thioacetamide [73] under application of different alkali metal carbonates 
found a shift in the ratio of  the "dimeric" [3.3]cyclophane 74 and "trimeric" 
[3.3.3]phane 75 towards higher amounts of  the "trimeric" phane 75 in switching 
over from smaller alkali metal ions to-cesium ions [74], the ring-strained and 
sterically hindered cyclophanes 76-78 could be obtained only after use of  cesium 
carbonate in the solvent D M F  [75]. Synthetic attempts with other bases had met 
without success [76]. 

Br Br 

M * Yield [%] 
74 75 

CH3 )1~ NH 2 Li e 25 10 

~ S S : ' S  S'~ Na  * 26-33 14-17 

M2CO3/DMF ~ [ ~  v ~  K s 26-33 14-17 ' L A  S R b  ~ 18-23 22-27 

Cs * 15-19 25-32 

73 
Br 

Br 

1 5.27. 

s 

75 

74 75 

~ r 

r 

3.6% 

77 

B r v ~  Br 

5.7% 
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Catalytic amounts of cesium carbonate were used in the synthesis of the dithia- 
[3.3]- and oxathia[3.2]pyridinophanes 79 and 80 by Przybilla and V6gtle [76, 77]. 
The pyridinophanes 79 and 80 were obtained in yields of 51 and 33% when 
the cyclization was carried out in ethanol under dilution conditions [1]. 

Cl Cl SH 

Cs2CO 3 
H 

~:e~-BuOK/ 
Cs2C03 r ~  

Br Br 

79 80 

The oxathia[3.2]naphthalenophane 82 was obtained by Billen and V6gtle [78] 
in a yield as high as 78 % by cyclization of the bis(bromomethyl) compound 81 
with the reagent combination Na2S/Cs2C03 in acetonitrile under dilution condi- 
tions. The choice of the solvent was of high importance: If the cyclization was 
carried out not in acetonitrile [79] but in an ethanol/benzene mixture (1 : 1), the 
[3.2]phane 82 could only be obtained in a 2.5 % yield. 

r ~ ~ B r  No2S/Cs2CO ~ F . ~ ~  s 
0 " ~ ~  Br E tOH O ~ ~ . j  

81 82 

The highly strained oxathia[3.1]naphthalenocyclophane 84 was first synthesized 
by Duch~ne and Vrgtle [80], who used the cesium effect in the cyclization of the 
bromide 83 with the reagent combination Na2S/Cs2CO3 in ethanol, yielding 84 
in 5.4 % yield. The sulfide 84 was desulfurized to the highly strained target mole- 
cule oxa[2.1]naphthalenophane 85. 

0 - ~  Br Na2S/C,2CO 5 0 / ~  S 

~ B r  CH3ON - ~ j 

83 8~ 

h~ 

P(OR) 3 

85 
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The dependence of the yield of  cyclization leading to dithia[2.2]cyclophanes as 
e.g. 88 on the combination of base and solvent was investigated thoroughly by 
Vtgtle and Meurer [81]. By using a combination of alkali metal hydroxides and 
ethanol/benzene (12: 1) as solvent under application of dilution conditions, the 
highest yields of the dithia[2.2]metacyclophane 88 were achieved. The use of 
alkali metal carbonates in D M F  led to somewhat lower yields of  88 (Table 9). In 
both solvents the application of cesium salts led to the highest yields. 

+ MX r ~  C02Et HS.~ SH [~C02Et 
solvent Br Br S~S 

86 87 88 

Cyclizations under addition of the alkali hydroxides in DMF or tert-butanol/ 
benzene (12:1) led to a dramatic decrease of the yields. Similarly, the use of  
catalytic amounts of Cs2CO3 in DMF lowered the yields of 88 from 48 % to 
10% [81]. 

A significant "cesium effect" was also observed by Meurer and VSgtle [82] 
in the synthesis of  the naphthalenophane 9t1 formed by reaction of the bis(bromo- 
methyl) compound 89 and 1,3-benzenedithiole. The cyclization carried out under 
dilution conditions [1] with CsOH in ethanol/benzene (10: l) produced the naphtha- 
lenophane 90 in 22 % yield, whereas a change to the base NaOH decreased 
the yield to 7 % [82]. 

.s s. Z 
Br Br S~]/S 

85 89 90 

Table 9. Yields of the dithiaphane 88 obtained with different solvent/base combinations [81] 

Me M2CO3/DMF MOH/DMF MOH/EtOH/ MOH/tert-butanol/ 
benzene (12:1) benzene (12:1) 

Li e 39 -- 34 -- 
Na e 36 -- 44 5 
K ~ 35 -- 47 10 
Rb e 40 15 48 3 
Cs e 48 18 58 6 
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The application of reaction conditions as optimized in the preparation of the 
dithia[2.2]phane 88 allowed Meurer and V6gtle [83] to synthesize the first heli- 
cally chiral dihetera[2.2]metacyclophanes 91 and 92 in 1.9 and 9 % yield. It was 
impossible to isolate these cyclophanes in all the previous attempts where 
cesium salts had not been applied [84, 85]. 

Br Br 

HS ~ N H T s  

CaOH/EtOH/C6H 6 

H S , ~ 0 H  

92 

9~ 

1.9% 

7.4 Synthesis of Manifold Bridged Thiacyclophanes 

V6gtle and Klieser [86] succeeded in the first four-(and fivefold) bridging of the ben- 
zene ring by cyclization of tetrakis(bromomethyl)benzene (93) with the correspond- 
ing tetrathiol 94. Whilst the combination Cs2CO3/DMF led to the isomeric 
phanes 97 in a total yield of 10 %, cyclizations with other solvent/base combina- 
tions such as e.g. KzCO3/DMF only produced the dithia compound 98 [86]. 

X X S ~ [ ~ S  

DMF 

93: X=Br 
94." X=SH s ~ _ . ~ s  
95: X=SCN 

X=[SC(NH2)2] ~ 97 9:7 95: 

The preparation of 97 was optimized later by Misumi et al, by coupling 
of the thiolate 94 formed in situ, using the thiocyanate 95 or the isothiuronium 
salt 96 with the tetrabromide 93 [87]. The formation of reactive thiolate groups in 
the course of the reaction maintains a lower concentration of free thiolate anions 
and thereby restrains side reactions [87]. 

Using the base CsOH in ethanol/benzene (12:1) as the solvent and the isothiu- 
ronium salt 96 increased the yield of the isomeric cyclic compounds 97 to 75 %. The 
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base KOH in ethanol/DMSO (74:1) with a total yield of 56% turned out 
to be less effective. 

The synthesis of the triply bridged trithiacyclophane 100 was achieved by 
V6gtle and Sendhoff in a one-step synthesis starting from the m-substituted build- 
ing blocks 98 and 99 with Cs~CO3 as the base [88, 90]. Due to the slow solubility 
of the starting compounds the reaction was able to be carried out without making 
use of dilution conditions as a heterogeneous cyclization [91] ("heterogeneous 
dilution principle") in ethanol/benzene (1 : 1) and yielded the macrobicyclic tris- 
sulfide 100 in 37% yield. The use of the base KOH in the cyclization reaction 
led to a dramatic decrease in yield to 5 % [90]. 

x 

98 : X = Br  100 
99 : X = SH 

The first sixfold bridge formation in one single step was achieved finally by 
Kigener and V6gtle [92] after many unsuccessful attempts by cyclization of the 
hexaphenylbenzene building blocks 101 and 102 under dilution conditions with 
Cs/CO 3 as a base. The hexathia macropolycyclic compound 103 was obtained 
in this way in 0.1% yield. This yield was increased somewhat later by the above 
mentioned heterogeneous reaction procedure ("heterogeneous dilution principle") 
up to 0.5 % [90]. 

X 

X 

X 

X 

X 

101 : X = Br  

102 : X = SH 
103 
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8 Attempts to lnterprete the "Cesium Effect" 

The particular influence of cesium ions on the course of cyctization reactions 
which is proven by many comparison experiments with different metal cations has 
been called the "cesium effect". As a rule, equimolar amounts of cesium compounds 
are used, which means that one cannot normally speak of a cesium catalysis. 
Nevertheless, a catalytic effect with respect to the cesium cation often cannot be 
excluded. 

Many attempts to interprete the "cesium effect" proceed from the special posi- 
tion of cesium in the periodic system of the elements and in the first main 
group: Cesium forms the cation with the largest ionic radius and follows the 
T1 e ion with respect to the largest polarizability (Table 10). 

Table 10. Some properties of the alkali metal cations [94] 

M • Ionic radius Charge/Surface 

[AI [Z/A:] 

Polarizability 

[A3I 

Li 0.78 0.130 0.03 
Na 0,98 0,085 0.30 
K 1.33 0.045 1.10 
Rb 1,49 0.035 1.90 
Cs 1.65 0.030 2.90 
T1 1.40 [93] 4.30 [51 a] 

Buter and Kellogg proceeded on the assumption that cesium salts of carboxylic 
acids due to their big ionic radii and the high polarizability of the cesium 
cation are present in DMF as weakly solvatized tight ion pairs [51]. This 
assumption was based on measurements, which showed that cesium salts with 
"soft" anions as e.g. delocalized carbanions in T H F  exist as contact ion pairs 
[95], whilst cesium salts with "hard" anions form solvent-separated ion pairs due 
to a stronger anion solvation [96]. Anions which exist as contact ion pairs are usu- 
ally considered to have a strongly lowered reactivity [51 ] compared to free ("naked") 
anions. The reactivity increases further with increasing size of the cations, 
so that anions in cesium salts should take a medium position between the 
low reactivities in contact ion pairs and the more reactive free anions [51]. 
Besides direct consequences on the reactivity of the anions in cesium salts, 
electrically neutral contact ion pairs favour an intramolecular course of cycliza- 
tion reactions and complicate the formation of oligomers, which only can proceed 
intermolecularly by reaction with another electrically neutral ion pair [51]. These 
arguments and the determination of "triple ions" [97] X e - c s e - x  e in the anionic 
polymerization of styrene ("living polymers") hint to a course of the ring closure 
reaction at the surface of the cesium cation, from which a preorientation of the 
reactants due to a coordination at the cesium ion results (Fig. 3) [51]. 
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fs-  -(CH2)n- i ~oe~~...X (CH2)n (CH2)m \ R,,' 
b S ' " ~  R'~B r Fig. 3a and b. "Rolling mechanism"- 

hypothesis at the surface of cesium ions 
in the course of intramolecular cycli- 
zations 

V6gtle and Meurer explained the favoured formation of strained ring compounds 
in the synthesis of cyclophanes by cyclizations with cesium thiolates by a preorien- 
tation (preorganization) of the reactants at the cesium cation [82]. For the 
cesium ion in contrast to the smaller alkali metal cations the capability of forming 
an 11-membered intermediate is ascribed, which would favour an intramolecular 
course of the reaction (Fig. 4). 

In more recent studies by Kellogg et al. [98] the "cesium effect" is explained 
by solubility and ion pair effects. These authors found by determination of the 
dependency of the NMR shifts of 133Cs ions on the concentration, that the 
cesium salts investigated in DMSO are completely dissociated, whereas in DMF 
to some extent ion pairs are present. The determination of the solubilities of the 
alkali metal propionates proved that the cesium salts in DMF as well as in 
DMSO exhibit the highest solubilities. In reactions of aliphatic mesylates with 
alkali metal propionates in DMF and DMSO, Kellogg et al. observed a homoge- 
neous reaction course exclusively with the Rb and Cs salts, the highest yields found 
in every case being with the cesium compounds [98]. As a conclusion of these 
studies, the favoured intramolecular reaction course in many cyclization reac- 
tions with cesium ions is attributed solely to the presence of solvent separated ion 
pairs forming reactive anions and to the high solubility of the organic cesium 
salts [98]. 

More recent attempts to interprete the "cesium effects" suggest models of "dif- 
ferential geometry" [99]. So-called periodic zero-potential surfaces ("POPS") 
and isopotential surfaces ("TFS", "tangential field surface") of the cesium ions 
as templates for organic molecules are proposed. According to these model 
considerations, an orientation of nonpolar molecular substructures at the zero- 
potential surface ("POPS") and an orientation of polar substructures at the 
isopotential surface ("TFS"), take place, which should favour an intramolecular 

/5 e 

& 

Fig. 4. (a) Formation ("preorganization") of an 
1 1 - m e m b e r e d  intermediate during cyclization to 
strained ring compounds by cesium cations. Co) 
With the smaller Na e cation the cyclic intermediate 
cannot be formed (preorganized) because of the 
steric repulsion of the two H i a t o m s  [82] 
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Fig. 5. Profile of the "effective molarity" 
("EM") for the lactone formation from 
bromoalkanoates in DMSO (50 °C). The 
broken line shows the concentration at 
the start of the reaction (10-Zmol/l). 
Substrates drawn above the broken line 
react favourably under cyclization at the 
starting concentration given [102] 

reaction course. On account of different potential surfaces of the alkali metal 
ions due to symmetry reasons, for the cesium ion more favourable interactions 
with organic molecules were predicted compared to the other alkali metal cations 
[100]. To which degree a transfer of these results of "differential geometry", only 
exactly valid for solid-state conditions, is possible for dynamic structures in 
solution, remains uncertain at the present time [100]. 

tlluminati and Mandolini [101] explained the "cesium effect" from a physico- 
chemical point of view solely in terms of ion pair effects. They introduced the 
term "effective molarity" ("EM") to characterize the course of  the cyclization 
reaction [101, 102]. The "effective molarity" is defined as the ratio of  the velocity 
constants of 'the intramolecular reaction (cyclization) and the intermolecular 
reaction (otigomerization): EM = k i , t r , / k l , t ,  [mol/1]. EM therefore is the substrate 
concentration, at which the cyclization and oligomerization proceed with equal 
reaction rates. As a consequence, a concentration below the EM in the course 
of the reaction causes an intramolecular reaction path to be favored [102]. 

Investigations by Illuminati and Mandolini [103] also hint at a participation of 
ion pair effects on the particular properties of the cesium compounds. These 
authors studied the inhibition of cyclization reactions by the formation of contact 
ion pairs. They found that increasing additions of alkali metal bromides inhibit 
the cyclization of 104 to various extents. Addition of LiBr effects the strongest 
inhibition of the reaction, whereas CsBr leads to the highest reaction rate (Fig. 6). 
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Fig. 6a and b. The effect of addi- 
tion of alkali metal bromides on 
the reaction rate in the cyclization 
reactions leading to 105 (a) and 
107 (b) [103] 

63 



Fritz V6gtle et al. 

In the cyclization reaction of benzo[18]crown-6 (107) the reaction rate is also lower- 
ed by  Li * ions, whereas for the other alkali metal cations an increase in 
reaction rates was found. With K e ions on account of a template effect the 
increase of the reaction rate in the crown series was the highest [103]. 

MBr O ~  oe - - - , -  ol:(:cH, ) 
{ ~ 0  (CH2) 12 Br t2 

lOg. 

~ . .  Oo 

0 (OCHiCH2) 5 Br 

106 

105 

o o 

L..o..) 
107 

9 Conclusions 

Many concrete examples taken from the recent literature demonstrate that .the 
utilization of cesium compounds in ring closure reactions with special respect to 
many membered rings has the advantage of higher yields, or cleaner product 
formation, or simpler work-up. Especially in research laboratories the cesium 
effect can be very valuable in synthesizing compounds which without the cesium 
effect cannot be formed, e.g. aliphatic compounds [104, 105], crown ethers 
[106-110], catenanes [111-119], macro(bi)cyclic compounds [120-132] and other 
branches [133-137]. In some cases the oligomer selectivity can be dramatically 
influenced. In recent years, the cesium effect has stimulated macrocyclization reac- 
tions and led to  new compounds not available without its application and it is to 
be expected that the potential of this new synthetic method will bring about more 
examples of structurally exciting molecules not accessible by standard methods. 

The authors kindly thank Dipl.-Chem. Joachim Dohm, Dipl.-Chem. Christian 
Seel and Dr. S. Pask for their assistance in preparing the final version of this 

manuscript. 
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Among the methods for the synthesis of strained macrocycles, the ring contraction of 
unstrained cyclic precursors by thermal elimination of sulfur dioxide ("sulfone pyrolysis") 
is of general importance because it offers access to a large diversity of macrocyctes not 
equalled by other methods. Highly strained macrocycles as well as macrocycles containing 
labile moieties or functional groups can be synthesized. Several bonds can be created 
simultaneously and yields are comparably high. 

In order to fully acknowledge the scope of this method, recent pyrolyses are listed and 
arranged according to structural features. Experimental parameters can be adapted to 
reactivity and stability of the compounds and are listed for purpose of easy comparison, 

By reviewing the reactions listed, it becomes obvious that the potential of this synthetic 
method is not yet fully explored. 
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1 Introduction 

The pyrolytic elimination of sulfur dioxide from cyclic sulfones to give (strained) 
macrocycles (sulfone pyrolysis) counts among the most important reactions in 
cyclophane chemistry. There is hardly any research group dealing with cyclophanes 
which did not make use of the sulfone pyrolysis for the synthesis of such molecules. 
Since its first application in cyclophane synthesis over twenty years ago [1], the 
sulfone pyrolysis enabled researchers to synthesize a wealth of strained cyclophanes 
and developed into a reaction of general importance. 

In 1979, Rossa and V6gtle published a review on sulfone pyrolysis which did 
not only cover examples from cyclophane chemistry but also discussed the pyrolysis 
of acyclic sulfones, of small-membered cyclic sulfones as well as questions of 
mechanisms and practical aspects of the reaction [2]. 

Even though only little new knowledge of theory and practice of the reactions 
exists, the surprising variety of successful sulfone pyrolyses described since 1979 
justifies a new progress report dealing with this synthetic method as a continuation 
(part II) of the first review mentioned above. The following survey deals with the 
application of the sulfone pyrolysis on the synthesis of cyclophanes and focusses 
on the variety of structural types of molecules that can be synthesized via sulfone 
pyrolysis. 

2 General Synthetic Strategies for Strained Compounds 
of the Cyclophane Type 

The synthesis of strained cyclic compounds with carbon-bridges of variable length 
relies on two different strategies for the introduction of molecular strain. 

2.1 Synthesis via Direct Formation of C - C  Bonds 

Some methods introduce strain directly by generating the new C - C  bond in the 
cyclization step [3]. Wurtz-type cyclizations (modification by Miiller-R6scheisen 
[4]) and cyclizations using phenyllithium [5] or other organometallic reagents [3] 
belong to this group. Often these methods suffer from low selectivity and large 
quantities of oligomeric by-products. In addition, they do not work when being 
applied for the synthesis of extremely strained compounds and do not tolerate 
functional groups, which might react with the organometallic reagents applied in 
the cyclization (e.g., carbonyl groups or halide substituents). 

Scheme 1. Direct cyclization yielding the strained target molecule 
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2.2 Synthesis via Ring Contraction of a Less-Strained Cyclic 
Precursor 

As an alternative to direct cyclization the molecular strain can be generated 
stepwise by first synthesizing a less strained cyclic precursor. This precursor is 
constructed in a way as to contain ring elements, which in a second step can be 
eliminated, thus bringing about a ring contraction and an increase in strain leading 
to the strained target compound. Even though this method requires more synthetic 
steps, the high yields of these steps, the high selectivity and tolerance of functional 
groups more than compensate for this disadvantage. 

unstrained 
X precursor 

ring - contraction V////)A ~N~\\\N~ 

- 2 Z  

Scheme 2. Cyclization and subsequent ring contraction for the introduction of 
molecular strain 

3 Cyclizations to Sulfides and Methods for Desulfurization 

The latter method via cyclization and subsequent ring contraction at one or several 
centres in most cases makes use of cyclizations to sulfides [3]. These cyclizations 
follow SN mechanisms and are easy to carry out giving high yields of the cyclic 
sulfides, which are easily isolable [6, 7]. For the ring contraction step, in this case 
a desulfurization step, a variety of methods is at hand: 

- Oxidation of the cyclic sulfides to cyclic sulfones and subsequent thermal 
extrusion of sulfur dioxide in the gas phase ("sulfone pyrolysis"). 

- Oxidation of cyclic sulfides to cyclic sulfoxides and subsequent pyrolysis of 
the sulfoxides [8]; less common method only applicable in a few cases. 

- Oxidation of the cyclic sulfides to cyclic sulfones and subsequent photochemical 
extrusion of sulfur dioxide from suspensions of the sulfones in benzene [9]; 
this method is only applicable for the synthesis of [2.2] phanes without 
photolabile functional groups. 

- Photochemical desulfurization by irradiation of the sulfides in thiophilic 
solvents, e.g., trialkylphospites [10]. 

- Direct pyrolysis of the cyclic sulfides without prior chemical modification [11]; 
special method without general importance in cyclophane chemistry. 
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- Wittig rearrangement of the cyclic sulfides and methylation of the products 
[12] or Stevens rearrangement (after methylation at the sulfur atom) [13]; in 
both cases the rearranged product is subsequently treated with Raney-nickel 
to remove the sulfur, thus yielding sulfur-free cyclophanes; only certain 
functional groups tolerate the reaction conditions for rearrangement and 
desulfurization. 

- Thermal desulfurization with Fe(CO)5 in high-boiling solvents, e.g., toluene 
[14]; this method was only applied in a few cases. 

- Cyclization to selenides and subsequent thermal or photochemical extrusion 
of selenium [15]; this method rarely applied has additional disadvantages in 
terms of costs, toxicity and yield. 

3 . 1  S u l f o n e  P y r o l y s i s  

3.1.1 Advantages of the Sulfone Pyrolysis 

Besides photochemical desulfurization, sulfone pyrolysis allows for the broadest 
range of applications. The compounds which have been synthesized belong to 
classes as different as heterophanes, multilayered phanes, nonbenzenoid phanes, 
molecules containing molecular cavities or "phenylenicenes". The pyrolysis of 
sulfones in the gas phase in comparison with other methods has many advantages: 

- Even "one-sided" or "both-sided" non-benzylic sulfones can be desulfurized, 
an advantage which has been made use of many times as the examples in this 
overview will show. 

- One or several sulfone groups can be removed at a time thus creating up to 
five new C - C  bonds in one step. 

- Unsymmetrical target compounds can be synthesized from the corresponding 
sulfones as well. 

- It gives high yields (up to 95% !). 
- It tolerates many functional groups. 
- Only small amounts of by-products form; in a few cases partially desulfurized 

sulfones have been isolated, which can be submitted to pyrolysis once again. 
- The intramolecular course of the reaction in most cases selectively leads to 

the desired product and only in a few cases rearrangements do occur. 
- Even target molecules having extreme strain can be synthesized; in this way 

a considerable distortion of the rigid adamantane skeleton could be achieved 
for the first time [16]. 

- There is no need for expensive, toxic, or labile reagents. 
- The work-up procedure simply consists of taking up the reaction products in 

a solvent and subsequent chromatography. No by-products or reagents need 
to be removed. 

- The starting materials are mostly crystalline and easily accessible in usually 
high yields (e.g., by application of the dilution principle [6] and/or the cesium 
effect [7]). 
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- The scale of the reaction can be varied between a few milligrams and several 
grams. 

- The reaction conditions can be varied in a wide range thus allowing for 
optimization according to the reactivity of the substrates used. 

3.1.2 Experimental Procedure for the Sulfone Pyrolysis 

Only rarely observations on the influence of reaction conditions on the outcome 
of the reaction have been reported (cf. [2]). Complete sublimation of the starting 
material is important for the elimination to take place in the gas phase. 
Therefore conditions first have to be chosen in a way that complete sublimation 
takes place and the reaction time in the hot region of the apparatus remains short 
("flash pyrolysis"). The temperature for sublimation correspondingly is lower than 
the temperature for pyrolysis. Since temperatures for sublimation are rarely stated 
in the original papers they are not listed in this review. 

Staab et al. in one case studied the influence of the pyrolysis temperature on 
the yield of the reaction [t7]. They varied the pyrolysis temperature in steps of 
20 °C in a range of 500-580 °C. Yields varied between 28% and 86% which is 
surprising in consideration of the small range of temperature variation. The 
optimum yield was achieved using a temperature of 560 °C in this case. In case 
that a sufficient amount of starting material is available, an optimization of the 
reaction temperature therefore seems advisable. The temperature range of the 
examples listed below lies between 450 and 750 °C, most often a value between 
500 and 600 °C has been chosen. This value might therefore serve as a guideline 
for new reactions. Considering the variety of substrates and pressures used, a 
correlation between temperature and yield cannot be deduced from the examples 
listed. 

The reaction pressures applied range between 0.00013 and t3000Pa 
(10-6-100 Torr; 1 Torr = 133.3 Pa), the mean value lying somewhere between 
0.13 and 13.3 Pa (10-3-0.1 Torr). Again there is no discernible correlation. 

In a few cases it has been reported that yields vary according to the scale of 
the experiment without quantification of these observations [17]. Optimization of 
the scale of reaction might be recommendable therefore. According to reactivity, 
volatility, and lability of the substrate, different reaction times seem advisable, in 
this case again there do not exist any general tendencies. 

For substrates with extremely low volatility, Staab et al. used a modification 
of the standard procedure [18], which has been successfully applied for the synthesis 
of kekulene [19]. A closed and evacuated valve filled with the substrate is introduced 
for 3-5 min in a preheated air-bath (ca. 500 °C). Pyrolysis does occur in the solid 
phase, not in the gas phase. However, the sulfur-free products sublime more easily 
than the starting material and after a short time they condensate at a cooling 
device outside the reaction vessel, where the work-up can be carried out as usual. 
Yields are low for this modification; nevertheless, for substrates with extemely low 
volatility (and extremely low solubility of the sulfides as well) this often is the 
only choice available. 
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For larger quantities of substance to be pyrolyzed (e.g., [2.2]paracycloplane), 
V6gtle et al. developed an apparatus for continuous pyrolysis of sulfones which 
allows for continuous introduction of starting material and continuous removal 
of products without breaking the vacuum [20]. 

4 Scope and Arrangement of this Progress Report 

This overview lists as complete as possible those sulfone pyrolyses which yielded 
cyclophanes having been described since 1979. 

It encompasses work published up to early 1990. 150 different pyrolysis reactions 
are classified -- a detailed discussion of each work is not intended. Instead - if 
reported in the original publication - the temperature of pyrolysis, pressure, and 
yield of the reactions are listed in the reaction equations. For some interesting 
cases by-products that have been characterized are listed as well. By this treatment 
the scope of the sulfone pyrolysis becomes obvious. 

The arrangement of the reactions follows structural types: First pyrolyses of 
"both-sided non-benzylic" sulfones, then "one-sided benzylic" sulfones are listed, 
each arranged by increasing number of sulfone groups to be eliminated and 
increasing complexity of the substrate. 

We hope that the creativity of chemists dealing with synthesis of cyclophanes 
as well as synthesis of other classes of compounds will be stimulated to try new, 
creative syntheses of sophisticated, strained molecules. Thus, in view of successful 
fourfold-pyrolyses and the availability of the modification for sulfones of low 
volatility [18], sixfold-pyrolyses of sulfones promise some potential. This synthetic 
method will be undispensable for the synthesis of large, complex, and sophisticated 
molecules. 

5 Pyrolyses of "Both-Sided" Benzylic Sulfones 

5.1 Pyrolyses of "Both-Sided" Benzylic Monosulfones 

These pyrolyses in general give good yields since only one new bond has to be 
created during pyrolysis. Still this variation has seldom been applied. Synthesis 
of the mono-sulfone is in many cases more complicated than synthesis ofa disulfone 

QP 

_ S 0 2 1 ,  - 

Scheme 3. Pyrolyses of "both-sided" benzylic mono-sulfones 
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because more of the structural features of the target molecule have to be 
incorporated into the starting material than in the case of a disulfone. However, 
this variation is useful for the synthesis of unsymmetrical cyclophanes, i.e., 
[m.n]phanes. 

Using this variation, Tashiro et al. obtained in about equal yield the tert-butyl 
protected [3.2]- and [4.2]phanes 2 and 4, respectively [21]. 

/ •  CH'3)3 500"C C(CH3)3 

4 0 0  Po C(~CH 3")3 CH3S02 52% yield 

1 2 

C(CH3)3 500"C ~ H 3 ) 3  
400 Pa 

CH3S°2 s'or, ~o,d ~ 

C(CH3)3 

3 ¢ 

Haenel et al. for their studies of exciplex-interactions used a [3.2] (1,4)naphtha- 
lenophane, the aromatic planes of which are inclined towards each other about 
10 ° to 20 ° because of the different lengths of the bridges [22]. Pyrolysis of the 
mono-sulfone in the gas phase yielded a 1 : 3 mixture of the syn- and anti-phanes 
6 and 7a/b, respectively, that could be separated by chromatography. 

5 

500 *C 
¢.0 Pa 
45 % yield 

1 : 3 

6 70 7b 

V6gtle et al. for the first time synthesized "phenylenicenes", helical compounds 
with non-annulated benzene rings, by pyrolysis of corresponding mono-sulfones 
[23]. The parent-compound, the conformationally rigid benzo[22]metacyclophane 
9 ("triphenylenicene") is helicalty-chirat and could be separated into enantiomers 
showing strong optical rotation. In contrast, benzo[2.2]metaparacyclophane 11 
turned out to be conformationally mobile not allowing for separation of the 
enantiomers [24]. Both phenylenicenes were obtained in yields of about 50%. 
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9 

~ S  600 "C ' ~ ~  13.3 Pa 
02 56~ yield ~ 

10 11 

The corresponding thiopheno-annulated cyclophanes were obtained by Vrgtle 
and co-workers as well [25]. The enantiomers of 15 could be separated; their 
absolute conformation was determined by the method of Bijvoet. The helical 
pentaphenylenicene 17 was produced similarly [26]. 

450-600 "C ~ ~ ]  
53 Po 

02 16~; yield 

12 13 

450--600 "C S ~  40 Pa S ~  
02 19~ yield 

14 15 

550* C 
6.7 x 10 -3 Pa 
60~ yield 

16 17 

Interestingly, the pyrolyses of "clamped" quaterphenyls 19, 21, 23, 25, and 27 
led to remarkably different yields [27]. 19, 21, and 27, which are conformationally 
rigid, were obtained in significantly higher yields than the conformationally more 
flexible quaterphenyls 23 and 25. Possibly the reactive radical-centers, which form 
after homolytic fission of the bonds next to the sulfone group, stay in closer 
contact in the more rigid skeletons compared to the more flexible skeletons. 
Therefore their recombination might be facilitated and the formation of by- 
products decreased. Whether this is a general tendency remains to be checked. 
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600 ° C 

02 42N yield 

18 19 

~ 02 600 ° C 
1.3.:3 Pa 

35~  yield 

20 21 

02 1.33 Pa 

5~  yield 

22 23 

02  600 ° C 
1.33 Pa 

m 
22~, yield 

24 25 

600 ° C ~ . . . ~  
1.33 Po 

3 0 ~  yield 

26 27 

In a remarkably high yield of  85% a clamped anthraquinonophane 29 was 
obtained, which served as a model for investigating the influence of bridging an 
anthraquinone-unit on UV-spectroscopic properties [28]. 

450 - 600 ° C 
67 Pa 

85~. yield 

0 0 

28 29 
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5.2 Pyrolyses of "Both-Sided" Benzylic Disuffones 

Scheme 4. Pyrolyses of"both-sided" benzylic disulfones (e, • ~ aromatic building 
blocks , / -  ~- CH2) 

Hopf et al. in 1989 synthesized [2.2]orthometacyclophane 31a]h, that has long 
been a target of synthetic efforts in cyclophane chemistry [29]. Pyrolysis of the 
disulfone 30 gave in 16% yield a 1:4 mixture of the syn/anti isomers 31a/b and 
two methyl-substituted dibenzocycloheptadienes. An earlier attempt to obtain 31 
by V6gtle et al. in 1970 via the same method failed because of lack of efficient 
methods of separation at that time [30]. In continuation of their work Hopf et al. 
by sulfone pyrolysis also tried the synthesis of [2.2]orthoparacyclophane, the most 
strained of the [2.2]cyclophane hydrocarbons [31]. However, they did not isolate 
the desired cyclophane but a spirotriene 33, that possibly is formed by rearrange- 
ment of the intermediate, sulfur-free diradical and subsequent generation of the 
spirobond. 

1.33 Po 

~"~S02 16 ~ yield "~" 

4 : I 

30 31o 31b 

~ ~  515 "C 
1.33 Pa 

Z-----S02 4-0 Z yield :- 0 
32 33 

Sato et al. otained a variety of substituted [2.2]metacyclophanes 35a-d and 
37a-e in high yields [32, 33]. 
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r•H3 500"C 

0 2 ~  02 (R=EIr)65"6~ yield;'- 

34 ° - d  35 a - d  
R=OCH3,Br, CN.NO 2 

I ~  R6 ~ R  6 
02S S02 500"C ~-~ 

R2=CH3:85~{ yield 
RI=R2~R3=CH3:72.5g yield 
R =R =R =R =CH 3:64~g yield 
R2=H, all other R=CH 3:73~g yield 

For investigations of intramolecular charge-transfer interactions, donor- and 
acceptor-substituted cyclophanes are particularly well suited, since they allow for 
wide variation of substitutents. Interplanar-distance and orientation of aromatic 
planes can be tuned by choosing appropriate bridge lengths. Syn/anti conformatio- 
nal preferences have an additional influence on charge-transfer interactions. 
Severals studies of this kind were undertaken by Staab et al. [17, 34-36]. In usually 
good yields they synthesized methoxy-substituted [2.2]meta- and metaparacycto- 
phanes with bromo-, cyano-, nitro-, or ester-substituents. In the case of methoxy- 
substituted substrates, often a few percent of quinoid by-products do form, e.g., 
40, 41, and 44, which have been isolated in some cases. 

/~.~jE~H 3 520 "C ~ H  3 
02SxO_CH 3 9CH3 ~ 02 0.67 Pa H 3 C ~ /  

BO ~ yield~"~ OCH3 

39 
38 

+H3C~ + 

1.5 g yield 1.5 ~ yield 
40 41 

OCH3 [ ~  
H3OO-~oOCH30.13560"0pa 

+ 
~ - - ~  "S02 50~,1~. yield,resp. 

42 43 44 
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H3C(3~50CH3  ;;= yield 
OCH 3 

OCH 3 

45 46 47 

--.•SO0 ! 540" C H3CO CH3 0.13 P° 

H3COOC COOCH3 50,.0.5, yield,resp. 

48 

H• 
H3 OCH3 

H 3 + C~OOCH3 CH3 
49 50 

H3CO---~oOCH 3 ~ ~  480-500.C ~ H 3 ~  H3 0.13-1.33 Po 
N C ~¢~l~-U~N 11.5, yield 

NC 
51 52 

Only the synthesis of the mono-nitro species 54 but not the one of the 
corresponding dinitro-compound succeeded. In the latter case, the tetrahydropy- 
rene-derivative 56 forms by removal of the intraannular groups. 

580 "C 
0 8  Po ~ 2  

0 2 N - - ~ 0 2  70 , yield 0 2 N - - ~  

53 54 

H3C CH3 3.3 Po 
~ _ _ 0 ~  w'- H3CO NO 2 

02 N 02 78Z yield 

55 56 

The synthesis of the [2.2]paracyclophanes 59, 60, 62, 64, 66, and 68 containing 
the tetracyanobenzene-moiety and different donor-substituents required due to 
the extremely low volatility of the corresponding sulfones a modification of the 
experimental standard-procedure (cf. Sect. 3.1.2) [18]. 
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02S.--,~Br 
H 3 C O ~ c H 3  

Br .COOCH 3 

57 

500 ~ H3co~B~cH 3 
0.13 Pe ,~- Br~OOCH3 
66 g yield H3COOC ~ 

4 

59 

02~'->~._/Br 
H3CO~ocH3 

+ Br L._ ~02 
H3COOC--N~-COOCH3 

58 

H3C O ~ % C H  3 
+ H3COOCB~_COOCH3 

1 

6O 

~ S  520 "C 
0,13 P• 

0 2 S ~  02 9 ~ yield # N ~  

61 62 

~ S  500 °C NNC~~N N 
02S 02 0,13 Pa 

27 ~ yield H3C CH 3 
63 64 

~ S  520 °C 
H ~  0.13 Po N ~ O H  3 02S 02 8 % yield ~ 

C CH30" 

65 66 

"-~--~ . N S ~  S 520"C N ~ 3  
0.13 Po 

0 0 2 ~  2 19~ yield 

H3CO~OCH 3 
67 68 

As an intermediate of their synthesis of [2.2]metaparacyclophane-quinones, 
Tashiro et al. obtained 70, that could not be completely demethylated with boron 
tribromide [37]. Using the tert-butyl group as a positional protecting group, these 
authors also tried the synthesis of [2.2]metacyclophanes 72a/b containing in- 
traannular halide-substituents [38]. The preparation of the difluoro compound 
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72a was successful, whereas the dichloro-substituted molecule 72h was only 
obtained in 5% yield and the dibromo derivative was not accessible at all. 

450"C ~ 3  
400 Po 

02S v~3 SO 2 
68% yield 

C(CH3)3 

69 70 

f •  CH3)3 500.C C(CH3)3 

267 -400  Pa C(~CH3)3 0 2 S ~  S02 X = F : 17.5% yield 

X = CI : 5% yield 
C(CH3) 3 

71 o/b 72 o/b 

Similar [2.2]metacyclophanes 74a-k were obtained by pyrolysis as well [39]. 
The yields of these reactions vary without systematic pattern between 10 and 
95%. Several tetrafluoro[2.2]metacyclophanes 76a,c,d and an octafluoro[2.2]meta- 
cyclophane with a completely fluorinated aromatic moiety 76b were also accessible 
by sulfone pyrolysis [40]. 

r_~CH~)3 

0 2 S ~ 0 2  

73 a - j  

5oo-c ~ C H 3 ) 3  
400 Pa 

R = R' = ~ :  12% yield 
R = R' CH 3 : 59% yield ~rF,,J ,, 
R = R' CH2CH 3 : 70% yield "~'~n3'3 
R = R' = CH2CH2CH3 : 70% yield 
R = R' = OCH 3 : 6,3% yield 
R = H, R' = CH 3 : 10~ yield 
R = CH 3, R' = CH2CH 3 : 75% yield 
R = CH3, R' = CH2CH2CH 3 : 86~ yield 
R = CH2CH 3, R' = CH2CH2CH 3 : 93% yield 
R = CH3, R' = OCH 3 : 95% yield 

74 a - j  

75 a-d 

470"C F : ~ ~ .  
67 Pa 

IIL- 
R = R' = R'" = H : 44~ yield 
R = R' = R" = F : 8 8 ~  yield R 
R = OCH3, R' = C(CH5)3, R" = H : 

6% yield syn, 39% yield anti 
R = R" = el l3, R' = H : 44~ yield 

76 o-d 
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Misumi et al. successfully tried to apply the sulfone pyrolysis to heteroaromatic 
systems such as 78 [41]. Even though yields were lower than for the carbocyclic 
analogs, the pyridinophanes 80, 82, 84, 86, 88, and 90 have been obtained, which 
by other methods are difficult to synthesize [42]. 

L~ N no 
conditions 

0 2 ~ J  S02 reported 

R R = H, CH 5, OCH 3, 
COOCH 3, NO 2 

77o-e  

- ~ S  500-700" C 
02 02 23% yield ~ 

79 

500- 700" C 
0 2 l ~  SO 2 S  2~ yield 

81 

500-700" C 
0 2 L ~  SO 2 S  5~ yield 

83 

700 
10.7 Po 

°2L.4-~j._s°2~ is % yield 
85 

L-<-N. 700 ~C 
10.7 

0 2 ~ S 0 2 S  5 % yield 

87 

L~N 700 °C 
10.7 

0 2 % j  02 5% y~eld 

89 

R 

78o--e 

80 

82 

84 

86 

88 

9O 

The [2.2]naphthalenophane 92 served in a project by Haenel et al. as a model 
for investigations of  transannular ~-interactions in strongly distorted aromatic 
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systems [43]. The naphthalene moiety in 92 is particularly distorted since it is 
forced together with a para-disubstituted benzene moiety. Surprisingly, a by- 
product 93 containing two naphthalene units was isolated in 13.5% yield. The 
formation of the bridging C - C  bond in the intermediate diradical mono-sulfone 
is supposedly aggravated in such a way that prior to the bond formation the 
second sulfone group becomes eliminated. Besides p-quinodimethane, a free 
naphthalene diradical forms that then dimerizes to give the chiral naphtha- 
lenophane 93. 

9t 93 

500 *C 
13.3 Pa 

+ 

9 %, 13.5 %, resp. 

92 

A chiral naphthalenophane 95 with two bromo substituents related to 93 is 
described in a further publication [44]. At the same time 96 forms, which by 
halide-metal exchange and subsequent hydrolysis was transformed into the 
corresponding achiral naphthalenophane. A similar naphthalenophane 98 was 
synthesized by Boekelheide et al. starting from the corresponding disulfone 97 [45]. 

94 

550 °C 
13.3 Po 

16 % yield 

Br 

3 1 

95 96 

o2~ ~ soo-c 
S02 65~ yield 

97 98 

Model compounds for amine-arene-exciplexes were constructed by Haenel et 
al. by positioning pyridine or pyrazine units above naphthalene or anthracene 
units [46, 47]. On oxidation of the sulfides to give the sulfones, the sterically more 
easily accessible nitrogen which is pointing "outwards" becomes oxidized as well 
to give the N-oxides 105 and 107, respectively. On submitting these sulfones to 
sulfone pyrolysis the N-oxides become reduced again thus yielding 106 and 1@8, 
respectively [48]. 
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- " ( ~  500-550 °C 
13.3 Pa 

yTetd 

99 

S 2  500-550 =C 
13.3 PQ 

65 ~ yield 

101 

103 

El • 

5,3 Pa 

0 2 S ~  47 ~ yield 

105 

® 
~ ~  550 °c 

5.3 Pa 

36 % yield 
~ o u  2 

107 

1o0 

102 

500 °C 
40 Pa ~ 

28 ~ yield 

I04 

r 

106 

10B 

Even cyclophanes containing large aromatic units such as pyrene, anthracene, 
or benzophenanthrene units or partially hydrogenated annulated systems can 
easily be desulfurized via sulfone pyrolysis, as Staab et al. have shown in a series 
of works on such compounds [49 53]. 

109 

so2 

500 ° C 
t 3.3 Pfl.. 

16~; yi~Td 

110 

111 

500 13 
13,3 Pa 

no yield given 
112 

113 

86 



02S  :o2 
114 

Synthesis of (Strained) Macrocycles by Sulfone Pyrolysis 

o 2 s ~  
+ L ~ ~ j s ° 2  

115 
5OO 

13.3 Po ~ ~ + 

32 % yield 

116 117 

, , o c  
0.13 Po 

~ ~,./S02 45 F. yield 

118 119 

2 / ~ ~  46O *C 
0 0.13 Po 

S02 62 = yield 

120 121 

4 5 0  *C 

0.13 Po 
0 2 ~ / S 0 2  6,:.3 % yield ~-- 

122 123 

A highlight in this field certainly is the successful pyrolysis of 124 to give 125 
in 75% yield, an intermediate in the synthesis of kekulene [19]. 

500* C 
0.t5 Po 
75% yield 

124 125 

Not only annulated systems but also oligophenyls were successfully prepared 
by sulfone pyrolysis (cf. 127, 129, and 131) [54, 55]. 
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02S SO 2 

126 

500" C 
t .3  x t04. Po 

no yield given 

127 

4 5 0 - 5 0 0  "C 
67 Po 

7 0 - 7 5 ~  yield 

128 129 

450 "C 
133 Po 

77~ y~eld 

130 131 

A series of stereochemically interesting p-terphenylophanes 133, 135, 137, and 
139 was described by V6gtte et al. [56]. They served for the study of rotational 
barriers of the central benzene rings in dependence of the bridging moieties. 
Especially interesting in this respect is 137 possessing an intraanular phenyl group, 
obtained by pyrolysis in remarkable 82%. 

650"C 
1.3 x 10 - 4  Pa 

26~ yield 

132 

r~:~o~ 65o 'c  
1.3 x 10 - 4  Pa 

32~ yield 

134 

650"C 
1.3 x 10 - 4  Po 

82~¢ yield 

136 

650"C 
sO2 1.3 x 10 - 4  Po 

54~¢ yield 

138 

133 

135 

t37 

139 
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For related studies other cyclophanes with intraannular phenyl groups were 
designed by V6gtle et al. [57]. In a surprisingly high yield of 85% the parent 
compound 8-phenyl[2.2]metacyclophane 141 could be isolated. Stacked benzene 
rings without direct connections to the aromatic planes lying above and below 
offers compound 143 with a biphenyl unit. For the purpose of spectral comparison, 
146 without an intraannular phenyl group was prepared. 

600"C 
1.3 x 10 - 4  Po 

02 02 85~ yield I~ 

140 141 

600, C 
1.3 x 10 - 4  Pa 

75~ yield 

t 42 

144 

600"C 
1.3 x 10 - 4  Po 

42~, 26= yield, resp. 

1 ,$3 

+ 

2L, 
145 

14,6 

The doubly clamped helix 148, designed by V6gtle et al., which also contains 
stacked benzene rings was accessible by sulfone pyrolysis from 147 in 37% yield [26]. 

02S•02 
650 * C 
6.7 x 10 - 3  Pa 

37~ yield 

147 1+8 

Further sulfone pyrolyses of both-sided benzylic disulfones by Haenel et al. led 
to the [2.2]phanes 150 and 151 possessing the fluorene skeleton [58]. By reduction 
to the 9-fluorenyl anion an aromatic unit can be incorporated into these phanes. 
Even fluorene units tolerate the conditions for the pyrolysis giving an example 
for carbonyl-containing phanes that can be synthesized by sulfone pyrolysis. 
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02S ~ 7 
l ~ ~ j  S02 

t49 

500 °C 
13.3 Pa .~ ~ + ~ 
25 g, 1 ~ yield, resp. 

150 151 

02S ~ 7 

0 
152 

500 °C 
13,3 Pe 

17 ~, 3,7 % yield, resp. 

153 154 

500 "C 

0 SO 2 p 
18 % yield 

0 
155 156 

158 und 160, anthraquinone derivatives described by V6gtle et al., which also 
contain carbonyl groups are interesting because of their electrochemical behavior 
[281. 

i i°, 
0 

157 

450 - 600 ° C 
67 Pa 

27% yield 
0 

1 5 8  

450 - 600 ° C 
67 Pa 

27~ yield 

0 0 

159 160 

Labile functional groups form part of the phanes 162, 164, and 166 prepared 
by Tashiro et al. [59]. After complete construction of the molecular skeleton by 
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sulfone pyrolysis, the 1,2,5-thiadiazol unit is transformed by treatment with 
Grignard-reagents into 1,2-dicarbonyl units forming the bridges. 

r ~ ' s 0 2  620 "C 

"N ~ 46~= yield 'N 
SO 2 

161 162 

I ~ " h ~ ' ~ S O 2  620 "C 

S 57~ yield = SN 
~ t , , ~ L . . . / S 0 2 ~  

163 164 

~N. 200 Po :- ~. .  

'N ~ 47~. yield 'N 
$0 

165 166 

A non-benzenoid, aromatic unit is incorporated into the tropolonophane 168, 
which by Ito et al. has been transformed into a [2.2]tropoquinonophane [60]. 

OH OH 

200 F'o 

02 02 no yield given 

167 168 

5.3 Pyrolysis of "Both-Sided" Benzylic Trisulfones 

Surprisingly, no pyrotyses of this type have been carried out during the time 
covered by this overview; for examples of this type refer to the earlier review from 
1979 [2]. 

5.4 Pyrolyses of "Both-Sided" Benzylic Tetrasulfones 

The pyrolysis of tetrasulfones in general leads to lower yields than in the case of 
disulfones because there are more opportunities for recombination reactions and 
rearrangements. Nevertheless, there are a few examples for successful pyrolyses of 
this type that give products which are not or hardly accessible by other methods. 
Low yields therefore are acceptable in these syntheses. 
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Scheme 5. Pyrolysis of "both-sided" benzylic tetrasulfones 

V6gtle et al. submitted a mixture of cyclic tetrasulfones 169 and 170 (the sulfide 
products of the cyclization were not separated but directly oxidized) to a sulfone 
pyrolysis at 600 °C [61]. However, the product was shown not to be the desired 
four-fold-bridged cyclophane but a doubly clamped 1,2-dihydrocyclobutabenzene. 
Only an increase of the pyrolysis temperature to 750 °C led to successful formation 
of the desired [2.2.2.2](1,2,4,5)cyclophane 171 in the mixture of products. Manyfold 
ortho-clamped phanes prior to this work were not accessible by sulfone pyrolysis. 

o. 

02 

169 170 

750 ° C 
20 Pa ~ 

27% yfeld 

171 

02 "4- 1.33 Pa 

13:¢ yield 

172 173 174 

By the same method, a mixture of tetrasulfones was pyrolyzed by V6gtle et al. 
to yield the extremely strained biphenytenophane 174 [62]. The isomer derived from 
172 does not form. A four-fold intraannularly phenyl-substituted tetrasulfone was 
transformed by V6gtle et al. by sulfone pyrolysis into the sterically extremely 
crowded phane 176 [57]. The high-temperature NMR spectrum of 176 leads to 
the conclusion that at temperatures of more than 120 °C the phenyl rings are able 
to pass the inner region of the macrocycle. 

600 'C 
1.3 x 10 - 4  Pa 

48~ yield 

175 176 

92 



Synthesis of (Strained) Macrocycles by Sulfone Pyrolysis 

"C-ppedo-" and "cappedophanes" are names coined by Hart et al. for systems 
accessible by sulfone pyrolysis, that possess an open ("cuppedo-", in 178, 180, and 
182) or dosed ("cappedo-", in 184) molecular cavity [63]. The central phenyl ring 
in the m-terphenyl moiety adopts a position perpendicular to the outer, neighbour- 
ing phenyl rings, thus allowing introduction of substituents, which point into the 
center of the cavity, as exemplified in 182 and 184. 

02S SO 2 450-500 °C ~ / ~ \  ~,,~,~ 
O ~ ~ S  ~ 1.33 Po 10 ~ yield 

177 178 

•0•2S•S 27 = yield 

179 180 

~ S 0 2 @  ~ 450-500 "C @ 1..33 Po 
21 ~ yield 

X=H,D 
t 81 a/b 1820/b 

02S SO2 450-500 "C ~ ~ ~  

24 g, 32 g 
X = H, D yield, resp. ~L~ °2s 

1830/b t84~/b 185a/b 

6 Pyrolyses of "One-Sided Non-benzylic" Sulfones 

6.1 Pyrolyses of "One-Sided Non-benzylic" Monosulfones 

There are no examples of pyrolyses of this type even though there is no obvious 
reason against making use of this combination. 
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6.2 Pyrolyses of "One-Sided Non-benzylic" Disulfones 

The pyrolysis of "one-sided non-benzylic" sulfones offers access to phanes having 
aliphatic bridges to [3.3]phanes or even higher phanes [3]. 

o,,p 

- 2 S 0  2 
S 

d'"o 

Scheme 6. Pyrolysis of "one-sided non benzylic" disutfones 

Misnmi et al. by this method bridged a cyano-disubstituted benzene ring with 
aliphatic chains of 8 to 10 carbon atoms as in 187a/b [64]. The yield of the 
less-strained phane having the 10-membered bridge is higher than for the more 
strained derivative. 

S [CH2]r~N~ ~ 630" C [ell2] 

0 2 S - , ~ . ~ S 0 2  n=8 : 43= yield L~'- C~~NN 
"CN n=lO : 30X yield 

m=6,8 n=8,10 
186e/b 187o/b 

Staab et al. investigated clamped benzophenones [65]. The benzene rings in 
these compounds are arranged nearly "face-to-face" depending on the flexibility 
of the bridging moiety. For these [m.1]phanes (189a-e), yields increase with 
increasing number of ring-members, whereas yields for the related clamped 
triphenylmethane systems 191a-d and 193a/b behave reverse [66]. Higher number 
of ring members leads to lower yields in this case. Introduction of a tert-butyl 
group in p-position of the exocyclic phenyl ring in 193a/b lowers yields consider- 
ably. Possibly the conditions of pyrolysis lead to cleavage of this substituent during 
reaction. 

580 '~C 

0.013 Po ~ H2]n ~ O ~ S ' / ~ - - ~  n=6 : 33 = yield 
[cH2]n ~ o °=7 : 28 = ~eld Ec 

\ n=8 : 35 ~ yield 
02S.v,..~e'~ n=9 : 70 % yield 

n=lO: 76 ~ yield 

188 o-e  189 e - e  
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500-600 °C H ~  
1.3,.3 Po 

[c n=3: 80= yield 
n=4: 84= yield 
n=5: 85= yleId 
n = 6 :  5 0 =  yield 

n=3,4,5,6 

191 o-d  

o2s""~-~ ff"i~ c(cH93 

0 2 S ~  

192 e /b  

1.33 P0-13.3 P~ 
n=3 ;18.3= yield"- [ C H k ~ z " ~ H  ''zf 
n=4:32 = yield 

193 o~b 

Tropolonophanes 195 and 197 bridged with aliphatic chains are described by 
Ito et al. [67]. Ether cleavage of the intraannular methoxy substituent can be 
carried out before or after pyrolysis; however, the hydroxy substituent seems to 
better tolerate the conditions of pyrolysis leading to higher yields for this order 
of synthetic steps. The bridging aliphatic chain can be substituted by chains 
containing benzene rings in different patterns of substitution, thus leading to 
[3.3]tropolonophanes 199 and 201 [68]. 

S ~ ~ ~  S 530-540 °C 
267 Pe 

02 02 18 = yield ~- 

194 195 

480-500 °C 

02 0 "~ 2 5.2 = yield 

196 197 

HO OH 

S O t i S  500 ° C [ ~  67 Po 02 02 
no yield given 

198 199 
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HO 
~ S  500* C 67 Pa 

02 02 no yield given 

OH 

200 201 

"Araliphanes", phanes containing alicyclic building blocks such as the ada- 
mantane building block besides aromatic building blocks, were first described by 
V6gtle and Dohm [16]. The adamantanophane 203 was accessible by sulfone 
pyrolysis in a remarkable yield of 50%. The high yield is surprising considering 
the extreme strain of this compound. This strain not only leads to a stronger 
distortion of the benzene ring than in the comparable [2.2]metacyclophane but 
even more remarkably leads to an extreme distortion of the rigid adamantane 
skeleton as shown by x-ray crystallography. This example again proves the 
synthetic power of the method since there is no other method by which a 
comparable distortion of the rigid adamantane could be achieved so far. 

~ , , j S ~ O  2 550 "C 0.013 Po 
50~ yield 

202 203 

Most examples of pyrolyses of "one-sided non-benzylic" disulfones come from 
the synthesis of [3.3]- and [4.4]phanes. The parent compound [3.3]paracyclophane 
205 so far only was obtained by ring-enlarging methods in low yields. Haenel 
et al. succeeded in synthesizing this compound by sulfone pyrolysis in 75% starting 
from the readily available corresponding sulfide and sulfone, respectively [69]. 

The same reaction yielding 205 was carried out by Misumi et al. in 75% yield [70]. 

520 "C 
13.3 Pa 

0 2 S x . . ~ , ~ / S 0 2  mox. 75~ yield 

2O4- 205 

650 "C 
13--67 Po 

02S' , , . .~.__/S02 75= yield ~ 

20,$ 205 
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They also prepared related phanes by sulfone pyrolysis such as [3.3]metaparacy- 
clophane 207 (40% yield) and [3.3]metacyclophane 209 (52% yield). The synthesis 
of a cyano-disubstituted [3.3]phane 211 is described in a separate publication by 
the same authors [71]. 

650 "C 
1.3-67 Po 

°2s~_.C~._.#o 2 4ox ~,~ = 

206 207 

. ~  650 "C 
13-67 Pa 

02S _/SO 2 52Z yield ~'~ 

208 209 

~'~ 630 "(2 
67 Pa 02 02 I~ 
49 ~, yield 

210 211 

For their investigations of intramolecular charge-transfer interactions, Staab 
et al. designed several donor- and acceptor-substituted [3.3]phanes [18, 34, 72-75]. 
Compared to the [2.2]phanes they have the advantage of possessing less distorted 
aromatic moieties, at the same time having interplanar distances allowing for still 
sufficient n-interaction. Methoxy substituents and ester groups as acceptor units 
were applied as donor substituents, which later in the synthetic sequence can be 
transformed into TCNQ units. For the purpose of comparison, compounds having 
only methoxy or only ester groups were synthesized as well. Depending on the 
system, quinoid structures such as 218 or 219 are being formed during pyrolysis. 

H 3C O~ ' - ' ~c~OCH 02S~ ~.-~- ,m e,a2 3 H , 3 C O ~ ~ C H  3 

H 3C0--"I~#~0 OH 3 H3CO--~--~>---OCH 3 

" ~  570"C / 21~ yield 
212 ~ 214 

O2 
H3CO~-COCH3 H 3 C O - ~ - - O C H  3 

26% yield 
213 215 
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3 560 "C 
0.54 Po 

0 2 S ~ 0 2  55 ~ yield 

216 + 

~ 7  

20 ~= yield 4 ~ yield 

218 219 

Another feature to be taken into consideration is the ratio of syn/anti isomers. 
222 and 223 as well as 230 and 231 can exist in pseudo-geminal or pseudo-ortho 
forms. Assignment was in a few cases only possible by x-ray crystallography. 

0 2 ~ ~  0 ~ 3  600 "C 0.13 Po 

3 2 + 0 2 S ~ ~ 0 2  - - t , -  

220 

+ H + + 

H 3 H 3 

9.5 ~ yield 22 ~ yield 5 ~ yield 5 ~ yield 

222 223 224 225 

580 "C 
0.13 Po 

0 2 S ~ s 0 2  72 ~ yield 

H3C00C- 
226 

227 

.,COOoC,-  _cooc., 
H3CO ~. .~I -OCH3 

H3CO 
228 229 

580"C H3COOC ~ ' - -  COOCH3 H3COOC ~ COOCH 3 
0.1,3 Po = , ~ . ~ .  OCH 3 + H3C 0 ~ " ~ -  OCH 3 
29~, 14~ yield, resp, H3CO- - 

2 3 0  231 
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Further interesting systems such as 233, 235, and 237 containing a tetra- 
cyanobenzene unit and different substituents at the opposing benzene ring were 
prepared by pyrolysis as well. 

N 2 S ~  0 11%580"C 0,1,.3 Po 
0 2 yield ~ 

232 233 

N CN 

0 2 ~  02 

H3~ "CH 3 
234 

° 2 . S ~ s 0 2  

236 

580 "C N ~  
0.13 Pa 
18~ yield 

235 

580"C 
0.13 Pa 

11% yield 
H3CO 

237 

[4.4]Paracyclophane (239), the parent compound of the [4.4]phanes was 
synthesized by Misumi et al. in 76% yield [70]. Similarly, a dicyano substituted 
[4.4]phane 241 was obtained in 48% yield [71]. In consideration of the complexity 
of the system, a 5% yield of the triple layered [4.4][4.4]paracyclophane 243 
represents another proof for the potential of the sulfone pyrolysis as a synthetic 
tool for the construction of sophisticated molecules [70]. The long bridges in 243 
minimize distortions in the triple-layered system, thereby offering a perfect model 
system for the study of transanular n-interactions. 

650 "C { ~  
13-67 Po 

02SLx~ ~ ~02 76% yield ~ 

238 239 

6 5 0 , 0  
02 02 67 Pa 

4.8 ~ ~e~d 

240 241 
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~ / S O  2 650 "C 
0 2 S ~  67 Po 

5 ~ yield 

24-2 24-3 

As in the case of the comparable [3.3]phanes, Staab et al. obtained during 
synthesis of tetramethoxy-substituted [4.4]phanes a mixture of the pseudo-geminal 
isomer 246 and the pseudo-ortho isomer 247 and additional quinoid by-products 
[76]. 

0 02 + 0 02 0.13 Po 
457, yield (1: 2) 

"OCH 3 H3CO" 

244 245 

H3CO H3CO 

246 247 

Synthetic efforts of these researchers extended to the synthesis of the [5.5]phanes 
249 and 250 and even the [6.6]phane 252 [77]. The high yield of 42% for the 
[6.6]phane shows that the potential of the sulfone pyrolysis is not yet fully used 
for similar or higher systems. 

OCH 3 0.13 Pa H3 

H3CO" T H3CO" T 32 = yield + :} 

1 : 1 
248 249 250 

,,/OCH3 520-540 °C ~ OCH3 
1.33 Pa 

H3CCY"~ H3CO" T 42 ~ yield 

~0 

251 252 
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[3.3]Phanes containing condensed aromatic units are accessible by sulfone 
pyrolysis as well. Two such phanes, 254 and 256, are described by Misumi et al. [70]. 

02 ~ 650 "C 13-67 Po 

~ S02 13= yield # 

253 254- 

650 "C 
S L ~  S 13-67 Po 

02 02 37~ yield ~ 

255 256 

Haenel et al. investigated [3.3]naphthalenophanes as model systems for excimers 
[78]. Pyrolysis of the sulfone 257 possessing two 2,6-disubstituted naphthalene 
units led to a 3 : 2 mixture of diastereomers consisting of the achiral phane 259 
with mirror-symmetry and of a slightly crossed, chiral phane 258. A mixture of 
a slightly crossed and a clearly crossed phane 261 and 262, respectively, was 
obtained after pyrolysis of the (2,6)(1,5)sulfone 260. Pyrolysis of 263 containing 
two 1,4-disubstituted naphthalene units resulted in a 3 : 2 syn/anti mixture of 264 
and 265 [79]. The absorption spectra of the syn and anti isomers show more 
differences than in the case of the comparable [3.3] or even [2.2]phanes. 

~ ~  5OO °C 
02 13.3 Po 

~ 02 ~-- 
47  ~ yield 

257 

580 °C 
0 02 5.3 Po 

5t if; yield 

260 

3 

258 

2 

259 

3 0  : 1 
261 262 

650 "C 
27 Pa 

0 2 S ~ , ~ _ / S 0 2  28Y~ yield 

263 
: 2 

264 265 
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Dehydrogenation of [3.3]- and [4.4]octahydropyrenophanes 267 and 269 gave 
fully aromatic pyrenophanes, serving as model systems for excimers in studies by 
Staab et al. [80]. 

A C4-bridged anthraquinonophane 271 was described by V6gtle et al. [28]. 

SO 2 

266 

0 2 ~ 0 2  

268 

580-600 °C 
2.7 x lO-4pa 

25 ~ yield 

267 
580-600 *C 
1.3 x lO-4pa 
69 ~. y~eld 

269 

02S/---~S02 

0 0 

270 271 

6.3 P y r o l y s e s  o f  "One-Sided Non-benzylic" Trisu i fones  

The parent compound [3.3.3](1,3,5)cyclophane 273 was prepared by Misumi 
et al. in moderate yield [70]. By formal substitution of a benzene ring in 273 by 
a CH-group, 275 is obtained, which was synthesized by Pascal et al. [81]. The 
methine hydrogen atom points inwards and is exactly positioned above the 
aromatic plane, leading to a strongly high-field shifted 1H-NMR absorption at 
-4.03 ppm (!). 

0 2 s / ~ S 0 2  

Scheme 7. Pyrolysis of "one-sided non-benzylic" trisulfones 
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S••/S 650=C 
02 02 13-67 Pc, 

16= yield m 

272 273 

~ S  500-600" C 
02 33 Po 
o 2 s ~  02 ii~ ~,d = 

274 275 

6.4 Pyrolyses of "One-Sided Non-benzylic" Tetrasulfones 

%,o  O,,s,O 

x - - S  ~ S - - "  
d'"o 6""o 

Scheme 8. Pyrolysis of "one-sided non-benzylic" tetrasutfones 

As an alternative to the synthesis of the [5.5]phanes, 249 and 250, respectively, 
by pyrolysis of the one-sided non-benzylic disulfone 248, Staab et al. tried the 
pyrolysis of a one-sided non-benzylic tetrasutfone 276 to give 249 and 250 [77]. 
The yield of 15% compared to 32% shows that the concept works but suffers 
from loss of carbon fragments and from increasing rearrangements due to the 
higher number of bonds to be formed in the pyrolysis of the tetrasulfone. 

0,~ ~0 O, o0 

+ ~ 3  

0" "0 0" % 3 c 0 ' ' ' ' ' "  

1 1 
276 24-9 250 

7 Pyrolyses Under Simultaneous Loss of Fragments 

In a few cases pyrolysis and ring contraction occurs under simultaneous loss of 
carbon-fragments (mostly ethano units because of synthetic reasons). The benzylic 
side of the disulfone undergoes recombination, whereas the ethano bridge and 
both the SO2 groups become cleaved and eliminated. 
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-C2H 4 
02S\, S02 -2S02 

Scheme 9. Pyrolysis under simultaneous loss of fragments 

This loss of fragments offers an alternative to pyrolysis of a highly strained, 
hardly accessible, both-sided benzylic monosulfone. A one-sided non-benzylic 
disulfone containing an ethano bridge in most cases is easier to synthesize in 
particular when incorporated into a highly strained skeleton. Two examples for 
this strategy were described by V6gtle et al. [26, 82]. The pentaphenylenicenes 
278a/b (P and M) and 17 were obtained in 46% and 9% yield, respectively. By 
incorporation of a bridge into the helix inversion of the helix is made more difficult 
and separation of the enantiomers should be possible. 

02•02• 600 ° C ~ 
6.7 x 10 -3 P o  + 
46~ yield 

P M 
277 2780 278b 

~ ) ~  650 = C 
6.7 x 10 -3 Pa 
9~ yield 

02Sx..._/S02 

279 17 

8 Concluding Remarks 

The large variety of examples presented in this review show the universal 
applicability of the sulfone pyrolysis as a unique synthetic method for the 
construction of complicated and strongly distorted molecular (hydrocarbon) 
skeletons bearing more-or-less rigidly (pre)organized aromatic and aliphatic 
structural units. Future synthetic efforts will focus on sulfone pyrolyses of 
oligosulfones, thus allowing for formation of several bonds in one step. So far, 
no case of six-fold sulfone pyrolysis has been described, but it is to expect, that 
in the light of  successful four- and five-fold pyrotyses there will be successful 
six-fold pyrolyses in the future as well. 
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Pyrolysis of one-sided non-benzylic monosulfones still waits for application for 
the synthesis of strained unsymmetrical cyclophanes. 

As some of the examples show, extremely strained molecules are easily accessible 
and fascinating distortions will be achieved by introducing strain by sulfone 
pyrolysis. 
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Macrocyclization methods by means of ring closure from linear bifunctional precursors are 
critically reviewed. The scope of this article is limited to macrocychc natural products and, 
to some extent, their model compounds. However, not only macrolides, but all kinds of 
macrocyclic natural products which have been synthesized by ring closure reactions are 
covered. The commonly used ring closure methods in recent literature include those involving 
lactonization, lactamization, C - C  bond formation, C = C bond formation, ether formation, 
amine formation, and e x o  ring formation. The activation of one or both interacting sites 
of the bifunctional linear precursor is the central issue of some ring closure methods. 
Stereochemistry plays an important role in ring closure reactions. Only when the stereo- 
chemistry of the linear precursor allows its two interacting sites to reach each other occurs 
a successful ring closure. If the adopted conformation of a linear precursor sufficiently 
resembles that of the corresponding macrocycle a ring closure can be very facile. 
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I Introduction 

The structural elucidation ofcivetone and muscone as large-ring ketones by Ruzicka 
[1] in 1926 earmarks the origin of macrocyclic chemistry. Generally, the term 
maeroeycle refers to medium(8- to l l-membered)- and large(12-membered or 
bigge0-ring compounds and the :term maerolide, coined by Woodward [2], refers 
to that subset of macrocycles which incorporates a lactone moiety [3]. Macrocyclic 
compounds constitute a large spectrum of natural products, e.g. macrolide 
antibiotics [4], alkaloids [5], and terpenes [6]. 

In recent years, many efforts have been focused on the synthesis of macrocyclic 
natural products, especially macrolide antibiotics [7]. The central issue in this area 
is the construction of macrocyclic rings. Three fundamental strategies are available 
for this purpose. They are ring enlargements [8], e.g. cleavage of the bridged bond 
in a bicycle (Scheme 1) [9], ring contractions, e.g. base-induced intramolecular 
acyl transfer (Scheme 2) [10], and ring closure reactions (Scheme 3) 

0 

C O (  ~ 1. Na/NH3, -78°C, 30 min. N 
O N 2. NH4CI 

83% 0 

1 2 
Scheme 1 

LDA, THF,-78°C, 40 rnin. o - ~ S  0 

Me,/N~/O 100% MeHN,~ 

3 4 
Scheme 2 

5 6 

Scheme 3 
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However, ring closure of bifunctional acyclic precursors is the most direct and 
general method, though such a cyclization is usually disfavored because of the 
loss of entropy and the gain of ring strain associated with the ring formation and 
requires high dilution techniques. Therefore, specially efficient methodology has 
to be devised in order to reach ring closure: not every intermolecular reaction 
can be employed intramolecularly! For instance, Scheme 4 illustrates such a 
difficulty. Before a Reformatsky-like aldol condensation was found successful, 
all attempts to effect direct aldol ring closure of linear precursor 7 to macrocycle 
8, using 35 different conditions had proved fruitless (cf. Section 4.1) [11]. 

''" o 
// 

0 

7 8 

t 
O 

Et2AICl-Zn 
I L  

23% 

Br O O 

9 10 

Scheme 4 

Macrolide synthesis has been extensively reviewed by several authors in the last 
few years [7]. Synthesis of macrocyclic compounds, most being unnatural, via ring 
closure reactions by high dilution techniques was discussed by Rossa and V6gtle 
[12] in volume 113 of this series. And, Mandolini and coworkers [13] discussed 
the mechanistic aspects of macrocyclic ring closure reactions. However, all the 
macrocyclic natural products other than macrolides have not been equally treated. 
This contribution aims to cover all kinds of macrocyclic natural products and 
concentrates exclusively on the key cyclization step. In the following sections, 
efficient methods of r ing  closure from linear bifunctional precursors 5 to ma- 
crocycles 6 as delineated in Scheme 3, which have developed recently in the 
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synthesis of macrocyclic natural products and are generally applicable in further 
synthetic pursuits, are dicussed according to the type of bond formed in the ring 
closure step. 

2 Methods Involving Lactonization 

To make intramolecular esterification feasible it is always necessary to activate 
one or both interacting sites of a hydroxy acid precursor. All the methods of 
macrocyclic ring closure involving lactonization come from this principal idea. 

2.1 The Corey Method 

In 1974, Corey and Nicolaou [14] found that hydroxy acid I1 can be efficiently 
activated by 2,2'-dipyridyl disulfide (DPDS). ~ As shown in Scheme 5, in the 
presence of triphenylphosphine, 11 reacts with DPDS yielding 2-pyridinethiol 
ester 12. The proton transfer from hydroxyl group to carbonyl in 2-pyridinethiol 
ester 12 is facilitated by the basic nitrogen of the pyridine nucleus and a dipolar 
intermediate 13 is formed. Then a facile, electrostatically driven cyclization occurs. 

HO 

11 

HO 
12 

% 
14 

. ~  Ph3P 
S~S 

@O 

13 

0 

? + 
H2 

I 
H 

15 

Scheme 5 

t A tist of symbols and abbreviations is given in chapter I0. 
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The 2-pyridinethiol ester 12 can also be prepared from hydroxy acid and 
2-thiopyridyl chloroformate in the presence of triethylamine [15]. 

This double activation method has been successfully used in numerous syntheses 
of complex natural products [7]. Plata and Kallmerten [16] claimed that this 
procedure was the most reliable one examined for effecting macrocyclization in 
the synthesis of the naturally occuring antibiotic (+)-18-deoxynargenicin A t (18). 
As shown in Scheme 6, treatment of  the hydroxy acid 16 with DPDS in the 
presence of triphenylphosphine led to a thiolester, which upon slow addition to 
refluxing xylene afforded macrocycle 17 in 38% yield. The latter was converted 
to 18. 

0 

Meo,,.r" T ,T "" 
H02C.~ ~I ~ OH 1. OPDS, PhaP 

2. xylene, 140°C 

16 

Scheme 6 

O 

Meo...r TAT "" 

°- C 
1 7 : R = H  

18:R= . , ~ \ N  , /  
II H 
0 

An improtant modification of the Corey method was reported by Gerlach and 
Thalmann [17], who used silver ions (AgCIO4 or AgBF4) to activate the 
2-pyridinethiol ester by complexation as indicated in Scheme 7. 

Alg HO--CH2 -/ Ag HO__CH2./ H2 

20 19 15 

Scheme 7 

This modification has been applied to the synthesis of the macrotetrolide 
antibiotic nonactin (22) by Gerlach et al. [18]. As shown in Scheme 8, the linear 
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hydroxy acid 21 was first converted to 2-pyridinethiol ester and then treated with 
silver perchlorate. In benzene solution at 25 °C (0.5 h) a 20% yield of the cyclic 
tetramers was obtained, whereas the yield rose to 40% in acetonitrile at 80 °C 
(1 h). From the four possible tetrameric diastereoisomers (starting with racemic 
nonactic acid) only three were observed. Nonactin (22) composed 25% of the 
mixture and was isolated by chromatography (cf. ref. 7a). 

Two superior, alternative reagents for the Corey method are the disulfides 23 
and 24 [19]. For example, in the first synthesis [20] of erythronolide B (27), the 
aglycone of the important antibiotic erythromycin B, cyclization of the hydroxy 
acid 25 to the t4-membered tactone 26 was effected in 50% yield via the thiol 
ester of 4-t-butyl-N-isopropyl-2-mercaptoimidazole by heating in dry toluene 
under reflux (Scheme 9). 

2.2 The Mukaiyama Method 

In 1976, Mukaiyama et al. [21] developed an efficient macrocyclization method 
mediated by 1-methyl-2-chloropyridinium iodide (28). As shown in Scheme 10, 
the mechanism of this method is similar to that of Corey. It was found that 
triethylamine is the most suitable base and optimal yields were obtained in refluxing 
acetonitrile or dichloromethane. 

O "~ Et3N I 
+ Ct ~ ~ ? + 

HO le l H2 1 
Me Me 

11 28 29 15 30 

Scheme 10 

Ley et al. [22] recently applied this method to the total synthesis of the antibiotic 
(+)-milbemycin t91 (33). Thus, hydroxy acid 31 was cyclized to macrolactone 32 
in good yield (more than 49%) by slow addition (over 9 h) of a solution of 31 
and triethylamine in acetonitrile to a refluxing solution of 28 in acetonitrile 
(Scheme 11). Another recent application of the Mukaiyama method is due to 
White and Botton [23]. 

Mukaiyama and coworkers [24] found that 2-chloro-3-methoxymethyl-l-me- 
thytpyridinium iodide is also suitable for effecting macrolactonization. Fur- 
thermore [25], the cyclization mediated by the 2-chloropyridinium salts described 
above sometimes gives no satisfactory yields. It is mainly due to the decomposition 
of the pyridinium salts under the cyclization conditions by the attack of 
triethytamine to either the 1-methyl group or the 2-position of the pyridinium 
ring to form 2-chloropyridine or 2-ammoniopyridinium salts. To solve this 
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problem, a stable pyridinium salt, 2-chloro-6-methyl-l,3-diphenylpyridinium 
tetrafluoroborate (34) has been developed as an efficient reagent for lactonization. 
2,4,6-Triphenylpyridine or 2,6-dimethylpyridine, instead of triethylamine, is used 
as a base and in addition benzyltriethylammonium chloride is necessary to achieve 
lactonization. Prostaglandin F2~1,15-tactone (37) was synthesized by this method 
[25]. Thus, as shown in Scheme 12, a 1,2-dichloroethane solution of the hydroxy 
acid 35 was added to a 1,2-dichloroethane solution of 34, 2,6-dimethylpyridine 
and benzyltriethylammonium chloride under reflux over 4.25 h. After reflux for 
another 1 h, the lactone 36 was obtained in 91% yield. 

Meanwhile, Mukaiyama et al. [26] developed another similar procedure, by the 
use of  6-phenyl-2-pyridyl esters, for the synthesis of macrocyclic lactones. This 
method has been used in the synthesis of  ( + )-ricinelaidic acid lactone (40) [27]. 
Thus, as shown in Scheme 13, a mixture of 6-phenyt-2-pyridone, 2-chloro-1- 
methylpyridinium iodide (28), and triethylamine in dichloromethane was stirred 
at room temperature for 1 h. To this solution was added a dichloromethane 
solution of the hydroxy acid 38 and triethylamine under reflux over 6 h to give 
the activated ester 39 in 99% yield. A dichloromethane solution of 39 was added 
to a p-toluenesulfonic acid solution in dichloromethane under reflux over 11 h. 
Acid-induced lactonization led to the macrocycle 40 in 96% yield! 

38 

O'~Ph  28, Et3N, CH2CI2, A 
H 

TsOH, CH2CI 2 
OH ( 7  e Ph A 

Scheme 13 

2.3 The Masamune Method 

In the total synthesis of the macrolide antibiotic methymycin (49), Masamune 
and coworkers [28] developed a new macrolactonization method which makes use 
of the electrophilicity of  Hg(II)  toward bivalent sulfur. It involves the S-t-butyl 
thiolester 44 of the hydroxy acid 41 and employs mercuric trifluoroacetate as 
an activating agent. The required S-t-butyl thiolester 44 can be prepared in high 
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yields from the corresponding hydroxy acid 41 and thallous 2-methylpropane- 
2-thioate (T1SBu t) via the acid chloride 42 or the mixed phosphoric anhydride 
43 (Scheme 14). The question of whether the reaction proceeds via the suggested 
mercury complex 45 or through the intermediacy of a mixed trifluoroacetic 
anhydride 46, or both, has not been fully clarified [7a]. An advantage of this 
method is that the S-t-butyl thiol ester group can serve as a protecting group and 
it can be introduced at an early stage of synthesis. 

0 0 0 0 0 
II 

R"JL"OH ~ R'/[L"CI or R/JL"O"P~ -'OEt TtSBu' R~...SBu ' 
OEt 

42 43 

S~Ul O OF 3 
45 46 

41 

S c h e m e  14 

44 

In Masamune's methymycin synthesis [28b], the S-t-butyl thioester 47 upon 
treatment with 2 equiv of mercuric trifluoroacetate in acetonitrile solution (0.01 M) 
at room temperature for 1 h afforded the lactone 48 in up to 30% yield (Scheme 15). 
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HO Hg(CO2CF3)2, CH3C N 
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I " 
Bu t 
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S c h e m e  15 
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HO "~..,,,~ 
1~11 oo" 

r '  "OR 

48 : R = TBDMS 
H o ~ M e 2  

49 : R = ...z.~u....../1 M e 

Huang and Meinwald applied the Masamune method to the synthesis of the 
l l-membered lactonic pyrrolizidine alkaloid crobarbatine acetate. However, 
mercuric trifluoroacetate, a mixture of mercuric chloride and cadmium carbonate, 
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and copper(I) trifluoroacetate all failed to lactonize the thiol ester. In all cases 
the starting material was quantitatively recovered. Finally copper(I) trifluorome- 
thanesulfonate-benzene complex was found to effect the crucial lactonization in 
reasonable yield [29]. 

Masamune et al. [30] found that benzenethiol ester is also suitable for ion 
lactonization. Tatsuta et al. [31] applied this method to the synthesis of the 
antibiotic A26771B (53). Thus, seco acid 50 was treated with diethylphos- 
phorochloridate and triethylamine in THF for 3 h to give the corresponding mixed 
phosphoric anhydride, which was in turn converted to the benzenethiol ester with 
thallium benzenethioate in 93% yield from 50. After deacetonation with di- 
fluoroacetic acid, the resultant trio151 was treated with Na2HPO,  and AgCO2CF3 
in benzene at 70 °C for 3 days and the 16-membered lactone 52 was obtained in 
10% yield (Scheme 16)! The medicinally important antibiotics, carbomycin B and 

josamycin, have also been synthesized using this cyclization procedure [32]. 

THF, 20°C, 3 h .% 
" ..... 2. PhSTI, 20°C, 1 h " 

HO 
H 3. F2HCCOOH, MeOH P h S . ~  ~-'~../" V 

o oH 
50 51 

CF3CO2Ag o, .... .. 

Phil, 70~ ~ CO2H 

3 days O O...w ~ 

I I  52 53 0 

Scheme 16 

2.4 Mixed Anhydride Methods 

2.4.1 Mixed Pivalic Anhydride 

This procedure has been used by Roush and Blizzard [33] in the synthesis of the 
macrocyclic mycotoxin verrucarin J (55). Thus, seco acid 54 was treated with 2 
equiv ofpivaloyl chloride and 3 equiv oftriethylamine in dichloromethane (0.01 M) 
and the resultant mixed anhydride was treated in situ with 4-pyrrolidinopyridine 
(4-PP) to effect the ring closure at 23 °C. Verrucarin J (55) was obtained in up 
to 60% yield (Scheme 17). The mixed pivalic anhydride method has also been 
applied, e.g. to the synthesis of verrucarin B [34] and 4-epiverrucarin A [35] as the 
key cyclization step. 
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Scheme 17 

2.4.2 Mixed 2,4,6-Trichlorobenzoic Anhydride 

This procedure was developed by Yamaguchi and coworkers [36]. Yamada and 
coworkers [37] applied it to the synthesis of the macrocyclic pyrrolizidine 
alkaloids ( - )-integerrimine and (-)-monocrotaline. For instance, in the synthesis 
of (-)-integerrimine (58) [37a], treatment of seco acid 56 with 1.1 equiv of 
2,4,6-trichlorobenzoyl chloride and 4 equiv of triethylamine in THF at room 
temperature for 2 h afforded a mixed anhydride which was slowly added to 
refiuxing toluene containing 6 equiv of 4-dimethylaminopyridine (DMAP) over 
1.5 h followed by refluxing for 2 h. The cyclized product 57 was obtained in 75% 
yield (Scheme 18). 

2SCH3 

HO2C 
OH = i " /O  1. 

Cl 

2. toluene, DMAP, A 

/ % OR 
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COCI 
CI,,I~T,C 
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57 : R = CH2SCH 3 
58:  R=H 

56 

Scheme 18 

2.4.3 Mixed 2,6-Chlorobenzoic Anhydride 

Zwanenburg and coworkers [38] modified the Yamaguchi procedure in the 
synthesis of the 12-membered macrolide patulolide C (61). Mixed 2,6-chtoro- 
benzoic anhydride, instead of mixed 2,4,6-trichlorobenzoic anhydride, was used. 
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Thus, as shown in Scheme 19, treatment of the hydroxy acid 59 with the 
commercially available 2,6-dichlorobenzoyl chloride, triethylamine, and DMAP 
in toluene at 100 °C gave the cyclized product 60 in 67% yield. 

COCI 0 
 ooc c"o-c'  

~ O T B D M S  'EtaN, DMAP ~ OR 
toluene, 100°C 

59 60 : R = TBDMS 
61:R=H 

Scheme 19 

2.4.4 Mixed Phosphoric Anhydride 

In the particular case of the synthesis of the 14-membered polyoxomacrolide 
narbonolide, direct cyclization through the activation of thiol ester failed and 
then the mixed phosphoric anhydride derived from diphenylphosphorochloridate 
was developed to effect cyclization by Masamune and coworkers [39]. Fukumoto 
et al. [40] applied this procedure to the synthesis of the macrocyclic alkaloid 
vertaline (63). Thus, seco acid 62 was treated with diphenyl phosphorochloridate 
and triethylamine followed by refluxing in benzene in the presence of DMAP at 
high dilution afforded 63 in 54% yield (Scheme 20). 
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2.4.5 N,N-Bis(2-oxo-3-oxazolidinyl)phosphordiamidic Chloride 

Another useful reagent for macrolactonization via mixed phosphoric anhydride 
is N,N- bis(2-oxo-3-oxazolidinyl)phosphordiamidic chloride (BOP-CI, 64), which 
was used by Corey and coworkers [41] in the first synthesis of aplasmomycin (67), 
a novel boron-containing macrocyclic antibiotic. As shown in Scheme 21, the 
linear precursor 65 was treated with 3 equiv of BOP-C1 (64) and 7 equiv of 
triethylamine in dichloromethane at 23 °C for 6 h to give the dilactone 66 in 71% 
yield. 
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2.4.6 Mixed Trifluoroacetic Anhydride 

The mixed trifluoroacetic anhydride method played an important role in the first 
synthesis of the 14-membered macrolide zearalenone (70) by Taub et al. [42]. 
Hydroxy acid 68 was treated with trifluoroacetic anhydride (TFAA) and lactone 
69 was obtained in 15% yield (Scheme 22). 

OCH 3 • OR O ! 
~ C O H O H  ~ 1.TFAA ~ ~ O  
II I 1 2. separation I I  . I  

CH30 ' / / O R O A  ~ / ~ /  O 
68 69 : R = CH 3 

70:R=H 
Scheme 22 

2.4.7 Mixed Sulfonic Anhydride 

In a model study for erythronolide B, White et al. [43] synthesized lactone 72 
from hydroxy acid 71 via a mixed sulfonic anhydride. Thus, as shown in Scheme 
23, exposure of 71 to p-toluenesulfonyl chloride and triethylamine in benzene 
followed by chromatography afforded 72 in 52% yield. 

~1~  OAc ~ ~ l ~ i A c  
TsCi, Et3 N, Phil 

L-..oHCOOH 
71 72 

Scheme 23 

2.5 Cyclization Mediated by the Mitsunobu Reaction 

Macrolactonization can also be achieved by the Mitsunobu reaction [44] with 
inversion of the configuration of the alcohol. The reaction principle and mechanism 
are demonstrated in Scheme 24. Addition of triphenylphosphine to diethyl 
azodicarboxylate (DEAD, 73) forms a quaternary phosphonium salt 74, which 
is protonated by hydroxy acid 11, followed by phosphorus transfer from nitrogen 
to oxygen yielding the alkoxyphosphonium salt 76 and diethyl hydrazinedicarboxy- 
late 75. Then, an intramolecular S~2 displacement of the important intermediate 
76 results in the formation of the lactone 15 and triphenylphosphine oxide. 
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Seebach et al. [45] employed this procedure in the synthesis of the germination 
self-inhibitor gloeosporone (79). Treatment of seco acid 77 with 2 equiv of DEAD 
and 2 equiv of triphenylphosphine in benzene (0.005 M) for 10 min afforded the 
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macrolactone 78 in 67% yield (Scheme 25). The Mitsunobu reaction has been 
widely used for macrolactonization. Another example is the synthesis of the 
macrolide toxin (+)-latrunculin B [46]. 

A further reaction mechanistically similar to the Mitsunobu reaction as shown 
in Scheme 26, with the use of N,N-dimethylformamide dineopentylacetal (80), 
can also be employed for macrolactonization [47]. Takei and coworkers [48] 
applied it to the synthesis of the macrocyclic antibiotic A26771B (53). As shown 
in Scheme 27, treatment of the linear precursor 82 with 80 in refluxing 
dichloromethane for 7 h afforded the lactone 83 (39% yield). 
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Scheme 26 
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Scheme 27 

2.6 Cyclization Mediated by Carbodiimide 

Dicyclohexylcarbodiimide (DCC) is a well known reagent for peptide bond 
formation. It is also a useful activator for macrolactonization. However, DCC 
alone does not give satisfactory results. Boden and Keck [49] found that the 
combination of DCC and a proper base, normally DMAP, works perfectly. 
Hanessian et al. [50] used the DCC-DMAP system in the synthesis of the antibiotic 
( + )-avermectin B~, (86). As shown in Scheme 28, macrolactone 85 was obtained 
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in 30% yield from the linear hydroxy acid 84. A couple of other natural products 
[51], such as the macrotide milbemycin E and the cyclodepsipeptide geodiamolide 
A have been recently synthesized using this procedure as the key cyclization step. 

\ "+) o Y  \ 

o- y ..,,,, ° 2 Y  ....... 
OH OH 

84  85: R = H 

Scheme 28 

Another carbodiimide, 1-cyclohexyl-3-(2-morpholinoethyl)carbodiimide me- 
thyl p-toluenesulfonate, has been used for macrocyclization in the synthesis of 
milbemycin f13 [52]. 

2.7 Activated Ester Methods 

In fact, many methods discussed above, such as that of Corey and Mukaiyama, 
in the final analysis, fall into the activated ester class. Several other "real" activated 
ester methods are given below. 

2.7.1 Imidazole Ester 

In the first synthesis of the dilactonic antibiotic pyrenophorin (89) by Raphael 
and coworkers [53], imidazole ester was used to achieve cyclization. As shown in 
Scheme 29, the linear precursor 87 was converted to the imidazolide by the action 
of diimidazol-l-yl ketone (Im2CO) and followed by 1,5-diazabicyclo[4.3.0]non-5- 
ene (DBN) induced cyclization to give the dilactone 88 in 60% yield. 

2.7.2 "Push-pull" Acetylene Derived Ester 

In the synthesis of brefeldin A (92) by Gais and Lied [54], seco acid 90 was 
lactonized to 91 with the "push-pull" acetylene 93 (Scheme 31) in 71% yield 
(Scheme 30). The mechanism is outlined in Scheme 31. 
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2.7.3 (Methylsulfonyl)methyl Ester 

Narasaka et al. [55] developed a macrocyclization method utilizing (methyl- 
thio)methyl (MTM) group as an activable protecting group of carboxylic acid. 
As shown in Scheme 32, the macrocyclic pyrrolizidine alkaloid integerrimine (58) 
has been synthesized using this method as a key step. Thus, hydroxy MTM ester 
96 was oxidized with hydrogen peroxide-Mo(VI) to (methylsulfonyl)methyl ester 
97, which was treated with 1 equiv of n-butyllithium or (triphenylmethyl)lithium 
(TPMLi) in THF, yielding the lactone 98 in 40% yield. 
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O - Z ~  BuLi or TPMLi 
OH 
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96: R = CH2SCH 3 
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Scheme 32 
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2.8 Cyclization Mediated by Organotin Reagents 

In 1980, Hanessian and coworkers [56] developed an organostannyl oxide-induced 
lactonization method which can be used in the synthesis of macrocycles. For 
instance, 15-hydroxypentadecanoic acid has been converted to the corresponding 
lactone by treating with 0.1 equiv of n-BuzSnO in refluxing mesitylene for 20 h 
in 60% yield. As demonstrated in Scheme 33, the mechanism of this reaction is 
envisioned to involve complexation, loss of water, and cleavage of the catalyst 
n-Bu2SnO with incidient lactone formation. This procedure is promising but the 
reaction is reversible, heavily depending on the nature of the substrate, the 
concentration, and the type of organotin oxide used. A similar method, which 
also depends on the coordinative ability of organotins, has been reported by 
another group simultaneously [57]. 
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2.9 Other Methods 

2.9.1 Intramolecular Ketene Trapping 

Recently, Boeckman and Pruitt [58] demonstrated the use of dioxolenones as 
precursors of 13-acyl ketenes, which can be thermally generated under mild neutral 
conditions in the absence of other nucleophiles and trapped intramolecularly by 
the hydroxy group to afford good yields of macrocyclic lactones. The 16-membered 
macrolide (-)-kromycin (102) has been synthesized in this way by thermolysis 
of the 13-acyl ketene precursor 101 in toluene at high dilution (0.0001 M) in 70% 
yield (Scheme 34). 
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2.9.20xazole as Masked Activated Ester 

Oxazoles may be used as masked forms of activated carboxylic esters since they 
readily form tertiary amides on reaction with singlet oxygen. Wasserman et al. 
[59] applied this principle to the synthesis ofdi-O-methylcurvalarin (105). As shown 
in Scheme 35, the oxazole containing precursor t03 was readily converted in 31% 
yield by photooxygenation to the corresponding tertiary amide 104, which 
underwent acid-catalyzed cyclization in refluxing benzene to yield 105 (30% yield). 
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2.9.3 Activation of Hydroxy Group 

The hydroxy part of a hydroxy acid can also be activated for macrolactonization. 
Vedejs et al. [60] applied such a strategy to the synthesis of the macrocyclic 
pyrrolizidine alkaloid monocrotaline (108). Thus, the seco acid derivative 106 was 
first mesylated with MsC1/Et3N in dichloromethane, and the crude product was 
added over 3 h to an excess of tetrabutylammonium fluoride trihydrate in 
acetonitrile at 34 °C to effect ring carboxy deprotection and ring closure to give 
107 in 71% yield (Scheme 36). It has been noted that the active intermediate of 
this kind of lactonization may be an allylic chloride rather than a mesylate [61a]. 
In addition, an intramolecular nucleophilic displacement process of chloride from 
an e-chloro ketone moiety by a remote carboxylate has been recently reported 
as an efficient approach to macrocyclic keto lactones [61b]. 

--% .... 
.,~ i "  "C02(CH2)SiMe3 

0 - ' ~  OH 
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Scheme 36 
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2.9.4 Oxidation of Hemiacetal 

In the synthesis of verrucarin J (55) by Fraser-Reid and coworkers [62], triol 109 
was treated with pyridinium dichromate (PDC) for 3 days, resulting in oxidative 
cleavage of the adjacent diol to the corresponding aldehyde and further oxidation 
of the presumed cyclic hemiacetal intermediate gave 55 in 50% yield (Scheme 37). 

Yo Yo 

109 55 

Scheme 37 

2.10 Stereochemistry, Another Important Factor 

The stereoelectronic theory of organic chemistry has been established on the basis 
of experimental evidence [63]. Most types of organic reactions depend upon the 
relative stereochemistry of the particular electron pairs concerned. Only when the 
electron pairs are properly oriented in space the reaction takes place. This principle 
also applies to ring closure reactions. 

Woodward et al. [64] extensively investigated the structure/reactivity relation- 
ships of macrolactonization in the course of the synthesis of erythromycin, one of 
the biologically most important mold metabolites. They found that the proper 
functionalization of a linear precursor is critical for the successful lactonization. 
For example, all attempts to lactonize seco acids 110 and 111 using several of 
known methods including Corey's and Masamune's were uniformly unsuccessful. 
However, as shown in Scheme 38, subjection of seco acid 112 to the Corey method 
furnished lactone 113 in 70% yield. The conclusion is that certain structural 
features of the linear precursor are required for efficient lactonization: a) (S) 
configuration at C(9) and b) "cyclic" protecting groups at C(3)/C(5) and 
C(9)/C(11). These structural characteristics arise from conformational require- 
ments for lactonization. In particular, the required pattern of cyclic protecting 
groups in a (9S) precursor may assist in adopting a conformation sufficiently 
resembling that of the corresponding lactone to facilitate ring closure. 
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Scheme 38 

The same structural requirements have been recently recognized by Stork and 
Rychovsky [65] in the course of  the total synthesis of (+)-(9S)-dihydroery-  
thronolide A, though a different ring closure method was employed. In addition, 
a further structural requirment for efficient lactonization has been found. Seco 
acids 114 and 115 failed to lactonize while seco acid 116 was cyclized using the 
DCC-DMAP method to lactone 117 in 64% yield (Scheme 39). The explanation 
is as follows: The conformation in solution of the C(8)-C(11) portion of 117 is 
shown in Fig. 1, in which a 1,3-diaxial interaction is present between R 2 and C(8). 
Therefore, when R 2 is an alkyl group, the resulting severe interaction should make 
cyclization of the seco acid very unfavorable. 

Yonemitsu and coworkers [66] have observed the same phenomenon in the 
synthesis of erythronolide A. For the conformationally favorable precursor even 
the high dilution technique was not necessary and the yield of a 14-membered 
lactone was as high as 92%. 
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Favorable configuration and efficient activation complement with each other. 
If  the configuration is favorable enough even a methyl ester is as good as an 
activated ester. For instance, as shown in Scheme 40, in the synthesis of the 
macrolide antibiotic milbemycin f13 (120) by Smith et al. [67], alcohol ester 118 
was lactonized by potassium hydride to milbemycin f13 methyl ether (119) in high 
yield (more than 76%). 

3 Methods Involving Lactamization 

Amide or lactam bond formation is the major issue of peptide synthesis. The 
synthesis of regular macrocyclic peptides, which is beyond this review, can be 
easily achieved using well-known procedures [68]. However, in the case of 
irregular-peptidal and non-peptidal macrocyclic natural products, where no 
intramolecular hydrogen bonds are available to facilitate the ring closure, 
cyclization by lactam formation is still challenging. Though traditional peptide 
synthesis procedures [68] can sometimes be employed, usually more efficient 
activation methods are required. Some recent developments are dicussed below. 

3.1 Mixed Anhydride Methods 

3.1.1 Mixed Phosphoric Anhydrides 

N,N=Bis(2-oxo-3-oxazolidinyl)phosphorodiamidic chloride (BOP-C1, 64) has been 
found to be an efficient macrolactamization reagent [69]. Tatsuta and coworkers 
[69c] used it in the synthesis of the ansamycin antibiotic rifamycin W (123). As 
shown in Scheme 41, amino acid 121 was cyclized to 122 using 4 equiv of BOP-C1 
and 10 equiv of diisopropylethylamine in toluene at 85 °C for 3 h. Upon 
deprotection and oxidation 123 was obtained in 30% yield from 121. 

More than a decade ago, Yamada and coworkers [70] developed two efficient 
reagents, diphenylphosphoryl azide (DPPA) and diethyl phosphorocyanidate 
(DEPC), for peptide done construction. The exact mechanism still remains 
speculative. For example, in the case of DPPA, the intermediacy of the carboxylic 
acid azide is tentative, but it seems attractive to consider a concerted process as 
shown in Figure 2 [70a]. 

o d 

I' ,2 

S N 3 Fig. 2. A tentative mechanism of the DPPA-mediated 
ring closure 
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Kurokawa and Ohfune [71] employed DPPA in the synthesis of the hexapeptide 
echinocandin D (125). As shown in Scheme 42, the cyclization of the linear peptide 
124 was accomplished by DPPA to give 125 in 50% yield. There are more 
applications of DPPA in the synthesis of macrocyclic natural products [72]. DEPC 
is relatively less commonly used than DPPA. Kishi and coworkers [73] have 
successfully achieved the synthesis of the macrocyclic antibiotic rifamycin S using 
DEPC as a macrolactamization promoter. 

3.1.2 Mixed Phosphonic Anhydride 

Durette et al. [74] have achieved the total synthesis of the hexadepsipeptide 
antibiotic L-156,602 (128) using the mixed phosphonic anhydride method as key 
macrolactamization step. As shown in Scheme 43, treatment of the linear 
depsipeptide 126 with n-propylphosphonic anhydride and DMAP in dichloro- 
methane at high dilution afforded the macrocycle 127 in more than 57% yield. 

Z OBn 0 ~ " ~ 0  ~ [n-PrP(O)O]3 

~ " ' ~  n O\ / - ~  I! DMAP 
H2N y~ ,~ ~. % .OH _ 1 . 

Hooo_ N.y. N HN. /'  WVV 

Y oYoW. . . . . .  

126 

I / 

t & OH 

127: R = Z, R 1 = Bn 
Scheme 43 128 : R = R 1 = H 

3.1.3 Mixed Sulfonic Anhydride 

In the first synthesis of the potent antitumor agent maytansine (131) by Corey et 
aL [75], linear amino acid 129 was first converted to the soluble tetra-n- 
butylammonium salt and then slowly added to a solution of excess mesitylene- 
sulfonyl chloride and diisopropylethylamine in benzene at 40 °C for 28 h to afford 
macrolactam 130 in 71% yield (Scheme 44). 
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Baker and Castro [69e] reported that DCC, DPPA, or DPEC did not induce 
the macrocyclic lactam closure in the synthesis of the antitumor antibiotic 
(+)-macbecin I, but it was achieved by mesitylenesulfonyl chloride. 

3.1.4 Mixed Carbonic Anhydride 

In the studies of the synthesis of the ansamycin antibiotic rifamycin S (135), Corey 
and Clark [76] found numerous attempts to effect the lactam closure of the linear 
precursor 132 to 134 uniformly unsuccessful under a variety of experimental 
conditions, e.g. via activated ester with imidazole and mixed benzoic anhydride. 
The crux of the problem was associated with the quinone system which so 
deactivates the amino group to prevent its attachment to mildly activated 
carboxylic derivatives. Cyclization was achieved after conversion of the quinone 
system to the hydroquinone system. Thus, as shown in Scheme 45, treatment of 
132 with 10 equiv of isobutyl chloroformate and 1 equiv of triethylamine at 23 °C 
produced the corresponding mixed carbonic anhydride in 95 % yield. The quinone 
C = C bond was reduced by hydrogenation with Lindlar catalyst at low tem- 
perature. A cold solution of the hydroquinone was added over 2 h to THF at 
50 °C and stirred for an additional 12 h at the same temperature. Oxidation with 
aqueous potassium ferricyanide afforded the cyclic product 134 in 80% yield. 
Kishi and coworkers [73] gained a similar result by using mixed ethyl carbonic 
anhydride. 
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3.2 Activated Ester Methods 

1. CICOOBu i, Et3N, 23°C, 0.5 h 

2. H 2, Pd/CaCO3,-40°C,  0.5 h 

3. THF, 50°C 

4. K3[Fe(CN) 6] 

C 

8 

134 : R, R 1 = C(CH3) 2 

1 3 5 : R = R l = H  

3.2.1 N-Hydroxysuccinimide Ester 

This procedure has been long known in the peptide chemistry. Sakai and coworkers 
[77] used it in the synthesis of indolaetam V (139), an active fragment of a group 
of potent tumor promotors. As shown in Scheme 46, precursor 136 was hydrolyzed 
and treated with N-hydroxysuccinimide (HOSu) and DCC in acetonitrile to 
produce the activated ester 137 in 57% yield. After deprotection the amino ester 
was treated with a weak base to afford lactam 138 in 64% yield. Another similar 
example is due to Nakatsuta et at. [78]. 

3.2.2 p-Nitrophenyl Ester 

This is also a traditional peptide synthesis procedure. Joulli~ and coworkers [79] 
used it in the synthesis of the cyclopeptide alkaloid dihydromauritine A (142). As 
shown in Scheme 47, the linear precursor 140 was treated with p-nitrophenyt 
trifluoroacetate in pyridine to give the p-nitrophenyl ester. After cleavage of the 
Boc group, the amino ester was subjected to cyclization in dilute DMF in the 
presence of hydroxybenztriazole (HOBt) and diisopropylethylamine at 25 °C for 
5 days. The cyclic product 141 was obtained in 10% yield only. 

137 



Q. Meng and M. Hesse 

COOR 

INH BocNH "~OH H 

H 4. NaHCO 3, EtOAc 
136 : R = Me H 

0 
138:R = H 

137:R= - N  139 :R=Me 

0 

Scheme 46 

" * ~ ~  1. p-CF3CO2C6H4NO2, Py 

z . ,Z.  
BocHN %-,. O 

140 

Scheme 47 

t41 : R = Z Me 
O H O  I 

1 4 2 : R = - - L ~ N - L ~ N - M e  

3.2.3 Pentafluorophenyt Ester 

Schmidt and coworkers [80] developed the pentafluorophenyl ester method for 
synthesizing cyclopeptides, particularly applicable for 13- and 14-membered ansa 
peptides. This procedure is superior to the p-nitrophenyl ester method in respect 
to short reaction time and easy separation of products. Evans and Ellman [81] 
applied this method to the synthesis of the cyclic tripeptide K-13 (146). As shown 
in Scheme 48, the reaction of the linear precursor 143 with pentafluorophenol 
and DCC afforded pentafluorophenyl ester 144 in 87-93% yield. Then, under 
catalytic hydrogenation condition in the presence of a mild base and ethanol, 144 

was cyclized to 145 in up to 70% yield. There are more applications of the 
pentafluorophenyl ester procedure in recent literature [82]. 

3.2.4 Imidazole Ester 

In 1962, Wieland and Vogeler [83] found the aminolysis of carboxylic alkyl ester 
in a melt with imidazole to be a good method for peptide bond construction. 
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W/ilchli-Schaer and Eugster [84] applied this method to the synthesis of the 
spermidine alkaloid dihydropalustrine (148). Thus, as shown in Scheme 49, amino 
ester 147 was heated in imidazole at 120 °C for 2.5 h to achieve lactam closure. 
After detosylation 148 was obtained in low yield. 

~ COOCH3 1. Imidazole, 120°C, 2.5~ 

HO""" ]  
1 148 

Scheme 49 

3.3 The Mukaiyama Method 

The Mukaiyama reagent, 1-methyl-2-chloropyridinium iodide (28), is also suitable 
for macrolactamization [85]. Jones et al. [86] achieved the first total synthesis of 
the important immunosupressant ( - ) -FK-506  (151) using the Mukaiyama 
method as a key cyclization step. As shown in Scheme 50, the unstable amino 
acid 149 was treated with 28 under high dilution to give the macrocycle 150 in 
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81-85% yield. Schreiber and coworkers [87] also finished a total synthesis of 
FK-506 using the Mukaiyama lactamization method. Danishefsky and coworkers 
[88] tried to synthesize FK-506 alternatively by lactonization with little success up 
till now. 

T I P S O ~  

CHaO" v ~ = OTBDMS 

. . . . . . . . . .  i / ~ Et3N, CH2CI2, 20°0 
HUUL;\/urlVl~ I 

TESO'"~ QTBDMS~" ..... TIPSO,,, A 

"" 1[ " "  

- ~  L ,  . ,~. . .~O H(3 .... ', 1,- \ "'OCH HO ( " "  . . " ' ~  'r \ ~l,OC H3"OCH a . %  
o~ o~ ~ , 5 0  

OCH3 
151 

Scheme 50 

3.4 Ketene Trapping Method 

This method has been used for lactone closure (cf. Sect. 2.9). It is also suitable 
for lactam closure. The tetrasmic acid antibiotic (+)-ikarugamycin (154) was 
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synthesized by two groups, both using intramolecular trapping of ~-acyl ketene 
to achieve lactam formation [89]. For instance, in Boeckman's synthesis [89a], 
ketene precursor 152 was heated in toluene at 105 °C for 8-10 h to give the 
macrolactam 153 in 77% yield (Scheme 51). 

H 

'-,,,,~,~,.j~O H ~OMe 
152 o~o 

 eO00 

........ . ~  ~ OMe 
" , - - . - . . J ,  0 153 

• 

O~H 0 
154 

Scheme 51 

3.5 Boron-Template Method 

Yamamoto and Maruoka [90] found that the complexation of triamino ester with 
tris (dimethylamino)borane is a highly efficient lactam closure method. Celacinnine 
(159) and other similar spermidine alkaloids were synthesized in this manner. As 
shown in Scheme 52, the cyclization of the linear precursor 155 was effected with 
tris(dimethylamino)borane in xylene under reflux to furnish the lactam 158 via 
the intermediates 156 and 157 in 90% yield. 

Earlier, Ganem and coworkers [91] reported lactam closure reactions mediated 
by catecholborane. However, they are likely to involve boron-containing activated 
esters rather than triaminoborane intermediates. 

141 



Q. Meng and M. Hesse 

H 

H 2N ~ N ~ N..y.....-~COOEt 
H 

Ph 
I55  

Ph Ph 

" ~  N "" "NH 

156 157 

Scheme 52 

B(NMe2) 3, xylene, A 

Ph 

1 5 8 : R = H  0 
0 

159 :R=  - v -~lJ~"-ph 

3.6 Other Methods 

An acyl chloride was used in the synthesis of the spermidine alkaloid cannabisativine 
(162) by Natsume and coworkers [92]. As shown in Scheme 53, the precursor 160 
was hydrolyzed with Ba(OH)2 and the resulting amino acid was directly converted 
to acyl chloride HC1 salt, a cold solution of which was added dropwise to a 
potassium carbonate suspension in acetonitrile to achieve the lactam closure. 
Deprotection of the methoxymethyl groups with acid afforded macrolactam 161 
in 43% yield from 160. 

Hanessian and coworkers [56] reported that lactam closure could also be 
achieved by the organotin-induced reaction (of. Sect. 2.9). 
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Scheme 53 
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4. Methods Involving C--C Bond Formation 

4.1 Nucleophilic Addition to Carbonyls 

4.1.1 Aldol Reaction 

In the studies on the synthesis of the antitumor agents esperamicin A x and 
ealicheamicin 71 by Magnus et al. [93], an atdol reaction was found suitable for 
macrocyclization after a number of unsuccessful attempts. Thus, as shown in 
Scheme 54, the diynene core structure (165) of the two antitumor agents was 
synthesized from the dicobalt hexacarbonyl derivative 163. When 163 was treated 
with n-BuzBOTf/DABCO/Et3N in CH2C12-THF the aldol product 164 was 
isolated as a single stereoisomer in 45% yield. Although alkynyl aldehydes undergo 
similar crossed aldol condensation, their dicobalt hexacarbonyl derivatives react 
with moderate to excellent syn diastereoselectivity [94]. 

n-Bu2BOTf, DABCO TBDMSO _ 60(00)3 
/ /~ !  Et3N' CH2CI2~THF 0(CO)3 

OHC 
163 

0 0 

TBDMSI~.-~ ~ TBDMSr~,_~" ~ 

~" ~_ ~" / - - - . ' co(co,  
uo(CO)3 H 

t64 165 

Scheme 54 

Although direct aldol condensations can be used for macrocyclization, the 
indirect one is more suitable. Smith et al. [95] reported that all attempts to effect 
a direct cyclization of precursor 7 to the desired 11-membered ring system 8 
employing a wide variety of different acidic and basic reagents met with complete 
failure (cf. Scheme 4). The events required for the successful cyclization are 
chemospecific generation of the enolate of the ketone side instead of the aldehyde 
side and irreversible addition of the enolate to the aldehyde. The Mukaiyama 
acetal-aldot condensation [96] fulfilled these requirements and finally the long 
sought after cyclization was successfully effected. The conditions derived here 
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have been used in the synthesis of the antileukemic diterpene (+)-hydrox~jatro- 
phone B (168) to construct the I 1-membered ring [97]. As shown in Scheme 55, 
keto acetal 166 was first changed to enol silyl ether with LDA and TMSC1 and 
then treated with TiCI4 to provide 13-alkoxy ketone 167 in 65% yield. 

O 

HO " .-" 
0 

"" 1' 
1. LDA, THF, -78°0 ~ "%n......~.~ 
2. TMSC,, 0°C ~ ] u- 

3 TiCI 4 CH2CI 2 78°C. v ~ . . . ~ . ~  

OH 
166 0 0 

0 

167 

168 

Scheme 55 

Kocienski and coworkers [98] have reported the synthesis of 8-membered cyclic 
ketones by intramolecular aldol reaction of enol silanes and acetals mediated by 
Lewis acid. 

4.1.2 Sulfone-Carbonyl Coupling 

Reactions [99] of active methylene nucleophiles other than aldehydes and ketones 
with carbonyl compounds are also used for cyclizations. An example is the coupling 
reaction between sulfone and carbonyl. A sulfonyl group is easy to introduce and 
easy to remove. Yoshii and coworkers [100] used a sulfone-mediated macrocycliza- 
tion in the synthesis of (+)-O(26)-methyl.28,29-bisnor-kijanolide (171), the 
aglycone of the antitumor antibiotic kUanimicin. As shown in Scheme 56, treatment 
of the linear precursor 169 with 1 equiv of sodium t-amylate at room temperature 
for 10 min. afforded the macrocycle 170 in 82% yield. On the other hand, a 
diastereoisomer of 169 with opposite configuration at all the stereocenters in the 
octalin system resisted cyclization under the same conditions. This failure comes 
from a severe steric hindrance in the transation state of cyclization. Once again, 
stereochemistry is also an important factor for macrocyclization (cf. Section 2.10). 
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4.1.3 Addition of Alkenylchromium to Aldehyde 

Takai et al. [101] found that alkenyl halide is readily reduced with CrC12 to give 
the corresponding organochromium species which adds selectively to an aldehyde 
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Scheme 57 
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moiety in the presence of ketone or cyano groups. This reaction is suited for 
macrocyclization. Rowley and Kishi [102] applied this procedure with a modifica- 
tion to the construction of the 8-membered ring in the studies toward the tricyctic 
sesterterpenes ophiobotins and ceroplastols. Schreiber and Meyers [103] applied 
the Kishi's modification to the synthesis of the macrolide antibiotic (+)-brefeldin 
C (174). As shown in Scheme 57, subjection of the cyclization substrate 172 with 
CrC12 in the presence of Ni(acac)2 in DMF produced a 4 : 1  mixture of 
4-epi-brefeldin C (173) and 174 in high yield. 

4.1.4 Addition of Allylchromium to Aldehyde 

Hiyama and coworkers [104] reported that chromic chloride is easily reduced by 
a half molar equivalent of lithium aluminium hydride in THF and the resulting 
salt, presumably Cr(II), reduces allylic halides to produce allylchromium species 
which add efficiently to carbonyls with high degree of stereo- and chemoselectivity. 
Kitagawa and coworkers [105] successfully applied this procedure to the synthesis 
of the 10-membered antitumor germacranolides costunolide and dihydrocostuno- 
lide. Still and Mobilio [106] synthesized the cembranoid antitumor agent asperdiol 
(178) using this method. As shown in Scheme 58, after a number of other methods 
based on homoallylic alcohol preparations failed, the Hiyama-Heathcock reaction 
using 5 equiv of CrC12 in THF was effective at cyclizing 175 and gave in 64% 
yield a 4 : 1 mixture of the desired isomer 176 and its diastereoisomer 177. 
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4.1.5 Addition of Allylstannane to Aldehyde 

Marshall and coworkers [107] sucessfully applied this reaction to the synthesis of 
some 14-membered isoprenoids. For example, cembranolide 181 (unnamed) was 
synthesized as shown in Scheme 59 [107b]. Thus, treatment of  (~-alkoxyallyl)- 
stannane aldehyde 179 with BF3 " Et~O at - 7 8  °C in dichloromethane at high 
dilution afforded a (Z) : (E) (88 : 12) mixture of macrocycle 180 in 88% yield. 

179 

180 

Scheme 59 

0 
ff  OMOM BF3"Et20 
XH 0H2012, -78°C 

SnBu 3 

I - -  

/ k / . . - . \  .. .... 

181 

4.1.6 Acetylene-Aldehyde Coupling 

In the synthesis of the core structure of the diynene antitumor antibiotics 
esperamicins and calicheamicins by Danishefsky et al. [108], an acetylene-aldehyde 
coupling reaction was used to achieve the cyclization. As shown in Scheme 60, 
reaction of a toluene solution of acetylene aldehyde 182 with potassium hexame- 
thyldisilazide at - 7 8  °C for 20 min afforded a 52% yield of a 10 : 1 ratio of 183 
and 184. 

TT••CHO 
182 

Scheme 60 

KN[Si(Me)3]2,, a, T M S O ~  

MeO" ~ "  
R,," %R1 

183:R=OH, R 1 = H 
184: R = H, R 1 = OH 
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4.1.7 Reformatsky Reaction 

Inanaga and coworkers [109] used a modified in tramolecular Reformatsky reaction 
in the synthesis of the beetle aggregate phermoneferrulactone I (187). As shown 
in Scheme 61, precursor 185 was cyclized with SmI 2 followed by acylation of the 
resulting unstable 6-hydroxydecadienolide to afford the l l-membered lactone 
benzoate 186 in 47% yield. There are more applications of the Reformatsky 
reaction for macrocyclization [110]. 

7•'"CHO 1 ,Srnl 2, THF, O°C 

O....jl....v~ Br 2. PhCOCI, DMAP 

I 85  

Scheme 61 

! ° 

186 : R = OBz 
t 87 :  R = H 

4.2 Alkene-Acetal Coupling 

As discussed at the beginning of Sect. 4.1, a masked carbonyl, such as acetal, is 
more suitable for macrocyclization than the carbonyl itself because the nucleophilic 
substitution reaction on the former is irreversible. Overman and coworkers [111] 
developed a C - C  bond-forming cyclization approach to 8-membered ethers by 
Lewis acid-promoted alkene substitution of mixed acetals. Thus, oxocenes with 
4,5-unsaturation (3,6,7,8-tetrahydro-2H-oxocins) can be accessed with moderate 
to excellent efficiency and with perfect regiochemical fidelity. The yields of 

" ~:__O/)-.,,e/OTs I"SnCI4'.OH2CI2'O°C k~b___OJ...,,,/OTs 

T=oPso-/ .o--/J 
188 189 

g 
/ 

190 

Scheme 62 
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A4-oxocenes increase as the 5-substituent of a 5-hexenyl acetal is varied from H 
to SiM% to SPh. As shown in Scheme 62, the C15-nonisoprenoid metabolite 
(-)-laurenyne (190) was synthesized using this method [111 b]. Thus, mixed acetal 
precursor 188 was treated with 2 equiv of stannic chloride in dichloromethane at 
0 °C for 1.5 h followed by O-desilylation to produce oxocene 189 as the sole cyclic 
ether product in 37% yield. 

Trost and Lee [112] reported a similar approach, using vinylcyclopropanols as 
cyclization terminators, to construct 8-membered rings. The composite of an olefin 
and a hydroxyl group mediated through a cyclopropane in the form of a 
1-vinylcyclopropanol permits polarization of the double bond to enhance its 
nucleophilicity. For example, treatment of alkene acetat 191 with 1 equiv of 
trimethylsilyl triflate and 0.7 equiv of pyridine at 0.001 M in dichloromethane at 
- 4 0  to - 2 0  °C afforded a mixture of bicyclo[6.3.0]undecane ring systems in 96% 
yield. The major isomer 192 was obtained in 85% yield (Scheme 63). 

,•OTMS 0 
H . 

( - ' t "  oMo TMsoT,,Py,oH2o,2. ..oMo 
.40 o_ 0oo 

°Me 
191 792 

Scheme 63 

4.3 Alkylation of Carbanions or Enols 

4.3.1 Alkylation of Cyanohydrins 

Tsuji and coworkers [113] reported a simple synthetic method for macrocyclic 
ketones based on intramolecular alkylation of the carbanion generated from 
protected cyanohydrins. The reaction is rapid and irreversible. It has been used 
in the synthesis of  a couple of natural products [114]. For example, the macrolide 
zeralenone (70) was synthesized using this method [114a]. As shown in Scheme 
64, linear procursor 193 was converted to cyanohydrin with sodium bisulfite and 
sodium cyanide at 0 °C. Protection of the resulting hydroxyl group gave 194 in 
90% overall yield. The cyclization was carried out by adding 194 in THF over 
1 h to sodium hexamethyldisilazane in THF at 45 °C and stirring the mixture at 
60 °C for 30 rain. The cyclized product 195 was obtained in 85% yield. 

4.3.2 Alkylation of Sulfones 

Marshall and Cleary [115] synthesized 7(8)-desoxyasperdiol (198), a precursor 
of the cembranoid asperdiol by using sulfonyl stabilized anion displacement of 
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an allylic halide as a key macrocyclization step. As shown in Scheme 65, iodo 
sulfone 196 was slowly added to an excess of  KN(TMS)2 in T H F  in the 
presence of 18-crown-6 at 0 °C to effect cyclization to 197 in 53% yield. It was 
proposed, though not pursued, that the cyclization proceeds via a dianion 
intermediate. 

1. Na2S205, NaCN, O°C 
CHO ~"' MeO 2. ~ O ~  

193  OTs OMe O 

OTs OMe 0 ~ 1 9 4  

NaN(TMS)2, THF. ~ . ,~ 

MeO O O ~ 
1 9 5  

OH O O ~ 

H O ~ ~ ~ A ~ o  
70  

CN 

Scheme 64 

OBn 

196 

Scheme 65 

OR 

KN(TMS)2, THF~ ~ R  t 
18-crown-6 

1 9 7 :  R = Bn, R 1 = SO2Ph 
198 : R = R 1 = H 
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4.3.3 Palladium-Catalyzed Allylic Alkylation 

Trost and coworkers [116] found that palladium-catalyzed intramolecular allylic 
alkylation to e-sulfonyl ketones is a good means of performing macrocyclization. 
This reaction involves the intermediacy of a rc-allylpalladium complex as an 
enolonium equivalent to initiate cyclization. For instance, this method was used 
in the synthesis of the cytochalasin (-)-aspochalasin B (201) [117]. As shown in 
Scheme 66, cyclization of the linear precursor 199 using 10 tool% (Ph3P)4Pd in 
the presence of 10 tool% DPPP in THF created the 11-membered carbocycle 200 
as a single diastereoisomer in 49% yield. 

199 

(Ph3P)4Pd, DPPP, THF 

Scheme 66; 

t"~tO// I ~- 

l 

200 

~ ""OH 
O 

201 

Other applications of this method include, e.g. the synthesis of the antibiotic 
A26771B (53) [118] and the marine cembranolide isolobophytolide [119]. Trost 
and Warner [120] reported that ~-sulfonyl sulfones can also serve as the substrates 
of rc-atlylpalladium complexes for macrocyclization. Furthermore, an ~-hydroxy- 
carbonyl ketone was alkylated intramolecularly by a rt-allylpalladium complex in 
the total synthesis of the macrocyclic sesquiterpene humulene [121]. 

4.3.4 Alkylation of Sulfides 

Ito and coworkers [122] found that allylsulfides can be alkylated intramolecularly 
by epoxides in the presence of a proper base to form macrocycles. Tsuji and 

151 



Q. Meng and M. Hesse 

coworkers [123] reported that the alkylation of phenylsulfide anions is also suitable 
for macrocyclization. Both methods have been used in the synthesis of a number 
of natural products [122-124]. For instance, (_+)-cubitene (204), a diterpene 
component of the defence secretion of termites, has been synthesized by Kodama 
et al. [124b]. Treatment of sulfenyl epoxide 202 with n-butyllithium in the presence 
of 1,4-diazabicycto[2.2.2]octane (DABCO) afforded the 12-membered cycle 203 
in 73% yield (Scheme 67). Phs  

202 

n-BuLi, DABCO, THF, -78 to 0°C 

OH 

203 204 

Scheme 67 

OTBDMS 

TBDMS 
1. n-BuMe2SiOTf, Et3N 

2. Co2(CO)8 (CO) 3 

OMe \ C°(CO)3 
OMe 

205 206 

TiCI4, DABCO 

-43 to -35°C 

0 0 

V   co/oo/  - ' -  

207 208 

Scheme 68 
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4.3.5 Alkylation by Dicobalt Hexacarbonyl Propargyl Cations 

The stability of carbocations flanked by r~-coordinated organic moieties is 
dramatically enhanced so that they react easily with nucleophiles [125]. Magnus 
et al. [126] applied this principle to the synthesis of the core structure (208) of the 
diynene antibiotics esperamicins and calicheamicins. As shown in Scheme 68, 
diynene 205 was converted to enol silyI ether which was treated with Co2(CO)8 
to give dicobalt hexacarbonyl adduct 206. Exposure of 206 to 3 equiv of TiC14 
and 1 equiv of DABCO at - 4 3  to - 3 5  °C gave macrocycle 207 in 50% yield. 

4.4 Pinacol and Related Reactions 

4.4.1 Aldehyde-Aldehyde Coupling 

McMurry and coworkers [127] found that the titanium-induced pinacol coupling 
reaction is a general and effective means of preparing carbocyclic rings of all sizes. 
For instance, the anticancer cembranoid sarcophytol B (210) was synthesized using 
this method [128]. As shown in Scheme 69, dialdehyde 209 in DME was added 
over 30 h at - 40 °C to a stirred slurry of a low-valent titanium reagent prepared 
by reduction of TiCla(DME)2 with Zn-Cu in DME. Hydrolysis of the product 
followed by chromatography afforded sarcophytol B (210) in 46% yield. The 
diterpenoid crassin has also been synthesized by using such an intramolecular 
pinacol reaction as a cyclization step [129]. 

1. TiCla(DME)2, Zn-Cu 
DME, -40°C 

~ _ ~ C H O  2. K2CO3, H20 

209 

Scheme 69 

210 

4.4.2 Aldehyde-Ester Coupling 

McMurry and Miller [130] found that a similar coupling reaction with higher 
oxidation state, carbonyl ester rather than dicarbonyl, also occurs with syn- 
thetically acceptable yields for macrocyclization. This method has been applied 
to the synthesis of the sesquiterpene isocaryphyllene (213) [131]. As shown in 
Scheme 70, keto ester 211 in DME was slowly added to the refluxing low-valent 
titanium slurry prepared from TiC13 and LiA1H 4 over 16.5 h, followed by an 
additional 3 h period of reflux. After quenching, the 9-membered cycle 212 was 
obtained in 38% yield. An unexpected double bond isomerization occured during 
the cyclization. 
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1. TiCI 3, LiAIH 4, EI3N 

2. H3 O+ 

211 212: R = O  
213 : R = CH 2 

Scheme 70 

4.5 Free-Radical Macrocyclization 

4.5.t Alkyl Radical 

The construction of 5- and 6-membered rings by free-radical reactions has received 
much attention. However, preparations of macrocycles by radical cyclization have 
evolved only in recent years. Porter and coworkers [132] have investigated 
intramolecular alkyl radical addition to olefins substituted with electronwith- 
drawing groups. Macrocyctes of 12 to 20 members are generated by this procedure 
in good yields. For example, museone (216) was synthesized as shown in Scheme 
71 [132c]. Iodide 214 in refluxing benzene was reacted with 1.1 equiv of Bu3SnH 
and 0.1 equiv of the azo initiator AIBN for 3 h. The endocyclic product 215 was 
obtained in 57% yield. 

0 0 

BuaSnH, AISN 

Phil ,  A 

215 : R = COOEt 
214 216: R = Me 

Scheme 71 

4.5.2 Allylic Radical 

Pattenden and coworkers [133] have described the use of allylic radical inter- 
mediates in macrocyclizations leading to several natural products. For example, 
the cembranoid mukulol (220) [133a] was synthesized as shown in Scheme 72. 
Iodotetraenone 217 was heated under reflux for 3 h in the presence of Bu3SnH 
and AIBN in benzene. A 1 : 4 mixture of 218 and 219 was obtained together in 
40% yield and 219 was converted into mukulol (220). 
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~ . ~ O  O \ \  \ / Bu3SnH, AIBN, Phil, A 

217 

218 219 220 

Scheme 72 

4.5.3 Acyl Radical 

Boger and Mathvink [134] recently reported the generation of acyl radicals from 
phenyl selenoesters and their participation in macrocyclization through free-radical 
alkene addition reactions. As shown in Scheme 73, the 16-membered macrocycle 
222 was obtained from phenyl selenoester 221 in 68% yield. 

Bu3SnH 
h 

221 222 

Scheme 73 

4.6 Nickel-Mediated Cyclization 

4.6.1 Bis-Allylic Bromide 

The method for forming cycloolefins from bis-allylic halides and nickel carbonyl 
was first reported by Corey and coworkers [135] and has been applied to the 
synthesis of several macrocyclic natural products [136]. The 14-membered diter- 
pene cembrene (225) was synthesized by Dauben et al. [136b], for example. As 
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shown in Scheme 74, dibromide 223 was reacted with nickel carbonyl in 
N-methylpyrrotidone (NMP) at 52 °C to give a (E, Z)-mixture of monomer 224 
in 25% yield, from which cembrene (225) was prepared. 

OAc 

Ni(CO)4 

NMP, 52°C 

Scheme 74 

OAc 
223 ~ ~ 224 

225 

4.6.2 Atkyl-Allylic Dihalide Coupling 

Sato and coworkers [137] reported the synthesis of macrocyclic lactones via 
intramolecutar alkylation of r~-allylic nickel complexes, based on the facile 
reactivity of ~-atlylic nickel complexes toward alkyl halides. As shown in Scheme 
75, this method was applied to the synthesis of the macrolide recifeiolide (227). 
The linear precursor 226 in benzene was added slowly over 1 h to nickel carbonyt 
in benzene at 50 °C. After additional 1.5 h at 50 °C, 227was obtained in 32% yield. 

O O 

.i(co)  

LO' Phil, 50°~C 
Br 226 227 

Scheme 75 

4.7 Bis-Aryl Halide Coupling 

Though many traditional reactions are available for couplings between aryl rings 
[138], onty a few are suited for intramolecular reactions due to the strain of  the 
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ring formed thereof. Semmelhack and coworkers [139] reported that zero-valent 
nickel reacts rapidly with aryl halides to produce the symmetrical products. The 
reaction is a low-temperature analog of the Ullmann reaction and proceeds through 
oxidative addition of the organic halide to Ni(0). The resulting aryl nickel complex 
decomposes rapidly to biaryl in DMF and an intramolecular process is suitable 
for macrocyclization. For example, the 13-membered meta-bridged cyclic biphenyl, 
alnusone, was prepared efficiently with the crucial aryl halide coupling to form 
the ring proceeding in 50% yield [139b]. Hart and coworkers [140] applied the 
Semmelhack modification of Ullmann reaction to the synthesis of the Lythraceae 
alkaloid lythrancepines H and IlL Thus, in the synthesis of lythrancepine H (230), 
diiodide 228 was treated with an excess of tetrakis(triphenylphosphine)nickel(0) 
in DMF to afford biaryl 229 in 20% yield (Scheme 76). Another application of 
the Semmelhack method is due to Helquist and coworkers [141]. 

MeO I ~  

OMe 
2 2 8  

Scheme 76 

RO 

Ni(Ph3P)4, DMF, A 

229  : R = Bn 
230  : R = H 

4.8 Other Methods 

4.8.1 Nucleophilic Addition to Carboxylic Ester 

This method was employed by Meyers et al. [142] in the synthesis of ( + ) -  
maytansinol (233), the common precursor to the ansa macrocyclic antitumor 
agents, maytansinoids, to construct the macrocycle. As shown in Scheme 77, the 
cyclization of amide ester 231 to 232 was accomplished in 58% yield by using 4 
equiv of lithium(hexamethylsilyl)amide at - 78 °C for 4 h. 

4.8.2 Acylation of Alkene and Alkyne by Acid Halide 

Kitahara and coworkers [143] found that a terminal double bond in acyclic 
precursors of terpenes is selectively acylated when treated with acid chlorides in 
the presence of SnC14 or A1C13 and the intramolecular acylation of polyenyl acid 
chlorides is suitable for macrocyclization. For example, the cembrene skeleton 235 
was efficiently constructed by intramolecular acylation of trans-geranylgeranic 
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OMe 
CI Me O==( O 

MeO 1 .NCOCH 3 ~_~.~.,,, H 

• .,.~ ~ r . . y  - 4 ~  ...... L N(TMS)2, THF-78°C 

k ~ ~ ~ s E S t E t  MeO.. 2 % ~  O (~ ~O" " ~  "H 
' MeO ' ~ y  V ~ h ' ..... 

Cl Me O OH ~ 
l ~ O .,. H 

- - ~  .... 0 ~ 2 3 2  MoO SEt 

233 

Scheme 77 

234 

SnCI 4 

CH2C12, -78°C ~ CI 

235 

Scheme 78 

acid chloride (234) [143c]. Thus, as shown in Scheme 78, 234 was treated with 1 
equiv of SnCI4 in CHzC12 at - 7 8  °C for 1.5 h to produce 235 in 71% yield. 

More interestingly [144], as shown in Scheme 79, under the same condition 
geranylfarnesonic acid chloride (236) gave exclusively the corresponding 14- 
membered product 237, although the inspection of a Dreiding model suggests 
that the terminal double bond in 236 could interact with the acyl cation without 
any hindrance. The reason for this switch mode of ring closure is not yet entirely 
clear. 

Utimoto et al. [145] reported a procedure for the synthesis ofmacrocyclic ynones 
by intramolecular acylation of ~0-(trimethylsilyl)ethynylalkanoyl chlorides in the 
presence of Lewis acid. For example, in the synthesis of ( - ) -muscone (216), 
cyclization of alkyne acid chloride 238 gave the macrocycle 239 in 52% yield, 
which was hydrogenated to ( - ) -muscone (Scheme 80). 
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236 

SnCl 4 

CH2CI2, -78°C 

CI 

237  

Scheme 79 Me I.,, O 
AlCl 3 

CH2Cl 2, A 

0 0 

238 239 216 

Scheme 80 

4.8.3 Intramolecular Friedel-Crafts Reaction 

This strategy has been used in the synthesis of the mould metabolite curvularin 
and its dimethyl ether derivative [146]. In the synthesis of curvularin (242) by 
Gerlach [146a], carboxylic acid 240 was exposed to a mixture of trifluoroacetic 
acid and its anhydride to give the macrocycle 241 via a Friedel-Crafts acylation. o@ 

I HOOC 
BnO RO 0 

240 241 : R = Bn 
242 : R = H 

Scheme 81 

159 



Q. Meng and M. Hesse 

4.8.4 Intramolecular Dieckmann Condensation 

Hurd and Shah [147] found that the Dieckmann condensation is suitable for 
macrocyclization and superior to the parallel Thorpe-Ziegler condensation. For 
example, zearalanone (246) was prepared from diester 243 by using this method 

OBn 0 

243  

NaN(TMS)2 , Et20. A 

OR 0 I 

RO" v v v y " o  
/ 

R 2 

244:  R = Bn, R 1 = COOMe, R 2 = H 
245;  R = Bn, R I = H, R 2 =COOMe 
246 : R = R 1 = R 2 = H 

Scheme 82 

CO2Me 

) 
.= % F C O 2  Me Meo2c-~ .,k./~ O~e X,. 

,÷,..t~__# "~N_~'" " ,  ~__CO2Me 
\ \  hv, 3 to 4 days 

MeO2 C ~ - ' - N  H HN'---~, \ ~..L.~..Z.~ ~.~--~ co~ 
Y "~ Y 'oo~e ) 
~1 / I  = "~ F C O 2  R 

i f  RO2C---- ~ ~ _ %'~ 
I I \ ~ . . . " ~ , . / \  ...... 

OO2Me CO2Me , , , , ' " L  N/~ "H~N A .... ~__CO2 R 

~,,  <. . . . . .  ;> 
~o~\ .......... ~ 

CO2R CO2R 

248 : R = Me 
249 : R = H 

Scheme 83 
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as ring closure step. Thus, as shown in Scheme 82, addition of 243 to a refluxing 
ether solution of NaN(TMS)/  over 8 h resulted in a mixture of cyclic products 
244 and 245 together in 77% yield, both equally usefull for the synthesis of 246. 

4.8.5 Photocyclization 

The central macrocyclic rings of vitamin B12 [148] and other similar natural 
products [149] have been constructed by using unique methodologies, e.g. 
electrochemical oxidation. As a special example of macrocyclization, here photo- 
cyclization is discussed. Battersby and coworkers [149b] efficiently synthesized 
sirohydrochlorin (249), an isobacteriochlorin isolated as the metal-free prosthetic 
group of sulphite reductase. Photochemical treatment of the seco precursor 247 
for 3 to 4 days yielded 248 which was hydrolyzed to 249 (Scheme 83). 

5 Methods Involving C = C Bond Formation 

In fact, several methods described in Sect. 4, e.g. aldol reaction, can be used to 
construct C = C bond-containing macrocycles with modification of conditions or 
an additional step. Two methods involving "real" C = C  bond formation are 
discussed below. 

(MeO)2P/~\ O H C ~  K2CO3, 18-crown-6 
O~ ~ QA 0 0 j  0 toluene, RT 

o. .o n n 

-= - ~ " OMe zt.  "OMe 

I 1 1 II 251 
~ 0.,,. ,~0 OH 0 

H 

~ "OH 

252 

Scheme 84 
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5.1 Wittig-Like Reactions 

The Wittig-like reactions are well known for C = C  bond formation. An in- 
tramolecular process can serve as a ring closure and has been generally employed 
in the synthesis of numerous macrocyclic natural products [150]. Oishi and 
coworkers [151] applied this strategy to the synthesis of the aglycone (252) of the 
antibiotics venturicidins A and B. Thus, as shown in Scheme 84, the aldehyde 
phosphate 250 was subjected to the modified intramolecular Wittig-Horner 
condensation with a mild base, yielding the macrocycle 251 in 48% yield. 

5.2 The McMurry Method 

In 1977, McMurry and Kees [152] developed a titanium-induced intramolecular 
coupling procedure to form cycloalkenes from dicarbonyl compounds. Mechanis- 
tically, as shown in Scheme 85, the coupling reaction proceeds by an initial 
pinacol dimerization of the dicarbonyl 253 to 254, followed by titanium-induced 
deoxygenation to afford alkene 255. 

0 0 

253 

Scheme 85 

Ti(O) 

254 255 

MeO ..,, 

0 ~ ' v "  
0 OBn 

I OPiv 

256 

TiCI3, Zn-Cu 
DME, A 

Bn 

OBn 

257 

MeO .-. 
"" 0 0 

258 

Scheme 86 
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Dauben et al. [153] successfully applied this procedure to the total synthesis of 
the cembranoid crassin acetate methyl ether (258). As shown in Scheme 86, the 
keto aldehyde 256 was treated with TiC13/Zn-Cu in refluxing DME to give the 
cyclic olefin 257 in 65% yield (E : Z = 4 : 3). The germacrane sesquiterpenes have 
also been synthesized using this method [154]. 

6 Methods Involving Ether Formation 

6.1 Alcohol-Halide Coupling 

In the synthetic studies on cembranoid natural products by Marshall et al. [155], 
an alcohol-halide coupling was used to construct the macrocycles. As shown in 
Scheme 87, the linear precursor 259 was cyclized to 260 in 71% yield by addition 
of 1 equiv of EtMgBr to a solution of the chloro alcohol 259 in HMPA-THF 
and stirring at reflux for 4 h. There are also other examples of this macrocyclization 
method [156]. 

OH 
I l l  

/ ~ -  CI EtMgBr 
HMPA-THF,"A 

259 260 

Scheme 87 

6.2 Alcohol-Dithioketal Coupling 

In the synthetic studies of the marine natural products brevetoxins A and B, 
Nicolaou and coworkers [157] developed a highly efficient cyclization reaction of 
hydroxy dithioketals leading to oxocenes. As shown in Scheme 88, exposure of 
the hydroxy dithioketa1261 to 1.1 equiv of N-chlorosuccinimide (NCS) in CHaCN 
in the presence of 2 equiv of 2,6-1utidine, 1.1 equiv of AgNO3, molecular sieves 
and silica gel at 25 °C for 5 min led to the oxocene 262 in 95% yield. 

EtS 

; Ncs, AgNo ,3A Ms 

~()2 OH30N, silica gel, 2,6_lutidine ~ O  / 2500 

261 262 

Scheme 88 
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6.3 Diphenol Coupling 

Yamamura and coworkers [158] developed an oxidative cyclizafion method to 
construct biphenyl ether bonds by thallium trinitrate (TTN) oxidation of the 
corresponding O,O'-dihalophenols followed by zinc reduction. The antibiotic 
piperazinomycin (266) was synthesized using this method as a key cyclization step 
[159]. As shown in Scheme 89, the diketopiperazine 263 was subjected to TTN 
oxidation in MeOH to afford an inseparable mixture containing plausible 
intermediate 264, which was directly reduced with zinc powder in AcOH-TItF to 
give rise to the strained 14-membered biphenyl ether 265 in 19% yield together 
with two other isomers. 

N ~ O  TTN, MeOH [~t'" N "~"~O x~]j.OMe 

"OH OH O Br 
Br 264 

263 

y - o  y 
Br OH OH 

265 266 

Scheme 89 

The mechanism of the cyclization step above can be explained as indicated in 
Scheme 90. Thus, diphenol 263 is first oxidized by TTN to the T1 complex 267, 
which collapses to intermediate 268. Then the nucleophilic attack of MeOH and 
loss of HBr result in macrocycle 264. 

Ring closure direction can be controlled by employing different halogen 
substituents in both phenol sites [160]. For example, in the case where one phenol 
is flanked by two bromine atoms and the other by two chlorine atoms, bromine 
will be replaced by oxygen. 
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~ Me 

Br" T Y 1Rr~ "Br 

6 /  
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- HBr 
264 

"l-I- N [ ~  [ ~  - TI(NO3) 
263 ~ Br " / y ' ~ B r  B[,~ ~ ' ' "  \ Br 

O. J ~O 

NO3 

267 

Scheme 90 

Evans et al. [161] applied this strategy to the synthetic approach to the 
glycopeptide antibiotic vancomycin and modified the reduction step by using CrC12 
instead of Zn/AcOH. In the synthetic studies on vancomycin by Yamamura and 
coworkers [162] even no reduction step was necessary. This macrocyclization 
method has also been used in the synthesis of 0F4949-III and K-13 [163]. 

7 Methods Involving Amine Formation 

7.1 Iminium Cyclization 

In the synthesis of the spermidine alkaloid (+)-dihydroperiphylline (271), 
Kibayashi and coworkers [164] employed intramolecular iminium cyclization to 
achieve the ring closure. As shown in Scheme 91, cleavage of the Boc group of 
aldehyde 269 resulted in in situ cyclization to the 13-membered ring via iminium 
formation and subsequent reduction by NaBH4 afforded 270 in 61% yield. 

OH OH 

BocHN ~ 2. NaBH 4, MeOH, RT H N ~ N ~  / 
OHC / "" Z "~" R~ , t  

269 

Scheme 91 

270:  R=Z 
271 : R = .,,,n..-".~Ph 

I t  
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7.2 Palladium-Catalyzed Macroheterocyclization 

Trost and Cossy [165] developed this method to construct the macrocyclic ring 
of the spermidine alkaloid inandenin-12-one (274). As shown in Scheme 92, 
subjection of amino ketone 272 to 10 mol% of (Ph3PhPd and 8 tool% of 
1,4-bis(diphenylphosphino)butane (DPPB) in THF at elevated temperature led, 
in high yield, to 273, which was converted to 274. 

O 

AcHN ~ 
272 

(Ph3P)4Pd, DPPB, THF, A 

0 

AcHN---~ 
273 

Scheme 92 
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7.3 Alkylation of Sulfonamide 

Weinreb and coworkers [166] achieved the synthesis of the spermidine alkaloid 
anhydroeannabistivene (277) using alkylation of sulfonamide as a ring closure 
means. As shown in Scheme 93, the linear precursor 275 was treated with an 
excess ofKzCO 3 in refluxing CH3CN to afford the desired lactam 276 in 58% yield. 

8 Methods Involving e x o  Ring Formation 

8.1 Diels-Alder Reaction 

Intramolecular Diels-Alder reaction can be used as a macrocyclization means. 
Thomas and Whitehead [167] applied this approach to the synthesis of the 
13-membered cytochalasan proxiphomin (280). As shown in Scheme 94, the long 
chain precursor 278 was heated in toluene at 100 °C for 5 h to give the 13-membered 
skeleton 279 and the endo adduct (52 : 48) in 52% yield. There are several other 
examples of the application of intramolecular Diels-Alder reaction to the synthesis 
of macrocyclic natural products [168]. 

L O  ~"" ~ ~ _  .~0 ~"" toluene ~ 0 
r o  ~ - r o  ~ - o . . ~  A, 5h ~ . . ~  

278 279 

Scheme 94 

- Ph 
280 

8.2 [3 + 2] Dipolar Cycloaddition 

In the studies toward the total synthesis of  the antitumor substance maytansine 
(131) by Ko and Confalone [169], an intramolecular [3 + 2] dipolar cycloaddition 
route was developed to construct the macrocyclic ring. As shown in Scheme 95, 
model compound 283 was synthesized from precursor 281. Treatment of 281 with 
p-chlorophenylisocyanate and Et3N in toluene at 80 °C effected a smooth 
transformation to the macrocyclic isoazoline 283 in 68% yield, presumably via 
the nitrile oxide-olefin intermediate 282. 
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p-CI-PhNCO, Et3N 
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8.3 Carbene-Olefin Coupling 

Takahashi and coworkers [170] synthesized the antifungal diterpene casbene (287) 
by using carbene-olefin coupling for ring closure. As shown in Scheme 96, the 

284 : R = CH2OH 
285" R = CH=NNH2 

Cul, THF, 0°C to RT 

287 

286 

Scheme 96 
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linear precursor 284 was converted to the diazo derivative 285. Subsequent treat- 
ment with 2 equiv of Cul in THF afforded a mixture of products via intermediate 
286. Casbene (287) was obtained in only 14% yield from 284 after chromatography. 
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10 List of Symbols and Abbreviations 

Ac acetyl 
acac acetylacetonate 
AIBN 2,2'-azobis (2-methylpropionitrile) 
Bn benzyl 
Boc t-butoxycarbonyl 
BOP-C1 N,N-bis (2-oxo-3-oxazolidinyl)phosphordiamidic chloride 
Bu butyl 
Bz benzoyl 
DABCO 1,4-diazabicyclo[2.2.2]octane 
DBN 1,5-diazabicycto[4.3.0]non-5-ene 
DCC dicyclohexylcarbodiimide 
DEAD diethyl azodicarboxylate 
DEPC diethyl phosphorocyanidate 
DMAP 4-dimethylaminopyridine 
DME 1,2-dimethoxyethane 
DMF N,N-dimethyt formamide 
DPDS 2,2'-dipyridyldisulfide 
DPPA diphenylphosphoryl azide 
DPPB 1,4-bis (diphenylphosphino)butane 
DPPP 1,3-bis (diphenylphosphino)propane 
EE ethoxyethyl 
equiv equivalent (s) 
Et ethyl 
h hour(s) 
HOBt hydroxybenztriazole 
HOSu N-hydroxysuccinimide 
HMAP hexamethylphosphofic tfiamide 
Im imidazole-l-yl 
LDA lithium diisopropylamide 
Me methyl 
MEM 2-methoxyethoxymethyl 
Mes mesityl 
min minute(s) 
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mol 
Ms 
MS 
M O M  
M T M  
NCS 
N M M  
N M P  
PDC 
Ph 
Piv 
PMB 
4-PP 
Pr 
Py 
RT 
TBDMS 
TBDPS 
TES 
Tf  
TFA 
T F A A  
THF 
THP 
TIPS 
TMS 
TPM 
Ts 
TTN 
Z 

mole(s) 
mesyl 
molecular sieve 
methoxymethyl 
methylthiomethyl 
N-chlorosuccinimide 
N-methylmorpholine 
N-methylpyrrolidone 
pyridinium dichromate 
phenyl 
pivaloyl 
p-methoxybenzyl 
4-pyrrolidinopyridine 
propyl 
pyridine 
room temperature 
t-butyldimethylsilyl 
t-butyldiphenylsilyl 
triethylsilyl 
trifluoromethanesulfonyl 
trifluoroacetic acid 
trifluoroacetic anhydride 
tetrahydrofuran 
tetrahydropyranyl 
triisopropylsilyl 
trimethylsilyl 
triphenylmethyl 
p-toluenesulfonyl 
thallium trinitrate 
benzyloxycarbonyl 
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Although considerable effort has been devoted to the synthesis and study of porphyrins and 
other tetrapyrrolic macrocycles, larger aromatic pyrrole-containing systems, the so-called 
"expanded porphyrins", have received considerably less attention. Such systems, by virtue 
of containing a greater number of n electrons, a greater number of donating (e.g. pyrrotic) 
groups, or a larger central binding core, however, might have properties which differ 
substantially from their far better studied porphyrin analogues. In this review, the synthesis 
and properties of various large, pyrrole-, furan-, and thiopene-containing macrocycles will 
be discussed and the aromaticity properties of several of the better known expanded 
porphyrins, namely the sapphyrins, superphthalocyanines, pentaphyrins, texaphyrins, and 
vinylogous porphyrin-like annulenes, highlighted. In addition, to the extent they are known, 
the metal binding properties of the various "expanded" pyrrolic systems will be discussed 
and reviewed in terms of such variables as core size, donor number, and ligand geometry. 
Potential applications of the expanded porphyrins will also be presented with the use of 
certain systems as possible gadolinium (III) chelating agents for use in magnetic resonance 
imaging enhancement and as far-red absorbing photosensitizers for use in photodynamic 
therapy detailed. Opportunities for further work, both in regards to these potential 
applications and in terms of general expanded porphyrin chemical development, will also 
be presented. 
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1 Introduction and Scope 

Although considerable effort has been devoted to the synthesis and study of 
porphyrins and other tetrapyrrolic macrocycles [1], larger aromatic pyrrole- 
containing systems, the so-called "expanded porphyrins", have received considera- 
bly less attention. Such systems, by virtue of containing a greater number of 
~-electrons, a greater number of donating (e.g. pyrrolic) groups, or a larger central 
binding core might have properties which differ substantially from their far better 
studied porphyrin analogues. In this review, the syntheses and properties of several 
large, pyrrole, furan, and thiophene containing macrocycles will be discussed. 

Prior to this review, only two surveys of"expanded" porphyrin-like macrocycles 
had been published [2, 3]. The previous reports were confined to macrocycles 
which were capable of coordinating metals in a pentadentate ligand environment, 
and to a preliminary review of the so-called sapphyrin class of expanded porphyrins. 
Here, we have enlarged the scope of the survey to encompass the synthesis and 
general chemical properties of a much wider range of expanded porphyrin-like 
macrocycles. In addition, to the extent they are known, the metal coordination 
capabilities of these systems will be discussed and reviewed in terms of such 
variables as core size, donor atom numbers, and ligand geometry. Potential 
applications of the expanded porphyrins will also be presented with the use of 
some systems as either possible gadolinium (III) chelating agents for use in magnetic 
resonance imaging (MRI) enhancement or as far-red absorbing photosensitizers 
for the use in photodynamic therapy (PDT) highlighted, with the latter application 
receiving particular emphasis. Opportunities for further work, both in regards to 
these potential applications and in terms of general "expanded porphyrin" chemical 
development, will also be presented. The present review was undertaken due to 
the excitement currently being generated by these potential applications and the 
perceived opportunities for further work they are presently engendering. 

The porphyrins are arguably the best ligands in existence, forming coordination 
complexes with elements of almost the entire periodic table. The relative stability 
of the porphyrin macrocycle has also enabled an astoundingly diverse organic 
chemistry. This core and its unique properties have also been examined by almost 
every physical technique known. With the amount of effort that has been directed 
towards the study of the porphyrins and their properties, it is not surprising that 
other porphyrin-like macrocycles have begun to attract increasing attention. In 
the last few years, in particular, considerable effort has been devoted to exploring 
such systems. Much of this effort has been concerned with the chemistry of larger 
porphyrin-like systems, the so-called expanded porphyrins, and it is these systems 
which are the subject of the present review. 

To limit the size of this report, a restriction was placed on the compounds that 
were eligible for inclusion. Firstly, to be included, the compound had to contain 
at least one five-membered heterocycle in its structure. Secondly, the number of 
atoms in the internal ring pathway of the macrocycle was required to contain at 
least 17 atoms (one more than the number of atoms present in the inner core of 
porphine; Fig. I). Thus this definition, which is in two parts, eliminates conjugated 
macrocycles containing other small heterocycles such as pyridines. It also rules 
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Fig. 1 

out inclusion of various non-expanded porphyrin analogues such as, e.g. Vogel's 
recently reported porphycene [4]. It does, however, include macrocycles that are 
not aromatic. The justification for this latter decision derives from the potential 
benefit which might result from making comparisons between the spectral 
and coordination properties of a variety of closely related aromatic and non- 
aromatic systems. 

This review is divided into sections based on type; each section deals with 
separate groups of related expanded porphyrins. Although there is a certain 
flexibility in these assignments, a clear attempt has been made to place similar 
macrocycles in the same section. Herein we describe the expanded porphyrin 
systems that have been reported up to January 1991. Every attempt has been 
made to ensure the thoroughness of this review, but due to the potential breadth 
of this field omissions may have been made. The authors would like to apologize 
in advance for any incompleteness or inaccuracy which might, therefore, result. 

2 Homoporphyrins 

The porphyrins are near-planar aromatic macrocycles. The insertion of a single 
carbon between the meso and ~-pyrrolic carbons disrupts the aromaticity and 
forms a new group of expanded porphyrins referred to as "homoporphyrins". 

The first reported formation of a homoporphyrin came from the group of Callot 
[5]. Treatment of N-ethoxycarbonylmethyl-meso-tetraphenylporphyrin 1 with 
Ni(acac)2 led to the new expanded porphyrins 2 and 3 (Scheme 1) [5, 6]. The 
single crystal X-ray structure of 3 was determined [7, 8] (Fig. 2) and was found to 
reveal an essentially square planar nickel coordination involving the four nitrogens 
of the pyrrole bases. The pyrrole rings in 3 are planar but rotated and 
inclined with respect to the four-nitrogen least-squares plane. The striking 
distortions in the planarity of the macrocycle most likely result from the insertion 
of the saturated carbon into what was originally a methine bridge in the starting 
porphyrin. The atoms of the interior ring of the homoporphyrin skeleton form a 
delocalized (but non-aromatic) n-electron system. As a result, although the carbon 
atoms do not lie in a single plane, the bonding about each core carbon atom is 
in every case planar (the sum of the angles equals 360°). 
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At higher temperatures an equilibrium between 2 and 3 (60/40) is established 
which can be explained by ring inversion. Kinetic measurements are consistent 
with inversion barriers of AG* = 29.8 + 0.2 kcal/mol and 30.0 +_ 0.2 kcal/mol 
for 2 -* 3 and 3 ~ 2 interconversion, respectively [5, 6]. In addition to the inversion 
reaction, at higher temperatures these complexes also exhibit hydrogen migration 
followed, eventually, by cyclopropane migration. For instance, when either 2 or 3 
is heated to temperatures greater than 160 °C, an equilibrium is attained between 
the four products 2, 3, 4, and 5 (Scheme 2) [9]. The same mixture can be obtained 
by treating 2 or 3 with acid at room temperature [10]. Heating the equilibrium 
mixture of compounds 2 - 5  further (to temperatures higher than 200 °C) produces 
a mixture of four cyclopropyl annulated chlorins 6 - 9  [5, 6]. The visible spectra 
of all of these homoporphyrins (2-5) are similar to one another. They all display 
an intense absorption at approximately 450 nm (~ = 8 x 104 cm.  tool- 1) and two 
other bands in the 580-760 nm spectral region. 

Ph--  ph 
Ph 

P h ~  Ph 

Ph 
2 4 

C02Et 

P h ~ P h  ~ P h ~ P h  

Ph Ph 

Scheme 2 

3 5 
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C02Et H C02Et Ph 
" Ph H~,,. ~ 

P h ~ p h  Ph Ph 

Ph Ph 
6 8 

H Ph C02Et P~ H E t02C~, '~ '~  

P h ~  h P h ~  Ph 

Ph Ph 
7 9 

Subjecting 2 or 3 to strongly acidic conditions (e.g. 1 M CF3COzH or 
concentrated HC1) leads to rapid demetalation and the production of two isomeric 
free-base macrocycles 10 and 11 [11, 12]. The structure of 10 was confirmed by 
its spectral properties and its remetalation to form the nickel complex 5. On the 
other hand, the structure of 11 was determined solely by its spectral properties. 
For instance, the 13C NMR spectrum of 11 demonstrated the presence of a fully 
unsaturated system. Typical also was the presence of pyrrolic proton signals in 
the 6-7 ppm range of the tH NMR spectrum [12]. Compound I1 was very unstable 

Ph, H C02E t Ph C02Et 

P h ~ p  h Ph Ph 

Ph Ph 
10 11 
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Ph CO2Et 

P h ~  ph 

Ph 
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Scheme 3 

Ph CO2Et 

p h ~ p  h ,  

Y" ~x 
12 X=OMe, Y= Ph 
13 X=OH, Y= Ph 14 X=Ph, Y=OMe 
15 X = Ph, Y=OH 

and was even found To undergo decomposition in the solid state at 0 °C to yield a 
multitude of polar products. However, metalation of 11 with Ni(II) under an inert 
atmosphere gave 2 in 15% yield. When the analogous metalation reaction was 
carried out in nucleophilic solvents in the presence of oxygen, the compounds 
12-15 were obtained (Scheme 3). The structure of the alcohol 12 was determined 
by single crystal X-ray analysis [13]. As was the case for 2, the nickel was found to be 
coordinated in a square planar environment. The homoporphyrin skeleton in this 
structure, however, is far from planar. In fact, the overall effect of the distortions 
of the skeleton is to generate a saddle-shaped surface (Fig. 3). Furthermore, the 
ethylene bridge was found to lie in a "chimney-like" position, and, as a con- 
sequence, it precludes any conjugation between the neighboring pyrrole rings. Not 
surprisingly, macrocycle 12 was found to display little, if any aromatic character. 

Further treatment of 12-15 with acids enabled isolation of the intermediate 
cationic macrocycle 16 (Scheme 4) [12]. Acidic solutions of 16 were stable. Pure 

< 

J 
5 ~ ~ ~ ) } . ~  ) 1 3 1  qi N~ 

Fig. 3 
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Scheme 4 

Ph CO2Et 

P h ~  Ph 

Ph 

16 

crystals of 16, however, could not be obtained free of the hydrolysis products 13 
and 15. Methanolysis of 16, gave isomer 12 exclusively. On the other hand, 
zinc-acetic acid reduction of 16, yielded small amounts of 3 and 4, and a new 
homoporphyrin 17, which on prolonged heating at reflux in o-dichlorobenzene 
gave isomer 18 (Scheme 5). Here, it is interesting to note that in the presence of 
base, compound 17 is converted to 2, while under the same reaction conditions 
isomer 18 is stable and remains unchanged. 

Ph CO2Et 

P h ~  Ph 

Ph 

Zn / AcOH 
D 

Ph CO2Et 

Ph Ph 

16 / 17 

CO2Et Ph 
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18 
Scheme 5 
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22 R = CO2Et, R' = Me 
23 R = CO2Me, R' = CH2COOMe 
24 R = CO2Me, R' = CH2Ph 
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26 R = CO2Me, R' = Me, M = Ni 
27 R -- CO2Et, R' = Me, M = Ni 
28 R = CO2Me, R' = CH2CO2 Me, M = Ni 
29 R = CO2Me, R' = CH2Ph, M = Ni 
30 R = P(O)(OCH3)2, R' = Me, M = Ni 
31 R = CO2Me, R' = Me, M = Cu 
32 R = CO2Me, R' = Me, M = Zn 
33 R = CO2Me, R' = Me, M = Co 
34 R = CO2Me, R' = Me, M = FeCI 

Scheme 6 
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A new anionic homoporphyrin 19 is produced when either 2 or 3 is treated with 
a strong base such as i-PrzNLi. Protonation of 19 gives a mixture of the macrocycles 
2, 3 and 16. 

Four years after their initial report, the first alternative synthesis of homopor- 
phyrins was reported by Callot and coworkers [14]. In this work it was found 
that the reaction of zinc tetraphenylporphyrin 20 with disubstituted diazoalkanes 
(Scheme 6) gives, after workup, the corresponding free-base homoporphyrins, 
namely 21-25. Treatment of these expanded porphyrins with Ni(II) gives the 
corresponding nickel complexes, namely 26-30. Reactions of 21 with other metals 
also gives the expected metal complexes 31-34 [15-17]. 

Ring contraction of the metallohomoporphyrins to the respective metallotetra- 
phenylporphyrin complexes 36-41 occurs when compounds 26-34 are reduced 
electrochemically (Scheme 7) [15]. The only homoporphyrin examined that did 
not give the corresponding tetraphenylporphyrin was the ethyl ester functionalized 
macrocycle 27. This compound gave a triphenylporphyrin with the ester group 
substituted at the final m e s o  position 40. The electrochemical reduction of the 
macrocycles 12-15 was also examined [18]. Although the first reduction potential 
for species 12-15 is very close to that of 2 and 3, the observced reversibility 
of this first reduction wave rules out the possibility that further follow-up ring 
contractions take place after the initial electrochemical reduction [15]. 

R ~ 

P h ~  Ph 

Ph 

21 R = CO2Me, R' = Me, M = H 2 
26 R = CO2Me , R' = Me, M = Ni 
27 R = CO2Et, R'= Me, M = Ni 
31 R = CO2Me, R' = Me, M = Cu 
32 R = CO2Me, R' = Me, M = Zn 
33 R = CO2Me, R' = Me, M = Co 
34 R = CO2Me , R' = Me, M = FeCI 

R 

P h ~  Ph 

Ph 

35 R=Ph,  M=H 2 
36 R= Ph, M=Ni 
37 R=Ph, M=Cu 
38 R=Ph, M=Zn 
39 R=Ph,  M=Co 
40 R = CO2Et, M = Ni 
41 R=Ph, M=Fe 

Scheme 7 

Recently a new synthesis of homoporphyrins was discovered serendipitously by 
Smith and coworkers [19]. These investigators found that treating the unsym- 
metrically substituted a,c-biladiene salt 42 with copper(II) afforded the copper 
containing macrocycle 43. Attempts to remove copper with sulfuric acid and 
trifluoroacetic acids resulted in ring expansion to the free-base homoporphyrin 44 
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(Scheme 8). The structure of 44 was confirmed by a single crystal X-ray analysis 
(Fig. 4). The reaction is thought to proceed via an initial ring opening, followed 
by closure in a different sense. This ring opening if favoured by the presence of 
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an enolizable proton on the bridging methylene. An alternative synthesis of 44 
has been achieved via the anodic oxidation of 42 at 0.8 V (vs. Ag/AgC1) [20,21]. 

The homoporphyrins have the most diverse organic chemistry of any of the 
expanded porphyrins. This is largely due to their inherent instability, which allows 
for rearrangements and ring contractions under both thermal and electrochemical 
conditions. Interestingly, however, this reactivity is not so great as to preclude the 
isolation and characterization of new materials. Taken together, these two factors, 
make the homoporphyrins a particularly interesting class of expanded porphyrins. 

3 Heterohomoporphyrins 

There is only one fully characterized example of this class of expanded porphyrin 
[22, 23]. While other macrocycles of this type are thought to exist as intermediates 

R 

SO3NHCO2Et ~ _  
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+ 

R 

SO3NHCO2Et R 

= HCO2Et 

NO2 

49 R R 

50 R=Me, M=H2 
51 R=Et,  M = H  2 
54 R= Et, M=Cu 
55 R= Et, M=Zn 

189 



J. L. Sessler and A. K. Bmxell 

in a number of reactions used to form macrocycles, notably the sapphyrins their 
existence is still speculative [24-27]. Thus for the purposes of this review, discussion 
will be limited to the one well-characterized example, homoazaporphyrin 45 and 
46 (see Scheme 9). 

As was the case with the initial synthesis of the homoporphyrins [5 7], the only 
well characterized heterohomoporphyrin was discovered serendipitously [22, 23]. 
Here the initial work involved investigating the reaction of ethoxycarbonylnitrene 
with porphyrins and metalloporphyrins, in the interest of probing the reactivity 
of porphyrins towards electrophiles [22, 23]. It was found that when the 
octaalkylporphyrins 47 and 48 were treated with 49 a rapid reaction occurred. 
Careful isolation of the products gave the meso-homoazaporphyrins 45 and 46, 
respectively (Scheme 9). When the expanded porphyrins 45 or 46 were heated in 
chloroform, a ring contraction occurred and the meso-ethoxycarbonylaminopor- 
phyrins 50 or 51 were obtained, respectively. The reactions of metallo-octaalkylpor- 
phyrins Cu(II) (52), Zn(II) (53), Ni(II) and Co(III) with ethoxycarbonylnitrene 
were also examined. The copper (52) and zinc (53) porphyrins gave metal complexes 
of the corresponding non-expanded meso-substituted derivatives 54 and 55. No 
reaction was noted with the nickel porphyrin, and the cobalt(III) containing 
porphyrin was found only to undergo anion exchange, with the p-nitrophenyl 
sulfonate replacing the original counter anion associated with the Co (III) center. 

In addition to the above reactions, the preparation of metal complexes directly 
from 46 was also studied. Upon treatment of 46 with either Zn(II) or Cu(II) an 
immediate ring contraction occurred and the meso-substituted porphyrin deriv- 
atives 54 and 55 were again obtained. 

While these expanded porphyrins represent a unique and potentially interesting 
class of expanded porphyrins, their stability towards ring contraction severely 
limits their utility, except perhaps as intermediates in the production of meso- 
substituted metalloporphyrin systems. 

4 Schiff Base Expanded Porphyrins 

Condensation reactions between carbonyl compounds and primary amines have 
played a central role in the synthesis of new macrocyclic ligands [28-34]. Usually, 
though not in all cases, such reactions are conducted in the presence of metal ions 
which can serve to direct the condensation preferentially to cyclic rather than 
oligomeric/polymeric products and to stabilize the macrocycle once formed. The 
relative atomic radius of the templating ion has a considerable effect on the size 
of the macrocycle formed. For instance, in what is now classic work, cations such 
as Mg(II) (r = 0.72 ~) were found to stabilize the formation of macrocycles such 
as 60 from " t  + t"  condensations [35], while larger cations such as Sr(II) 
(r = 1.16/~), Ba(II) (r = 1.36 fk), Ag(I) (r = 1.15 A), and Pb(II) (r = 1.18 ~) were 
found to produce macrocycles, such as 61, that are the result of "2 + 2" 
condensations [31, 36, 37]. Even larger macrocycles have been stabilized by using 
metal clusters as templates [38, 39]. In many cases these Schiff base macrocycles 
are not stable in the absense of a coordinating metal. In an attempt to distinguish 
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61 

between the macrocycles that exist only as metal stabilized ligands and those that 
can be isolated as the free macrocycles, two separate labeling systems are used in 
this section. Schiff base macrocycles that are not stable in the absence of a 
coordinating metal are labeled using an L n designation; other stable macrocycles 
are labeled by normal conventions. 

While the majority of macrocycles formed by this type of Schiffbase condensation 
reaction are derived from pyridine containing fragments, considerable attention 
has also been devoted to the use of other heterocycles, including five membered 
ones, as the primary macrocyclic precursors. Although these latter ligands are for 
the most part not completely conjugated, they form an important group of 
expanded porphyrin-type macrocycles. It is for this reason that they are included 
in the present review. 

4.1 Furan-Containing Schiff Base Macrocycles 

The condensation reaction between 2,5-diformytfuran and 1,3-diaminopropane in 
MeOH using Ba(C104)2 as a template gave the complex [Ba(L1)E(H20)][CIO4]2 
(62), in >70% yield [40]. The macrocycle (L 1) is formed from a "2 + 2" 
condensation. A single crystal X-ray investigation of 62 is shown in Figs. 5 and 6 
[41]. The two independent macrocycles which are coordinated to the barium 
have different conformations. While one of the macrocycles is coordinated via all 
six donor atoms (the four nitrogen atoms and both of the furan oxygen atoms), 
the other ligand is bound by only three of the donor atoms (one of the furan 
oxygen atoms and two of the nitrogen atoms). There is also a water molecule 
occupying one of the coordination sites on the barium. The result is an eleven 
coordinate Ba(II) cation. 
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o 0  

Fig. 5 

) 

Fig. 6 

Treatment of 62 with Cu(II) gave the trans-metalated, di-~t-hydroxo-di-Cu(II) 
complex, Cu2(L1)(OH)2(C104)2 • H20 (63), in good yield. The structure of 63 was 
inferred from the antiferromagnetic behavior (~teff/Cu = 1.37 ~ta at 293 K and 
0.70 ~t B at 93 K) of the complex [41]. The obvious binucleating character of this 
ligand prompted further investigations into these and other related bimetallic 
complexes as models for the Type 3 copper proteins. To date, a variety of 
Cu(II) complexes of (L 1) have been isolated [Cuz(L1)(OH)2] [CIO4] 2 " H 2 0  (63), 
[Cu2(L1)(OR)2(MeCN)2] [BPh4]2 (64), and [Cu2(L1)(OR)2(NCS)2] (65), (R = Me, 
Et, n-Pr) [42]. The structure of 65 (R = Et) is shown in Fig. 7. Each Cu(II) ion is 
bonded to two imino nitrogens of the macrocycle, the nitrogen of one (terminally 
bound) thiocyanate ion, and to two bridging ethoxide groups in an approximate 
trigonal-bipyramidal geometry. All of these dicopper(II) complexes undergo 
reduction upon heating in MeCN [42]. For the complex 65, the product is 

( N N \ 
.... N hi / k/o ) 

L 1 
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Fig. 9 

[Cuz(LI)(NCS)2] (66), which has been shown (c.f. Fig. 8) [43] to contain two 
tetrahedrally coordinated Cu(I) ions held 2.796(8)~ apart and linked inter- 
molecularly via the sulfur atoms of the thiocyanate ions. For the complexes 63 
and 64, the reduction product is the diamagnetic complex [Cu2(LI)(MeCN)2](Y)2 
(67) (Y = C104 or BPh4) in which each three coordinate Cu(I) ion is bonded to 
two of the four macrocyclic nitrogen atoms and to the nitrogen of one of the two 
MeCN molecules (Fig, 9) [43]. In the presence of certain substrates the reduction 
of 63 or 64 is accompanied by substrate oxidation. For example, PhSH, P h C -  CH, 
hydrazobenzene, catechols, hydroquinone, and ascorbic acid afford PhSSPh, 
P h C = C C - P h ,  azobenzene, o-quinones, p-quinone, and dehydroascorbic acid, 
respectively, together with the reduced species 67 and/or other copper complexes 
[42]. When carried out in a dimethylformamide solution in the presence of O2, 
several of these substrate oxidations proved to be catalytic in 63 or 64. The reaction 

C 3 0  • 

Fig. 10 

194 



Expanded Porphyrins 

of 63 with phenyl acetylene gave orange crystals of [Cu(I)4(La)z(C-CPh)] 
• [C104] 3 " 0.5 (dpda) (68), (dpda = diphenyldiacetylene) and white crystals of dpda. 
The structure of 68 was determined by X-ray analysis [40]. It is depicted in Fig. 10. 
In this structure each macrocycle is bonded to a pair of copper atoms via the 
four imino-nitrogen atoms. The conformation of each 'Cu2N4' moiety is such that 
the two metal atoms sit outside the approximate 'N 4' plane on the surface of the 
saddle shaped macrocycle (Fig. 10). An interesting feature of this structure is that 
the terminal carbon of the phenyl acetylide is five coordinate, being bonded 
to all four copper atoms as well as being linked to the other carbon atom of 
the acetylide. The complex 67 and the related complex 69 may also be formed 
by treatment of the appropriate Ba(II) complex with a three-fold excess of 
[Cu(MeCN)4][C104] in MeCN-EtOH at 60 °C under anaerobic conditions [44]. 

\ Y  / 
u ~u 

N 

69 L = MeCN 

However, when the transmetalation was carried out at reflux temperature in "wet" 
solvent with access to air, the pentanuclear complexes [Cus(L1)2(dmt)2][C104]s 
(70), and [Cus(L2)2(dmt)2][CIO4]a (71), (dmt = 3,5-dimethyl-l,2,4-triazolate anion) 
were obtained. The structures of these complexes were confirmed by an X-ray 
diffraction analysis of complex 71 (Fig. 11) [44]. Separate experiments established 

/N 
........ N N 

L 2 
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the necessity of both H20 and 02 in the formation of the triazolate ring. Moreover, 
no triazolate was formed when [Cu(MeCN)4][C104] was used in place of the 
dinuclear complexes 67 or 69. The use of EtCN in the reaction mixture afforded 
the corresponding pentametallic complex derived from a 3,5-diethyl-l,2,4-triazolate 
anion. Until this report [44], the only reported formation of a 1,2,4-triazole via 
N -.. N coupling involved reacting the sodium salt of an amine with CuC1 [45]. 
Since the aggregation of simple Cu(I) salts is well known in non-coordinating 
solvents [46], it would seem that the stabilization of copper clusters provided by 
ligands such as L 1 and L 2 supplies a facilitating environment for this type of 
reaction. 

The most practical use for these expanded porphyrin macrocycles is in complexa- 
tion of larger cations. Preliminary investigations into lanthanide complexes of L 1 
indicate that most of the lanthanides form complexes with L 1 via template reactions 
[47]. However, to date this chemistry has not been explored extensively nor 
exploited in terms of any practical applications. 

A series of molecular mechanical investigations involving the furan- and 
thiophene-containing analogues of macrocycle L 1 [48] were used to investigate 
the relationship between this type of 2 + 2 Schiffbase ligand and the corresponding 
binuclear copper complexes, especially with regards to their relative stability. In 
all cases, the steric stability of the complexes was confirmed by the calculations. 
Based on this, the viability of this method for determining a priori which 
macrocycles would be most suitable for modeling Type 3 copper proteins was 
then suggested [48]. 

While the furan containing complexes of ligands of type L 1 have attracted the 
most attention, other ostensibly related furan-derived ligand systems have also 
been considered as being likely to provide complexes of interest [49]. For instance, 
macrocycles which contain more than one type of heterocycle have been reported 

N 3 ~  1 N17~E~ " ~D 

o ~ ,  ~ ~ ,  Fig. 11 
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[49] from the condensation of 2,5-diformylfuran and 2,6-bis(2-aminophenoxyme- 
thyl)pyridine in the presence of Pb(C104)2. This gives the complex [Pb(73)(CIO4)2] 
(72). Treatment of complex 72 with sodium tetrahydroborate afforded the parent 
metal-free macrocycte 73 [49]. 

73 

Macrocyclic ligands that provide endogenous bridges were expected to be 
even more versatile ligands than their simple alkyl linked counterparts. The 
incorporation of hydroxyl groups into the macrocycle framework, for instance, 
was thought to provide a source of bridging alkoxide groups, derived from the 
ligand itself [50, 51]. It was envisioned that this would provide a more sophisticated 
series of bimetallic complexes. To date, some tests of this general idea have been 
carried out. For instance, the reactions of 1,5-diamino-3-hydroxypentane with 

HO,,~ .......... N N >i/OH OH HO 

N N - -  N N - - ~  
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Fig. 12 

2,5-diformylfuran in the presence of Ba (C104)2 as a template give colorless crystals 
of Ba(L4)(C104)z (74) [50, 51]. The structure of 74 was determined by a single 
crystal X-ray investigation (Fig. 12) [51]. Using a longer amine chain in the 
condensation reaction gives, as expected, Ba(LS)(CIO4)2 • EtOH, (75). This too 
was characterized by X-ray crystallography (Fig. 13) [51]. The major difference 
between 74 and 75 is the number of metal ligating centers which derive from the 
macrocycle. With the smaller macrocycle 74 all of the potential donor atoms are 
coordinated to the Ba(II) center. In contrast, the larger system 75 has only five 
of its potentially available eight donor atoms actually involved in coordination 
to the metal center. This difference reflects a point of prime importance, namely 
that due caution must be exercised when attempting to form a particular type of 
complex from a particular type of ligand and chosen metal center: The macrocycle 
and the ligand must be suitably matched. 

os , 1 o8 

N4 

Fig. 13 
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4.2 Thiophene-Containing Schiff Base Macrocycles 

Thiophene-containing Schiff base macrocycles have also been investigated as 
potential binucleating ligands. For instance, Fenton and coworkers found that 
reaction of equimolar amounts of 2,5-diformylthiophene with various ~,co-amino- 
ethers gives a facile synthesis of the corresponding metal-free tetraimine macro- 
cycles 76 and 77 [52, 53]. An X-ray investigation of the free ligand 76 is depicted 
in Fig. 14 [52]. The molecule 76 adopts a folded conformation in which two planar 
thiophene rings lie aligned and approximately parallel (although not fully eclipsed). 
Treatment of 76 or 77 with Ag(C104) gives the di-silver complexes Ag 2 (76)[C10412 
(78), and Agz(77)[C104] 2 (79), respectively. The X-ray structure of 79 (Fig. 15) 
confirmed that the sulfur atoms of the thiophene moiety are not involved in 
coordination to the silver(I) centers [52]. In fact, the structure of 79 given in Fig. 15 
reveals that the skeleton of the macrocycle has a twisted-loop conformation such 
that the two silver atoms are bonded only to the two imine nitrogen atoms and 
also, rather remotely, to a water molecule but not to a thiophene sulfur site. Other 
thiophene containing macrocycles prepared via similar condensations have also 
been isolated as the free ligands [53]; c.f. structures 80-87. Here, it is of interest 

~ N 

76 R = (CH2)20(CH2) 2 
77 R = (CH2)20(CH2)20(CH2) 2 
80 R = (OH2) 3 
81 R = (CH2) 4 
82 R = (CH2) 5 
83 R = (OH2) 6 
84 R = (CH2)2S(CH2) 2 
85 R = (CH2)2NH(CH2) 2 
86 R = (CH2)3NH(CH2) 3 
87 R = (CH2)20(CH2)20(CHz)20(CH2) 2 

]2+ 

78 R = (CH2)20(CH2) 2 
79 R = (CH2)20(CH2)20(CH2)2 

to note that in at least one case the condensation reaction is complicated by a 
side reaction which leads to ring contraction and formation of a macrocycle 
containing imidazolidine rings (88) [53]. While many of the macrocycles 80-87 

199 



b
~

 

m
 

7-
 

z 
>.

 

o/o
 

G
O

 
09

 

0 
z ~_

__
/ 

\ 
/ 



Expanded Porphyrins 

appear to form bimetallic complexes with Ba(II), none of the complexes has been 
characterized structurally. Thus, it is difficult at present, to appreciate whether 
thiophene ligation is playing an important role in this chemistry. In the formation 
of $7 another macrocycle 89 was also formed. The structure of this 1:1 condensation 
product was confirmed by reduction with NaBH4; this gave the reduced macrocycle 
90 [53]. In any case, the thiophene-derived, silver-containing macrocycle 78 appears 
to behave in a manner similar to that of furan ligands L 1 and L2: When treated 
with [Cu(MeCN)4][C104] in "wet" MeCN-EtOH in the presence of air, 78 gave 
the pentanuclear complex [Cus(L6)2(dmt)2][C104]3 (91), which is reported [44] to 
have a structure similar to its furan analog 71 which, in turn, is depicted in Fig. 11. 

4.3 Pyrrole-Containing Sehiff Base Macrocycles 

The use of pyrrole as the source of a donor atom in Schiff base ligand macrocycles 
is relatively rare. This probably just reflects the long and tedious synthesis of the 
required starting 2,5-diformylpyrrole (92), rather than any kind of general philo- 
sophic opposition to using this heterocycle. Consistent with this supposition is 
the realization that the publication [54] of a relatively facile route to 2,5- 
diformylpyrrole (92) in 1981 was reflected soon thereafter in terms of the synthesis 
by Fenton and coworkers of a series of macrocycles containing a 2,5-substituted 
pyrrole moiety 93-98 [50, 55, 56]. 

93 R =(CH2)2 
94 R = CH2CH(CHa)CH z 
95 R = (CH2) 3 
96 R = (CH2) 4 
97 R = (CH2) s 
98 R = (OH2) 6 

The preparation of the Cu(II) complexes of these macrocycles differs from that 
of the other Schiff base expanded porphyrins described above in that first a copper 
complex is formed from 2,5-diformylpyrrole and copper(II) acetate in methanol 
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or ethanol and only then are the resulting complexes (e.g. 99 and 100) treated with 
the appropriate diamine to give the desired product macrocycles (Scheme 10). As 
before, the size of the macrocycle formed influences the type of metal complex 
obtained. 1,2-Diaminoethane and 1,3-diaminopropane result in the monometallic 
copper complexes 101 and 102, respectively. Using longer interamine bridging 
chain lengths gives the bimetallic complexes 103-105 (Scheme 10). The X-ray 
structure of one of the mononuclear complexes 102 was determined. The structure 
(Fig. 16) demonstrated tha: the Cu(II) ion is coordinated at one end of the 
macrocycle and coordinated to both of the pyrrole nitrogen atoms. It is, however, 
bound to just one pair of the four imine nitrogen atoms [56]. 

The last class of Schiff base macrocycles to be discussed in this subsection are the 
only ones which can truly be called expanded porphyrins. This is because in all 
cases reliance is not made on simple pyrroles but on linked polypyrroles. The first 

? N ~  MeOH = 
KOH 

O O Cu(OAc)2 

92 

Scheme I0 

o ~  o ,~ 

I " N ~  t / N" I 

X - - O  OR ~ O  

99 R=Me 
100 R= Et 

.~NH2(CH2)nNH2 

n = 2 or 3 ../ '"--...~ n=4,5or6 

~ R  / ~ '~ iEt  R ~  

101 R = (CH2) 2 103 R= (0H2)4 
102 R = (CH2)3 104 R = (CH2)5 

105 R = (CH2)6 
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~C35 
C36 ~ 

c37.C~.M .... X., ~2 
~ 8  N 3 2 ~  

c6~.,--.-.~c s Fig. 16 

of this class of compounds to be prepared is the so-called "accordion" porphyrin 
of Mertes and coworkers (Scheme 11) [57]. Here, the reaction of 5,5'-diformyldi- 
pyrromethane 106 with 1,2-diaminoethane or 1,3-diaminopropane in the presence 

__~CHO / ~ ' ~  N .......(CH2) n~ N . . ~ ~  

.--NH M 2. N N 
. . ,  // 

H2N(CH2)nNH2 " /~'-'N M M IXl~'~/ \ 
"---NH n=2,3 ~ F I ~  N-J(~ 

106 107 n =2, M =Zn 
108 n=2, M= Pb 
109 n=3, M=Zn 
110 n=3, M= Pb 

Scheme 1 i 

~ N  uN"'(CH2) n" N " ~ ~  

~ N "-'.----(C H2) E" N ~  

112 n = 3 
113 n=2 

2+ 

2+ 
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of either zinc(II) or lead(II) was used to obtain bimetallic complexes of the general 
form 107-110 [58]. The free ligand 111 was obtained when Ba(II) was used as the 
metal template in the condensation between 1,3-diaminopropane and the di- 
formyldipyrromethane 106 (Scheme 12) [58]. The copper(II) complexes of these 

x••CHO 
L----- N H 

~NH 

H2N(CH2)3NH2=,, 

Ba(CIO4)2 

~ N f J C H 2 ) 3 ~ N ~  

~NH N ~  

106 111 

Scheme 12 

macrocyclic systems could be obtained either from the direct reaction of the free 
ligand 111, to give 112, or via transmetatation of the complexes 107-110, which 
gave the respective bis-Cu(II) complex 112 or 113. All of the copper complexes 
obtained appear to be binuclear in nature. In fact, a single crystal X-ray structural 
analysis of the bis-azide adduct of complex 112 confirmed the presence of two 
coppers. The actual structure (Fig. 17 and 18) revealed a somewhat unusual 
geometry [58]. The coordination geometry about each copper(II) ion is a distorted 
square pyramid made up of the nitrogen atoms of the macrocycle and a nitrogen 
from the azide anion. The ligand is in an "in-out" geometry with respect to the 
imine conformation. Moreover, rather than being in a flattened, near-planar 

Fig. 17 

204 



Expanded Porphyrins 

NTI~ 

_ o . . . . , ~ j ~ . .  NS'~ 

Fig. 18 

conformation, the ligand has twisted and folded so that the two dipyrromethenes 
are almost facing each other and ligation to the imines takes place "across" the 
macrocycle. That said, it is important to appreciate that the dipyrromethene 
fragments each show extensive electron delocalization and, including the imines, 

~ H N  CHO 

+ 
N 

114 

HzN ~ 

.... t 

115 

Scheme 13 

116 
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Fig. 19 

are planar. Moreover, within each dipyrromethene fragment the bond lengths 
resemble those in porphyrin structures. 

In a manner similar to that used to prepare 112, the reaction of the diformyl- 
tripyrrane 114 with o-phenylenediamine was found by Sessler and coworkers to 
result in the synthesis of a pentaazamacrocycle 115 (Scheme 13) [59]. An X-ray 
structure of a derivative of 115 is shown in Fig. 19. Unfortunately, no structurally 
characterized metal complexes of 115 have been reported to date. However, 
oxidation of 115 in the presence of cadmium(II) was found to give the aromatic 
pentaaza-macrocycle metal complex 116, which has been characterized by X-ray 
diffraction [60]. The properties and chemistry of these tripyrroledimethine-derived 
"texaphyrins" is reported in the next section. 

Other large macrocycles 117 and 118 have also been reported from similar 
condensations between the polypyrrole dialdehydes 119 and 120 and substituted 
phenylenediamines (Schemes 14 and 15) [61]. However, at present, little published 
information is available for these systems. 

MeO" ~ "N N" ~ "OMe 

M e O ~  NH2 

MeO ~ ~ -NH 2 

Scheme 14 
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M e O , ~  NH 2 

MeO / ~ "NH 2 

Scheme 15 

MeO OMe 

118 

The Schiff base complexes provide the widest range of expanded porphyrins 
available from the same general reaction sequence. This ease of synthesis coupled 
with the large potential variability in ligand size and structure, enables extensive 
conceivable modification of the macrocycle. As a result it is possible to envision 
the design of Schiff base expanded porphyrins to fit, presumably, any given metal 
that one may wish to complex. Thus, it is expected that this class of expanded 
porphyrins will continue to be among the most extensively investigated in the 
years to come. 

5 Texaphyrins 

The synthesis of a tripyrrane containing porphyrinogen-like macrocycle was 
reported by Sessler et  al. in 1987 [59]. As discussed in the previous section (4.3), 
the first representative of this new class of expanded porphyrins (e.g. 115) was 
formed by the Schiff base condensation between a diformyltripyrrane 114 and 
o-phenylenediamine. Subsequent to this initial report, this approach has been 
generalized to afford a wide range of new macrocycles 115,121-134. Initial attempts 
to form coordination complexes between a variety of metals and these methylene- 
linked ligands, however, proved to be unsuccessful [62]. In fact, to this date no 
well-characterized metal complexes of the reduced macrocycles 115, 121-134 have 
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been reported. However, it was expected that oxidation of these compounds (by 
four electrons), and the accompanying aromatization, would improve the potential 
utility of these systems as ligands [59, 62]. 

115 R I = R 2 = H  
121 R1 = R2 = Me 
122 RI = H, R2 = Me 
123 R1 = H, R 2 = OMe 
124 R~ = H, R2 = C] 
125 R I = H , R  2=CO2H 
126 R I = H , R  2 = N O  2 
127 R1 = R2 = OCH2CH2CH2OH 

128 

129 

131 

130 

N ~  j O ~ / }  

132  
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NH H r ~  
H 

134 

Unfortunately, however, considerable effort was required before conditions could 
be found which would enable this key 4-electron oxidative transformation to be 
effected. Standard organic oxidations of macrocycle 115 gave no sign of producing 
the desired oxidized product 135. Under a range of conditions and in the presence 
of a variety of oxidants, including o-chloranil, DDQ, PbO2, and PtO2, only the 
starting porphyrinogen-like species 115, or decomposition products were obtained 
[60]. Finally suitable oxidation conditions were found [59, 60]. Exposing 115 to 
oxygen in the presence of a non-nucleophilic base was found to provide the 
aromatic macrocycle, albeit in low yield. Specifically, stirring the reduced ma- 
crocycle 115 in air-saturated chloroform-methanol containing N,N,N',N'-tetra- 
methyl-l,8~diaminonaphthalene [60] gave the product 135 as.a green solid in ca. 
10% yield. Although the yield for the oxidation is low, the aromatic macrocycle 
once formed appears to be quite stable, decomposing at a slower rate than its 
precursor [62]. 

This enhanced stability (of 135) is attributed to the aromatic stabilization present 
in the oxidized form [6]. This new aromatic expanded porphyrin 135 can be 
considered as a 22 ~-electron benzannulene with an 18 ~-electron delocalization 
pathway. Due to its large core size, this aromatic expanded porphyrin was assigned 
the trivial name "texaphyrin", (for Texas-sized porphyrin) [63]. Further confirma- 
tion of the aromatic nature of the texaphyrin macrocycle 135 derived from the 
chemical shift of the NH proton (at 6 0.9 ppm) which was shifted upfield by over 
10 ppm as compared to the pyrrolic protons present in the reduced macrocycle 
115. This shift parallels that seen when the spa-linked macrocycle, octaethyl- 
porphyrinogen (6(NH) = 6.9 ppm), is oxidized to the corresponding octaethyl- 
porphyrin (OEP) (6(NH) = -3 .74 ppm) [64]. This suggests that the diamagnetic 
ring current present in 135 is similar in strength to that present in the porphyrins 
[601. 

If the oxidation of the reduced macrocycle 115 is carried out in the presence 
of an appropriate metal salt the result is not only oxidation of the macrocycle, 
but also coordination of the metal to form a metallotexaphyrin (Schemes 16-19) 
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N ~ / ~  R 2 O2 / base "- N - - M  ~ . ~ R  2 

115 R I = R 2 = H  116 M=Cd,  R I = R 2 = H , n = I  
121 R ~ = R 2 = M e  135 M = H , R ~ = R 2 = H , n = 0  
122 R I = H ,  R2=Me 136 M=Zn,  R I = R 2 = H , n = I  
123 R t = H , R  2=OMe 137 M=Mn,  R I = R 2 = H , n = I  
124 R1 = H, R2=CI 138 M=Nd,  R I = R 2 = H ,  n = 2  
125 R 1 = H, R 2 =CO2H 139 M = Sm, R1 = R2 = H, n = 2 
126 R 1 =H, R2= NO 2 140 M=Eu,  R 1 =R2=H,  n = 2  

141 M=Sm,  R I = R 2 = H ,  n = 2  
142 M = H, R1 = R2 = Me, n = 0 
143 M=Cd,  R1 =R2=  Me, n= 1 
144 M=Zn,  R1 = R2= Me, n = 1 
145 M= Sm, R1 = R2= Me, n =2  
146 M = Eu, R 1 = R 2 = M e ,  n = 2 
147 M=Gd,  R1 = R2= Me, n =2  
148 M=Cd,  R I = H , R  2 = O M e , n = l  
149 M = Cd ,  R~ = H, R 2 = CI,  n = 1 
150 M = Cd, R 1 = H, R 2 = CO2H; rl = 1 
151 M=Cd,  R I = H , R  2 = N O 2 , n = l  

S c h e m e  16 152 M = Cd, R1 = H, R 2 = Me, n = 1 

[60, 65]. For  example, the oxidation of 115 in the presence of cadmium chloride 
yields a dark green powder which formulates as 116 • C1 [60]. The optical spectrum 
of cation 116 bears some resemblance to those of other aromatic pyrrole-containing 
macrocycles [24-27, 66]. The dominant transition, in chloroform, is a Sorer-like 
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Scheme 19 
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band at 427nm (e = 72,700 cm. mol- ~) which is considerably less intense than 
that seen for Cd(OEP)(Py)(Py = pyridine) [67]. This absorption band is flan- 
ked by exceptionally strong N- and Q-like features at higher and lower ener- 
gies, respectively. As would be expected for a larger ~-system, both the lowest 
energy Q-like absorption (X~a x = 767.5 nm, e = 41,200 cm. mol-  1) and emission 
(Xm,, = 792) bands of 116" C1 are substantially red-shifted (by ca. 200 nm) as 
compared to those of typical cadmium porphyrins [67, 68]. 

Using a different metal salt, Cd(NO3)2, instead of CdC12, the oxidation reaction 
results in a slightly higher yield of the cadmium texaphyrin complex [60, 65]. 
However, upon purification, the product is obtained as a mixture of crystalline 
and non-crystalline solids. A single crystal X-ray diffraction study of the crystalline 
portion of the sample gave an unexpected result. The structure obtained (Fig. 20) 
revealed a six-coordinate pentagonal pyramidal cadmium(II) complex 156 (c.f. 
Scheme 20) where one of the two possible axial ligation sites is occupied by a 
benzimidazole [65]. The five donor atoms of the pentadentate texaphyrin ma- 
crocycle complete the coordination sphere about the cadmium with the cadmium 
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atom displaced, towards the benzimidazole by 0.338(4)/~ from the plane of the 
five texaphyrin nitrogens [65]. The benzimidazole is thought to result from 
electrophilic aromatic deacylation of a tripyrrane or-carbon and subsequent 
condensation with o-phenylenediamine [65]. 

I1 

116 6 L = Benzimidazole 

I1 

157 L = Pyridine 

Scheme 20 
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Treatment of the inhomogeneous material, formed from the oxidation of 115 in 
the presence of Cd(NO3) 2, with pyridine gives only a single crystalline aromatic 
product 157. A single crystal X-ray investigation (Fig. 21) of 157 confirmed the 
coordination of pyridine to the cadmium [60, 65]. In this complex the cadmium 
atom is held essentially within the plane of the macrocycle, the two pyridine 
ligands coordinated to the axial binding sites of the seven-coordinate, pentagonal 
bipyramidal cadmium center. These two structures (Figs. 20 and 21) confirm the 
core of the texaphyrin macrocycle as being roughly 20% larger (center-to-nitrogen 
radius) than that found in typical metalloporphyrins [69]. 

A quantitative ~H NMR investigation into the binding of pyridine and ben- 
zimidazole to the cadmium texaphyrin complex 116 was carried out [65]. It revealed 
that the five-coordinate cadmium texaphyrin complex 116, with no axial ligands, 
can exist in pure form and that it, along with varying concentrations of six and 
seven coordinate species (e.g. 156 and 157) may be produced under certain 
conditions (Scheme 20). This study thus helps account for the production of 
inhomogeneous, mixed ligation, materials during the oxidation of the reduced 
macrocycle 115 in the presence of Cd(NO3) 2 [65]. 

Support for the above conclusions was also obtained from an analysis of the 
113Cd NMR and solid state MAS spectra of the five, six, and seven coordinate 
cadmium texaphyrin complexes 116, 156, and 157, respectively [70]. From the 
solid-state MAS results, a single tensor was observed for the five-coordinate 
complex 116 with a corresponding isotropic chemical shift of 194 ppm. The MAS 
spectrum of a complex prepared in the presence of pyridine, however, revealed 
two tensors, presumed to be due to a mixture of six and seven coordinate species. 
Based upon the isotropic chemical shifts and the symmetry of the tensors the six 
coordinate species was assigned to the isotropic shift at 188 ppm and the seven 
coordinate species assigned to the isotropic shift at 221 ppm. The MAS spectrum 
of the benzimidazole complex of cadmium texaphyrin consists of only a single 
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tensor, at an isotropic shift of 188 ppm, assumed to represent the six coordinate 
species. This work, thus, helped not only to define the coordination properties of 
cadmium(II) texaphyrins but also to demonstrate further the versatility of 113Cd 
NMR as a useful probe for studying cadmium ligation in different coordination 
environments. 

In addition to the above coordination-based studies, detailed investigations of 
the photoexcited tripled state of the free-base 135 and cadmium complex 116 have 
been carried out using laser-excitation-time-resolved EPR spectroscopy [71]. 
Measurements were carried out at low temperatures, using frozen glass matrices 
or uniaxial liquid crystals. The free-base 135 exhibits in-plane intersystem crossing 
(ISC) rates, independent of the matrix, while the ISC selectivity of 116 depends 
strongly on the matrix, i.e. out-of-plane in the fi'ozen glass, and in-plane in the 
liquid crystal matrices. This was attributed to an enhancement in the optical 
transition moment of the absorption for the in-plane (long X-axis) absorption. 
Here, the direction of the transition moment in the molecular frame was determined 
from the anisotropy of the EPR signal intensities in the liquid crystal [71]. The 
strong dependence of the EPR triplet characteristics on the media in which the 
texaphyrins 135 and 116 are embedded is quite unusual and, at present, the actual 
extent to which it is unique to texaphyrins is still being investigated. These two 
texaphyrins have also proved useful in the development of a new method for 
detecting high-temperature EPR in fluid liquid crystals (i.e. above their melting 
points) [72]. This has general implications for the gathering of data on guest 
chromophores, as well as guest-guest and guest-host dynamics which depend upon 
temperature and magnetic field. 

In other physical chemical analyses, the perimeter model [73] has been employed 
to analyze the spectral intensities and MCD signals for a series of porphyrinoid 
macrocycles derived from the C20H2~ perimeter, including the parent, benz-free 
analogue of texaphyrin 158 [74]. These calculations were then compared with the 
MCD spectra of a number of substituted cadmium texaphyrins (e.g. 116, 143, and 
148-152, c.f. Scheme 16) [75]. The results confirmed that the perimeter model 
accounts in a simple way for the signs of the MCD B terms associated with the 
low-lying electronic transitions of these metallotexaphyrins. 

158 
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Considerable effort has also been devoted to exploring the ground and excited 
state optical properties of metaUotexaphyrins using more conventional means. 
Here, much of the original interest derived from the observation that the 
texaphyrins absorb strongly in the 720--780 nm spectral region and the accom- 
panying realization that these systems could be of possible use in photodynamic 
therapy. As detailed in greater depth in Sect. t2, photodynamic methods are among 
the more promising of the approaches currently being considered for the treatment 
of localized neoplasia [76-80] and for the eradication of viral contaminants in 
blood [81]. To date, porphyrins and their derivatives, e.g. phthalocyanines and 
naphthalocyanines have been among the most widely studied compounds consider- 
ed in the context of developing an effective photochemotherapeutic agent [82-88]. 
Unfortunately, all of these dyes suffer from disadvantages. While the various 
porphyrins have high triplet yields and long triplet lifetimes their absorption in 
the Q-band region often parallels that of berne-containing tissues which reduces 
their efficacy. Phthalocyanines and naphthalocyanines absorp in a more conve- 
nient spectra region but have significantly lower singlet oxygen quantum yields 
[89]. Because the texaphyrins absorb in the spectral region where living tissues 
are relatively transparent (i.e. 700-1,000 nm), they could possibly represent a viable 
new alternative [90]. 

Investigations into the potential of the texaphyrins as photosensitizers for 
photodynamic therapy began with an examination of their ability to generate 
singlet oxygen [91, 92]. The photophysical properties of a number of metal- 
lotexaphyrins, namely 116, 136, 137, 144-146 and 149, were found to parallel 
those of the corresponding metalloporphyrins. The diamagnetic metallotexaphyrin 
complexes investigated demonstrated three important and near-unique optical 
properties: They were found to 1) absorb strongly in a physiologically important 
region, 2) form long-lived triplet states in high yield, and 3) act as efficient 
photosensitizers for the formation of singlet oxygen [91]. 

Further investigations with a variety of functionalized cadmium texaphyrins 
(143, and 148-155) [92, 93] served to show that the absorption maxima and redox 
potential of the texaphyrin complexes could be influenced strongly by the nature 
of the substitutents on the phenyl ring as well as the extent of ~-electron conjugation 
in the texaphyrin macrocycle. In fact, a linear relationship between the energies 
of the Q-type band maximum and the difference in the first oxidation and reduction 
potentials was observed for the substituted cadmium(II) texaphyrin complexes 
143, and 148-155. The Q-type band absorption maxima of the texaphyrins reported 
in this particular study [93] could be varied from 629 to 864 nm without causing 
a substantial reduction in the corresponding singlet oxygen quantum yield [94]. 
This, coupled with their high chemical stability and appreciable solubility in 
polar media, led to the suggestion that these cation complexes could serve as 
viable photosensitizers for photodynamic therapy [93, 94]. 

In fact, the above-described results were encouraging enough to warrant a 
preliminary investigation of the in vitro photodynamic anti-viral and anti-bacterial 
activity of the cadmium texaphyrins [94]. In addition, they also provided the 
impetus for several in vitro cell localization experiments [94]. The anti-viral studies 
were carried out using herpes simplex virus (HSV-1) in 50% human serum 
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containing varying concentrations of complexes 155 or 116. The results indicated 
that these cadmium texaphyrins were moderately effective as photosensitizers for 
the inactivation of HSV-1. However, they were found to be considerably less 
efficient (by several orders of magnitude) than other available porphyrin-type dyes. 
This lack of higher activity was rationalized in terms of the high charge density 
of the cadmium texaphyrins which, it was thought, would preclude binding to the 
relatively hydrophobic membrane of HSV-1 [94]. 

It was precisely this lack of activity towards non-polar substrates that provided 
an important motivation for the antibacterial and cell localization studies [94]. 
The cadmium texaphyrin 116 was investigated with regard to photo-activity against 
a strain of an antibiotic-resistant bacteria (S. aureus). The texaphyrin complex 
116 proved to be an effective photosensitizer for the photoinactivation of S. aureus 
cells, being comparable but somewhat less active than hematoporphyrin at any 
given concentration tested. 

The first cell localization study, involving mononuclear cells, was carried out 
as a complement to the anti-viral photodynamic work. Here, the basic motivation 
for the study derived from the realization that HIV-1 replicates in human T-4 
lymphocytes and that, as such, selective light-derived inactivation of such cells 
would be of benefit in possible photodynamic blood purification processes (see 
Sect. 12). Texaphyrin proved to be quite effective in the photodestruction of 
mononuclear cells. In fact it was found that the cadmium texaphyrin complex 116 
is as effective on a per mole basis as the dihematoporphyrin ether (DHE) and 
slightly more so on a per photon basis. 

A second set of cell localization studies was carried out with epithelial cells. 
Strong evidence was seen for a photodynamic inactivation effect [94]. This effect 
was manifest in observable morphological damage to the cells. Importantly, in 
this and other photodynamic studies, evidence was obtained to suggest that the 
macrocycle remained unaffected by the irradiation process. This, it was suggested, 
augers well for the eventual use of the texaphyrins in a number of photodynamic 
applications [93, 94]. 

The final in vitro photodynamic studies involved the use of human cancer cells. 
Here, K562 leukemic cells of myelocutic origin were used. The texaphyrin complex 
116 was very effective in the photo-eradication of K562 leukemic cells, being 
considerably more effective than hematoporphyrin under similar conditions. This 
suggests that the texaphyrin expanded porphyrins, as a class of photosensitizers, 
could have further application in the photo-killing of these and other cancer cells 

[94]. 
In work along different lines, efforts have been made recently to explore further 

the metal chelation properties of the texaphyrin series of ligands. As expected, it 
was found that these large macrocycles provide a very stable coordination 
environment for large cations such as those of the lanthanide series [95]. As detailed 
in Sect. 12, this is of interest in terms of magnetic resonance imaging (MRI) 
applications. At present gadolinium (III) complexes derived from strongly binding 
anionic ligands, such as diethylenetriaminepentaacetic acid (DTPA) [96-98], 
t,4,7,10-tetrazacyclododecane-N,N',N",N'"-tetraacetic acid (DOTA) [96, 99, 1013], 
and 1,10-diaza-4,7,13,16-tetraoxacyclooctadecane-N,N'-diacetic acid (dacda) [96, 

216 



Expanded Porphyrins 

101], are among the most widely studied of the paramagnetic contrast agents 
currently being considered for use in MRI [96]. The complex [Gd(DTPA)] z- is 
now being used clinically in the United States in certain enhanced tumor detection 
protocols. However, all of these systems suffer from deficiencies (including, to 
varing extents, kinetic lability). As such, the syntheses of other Gd(III) complexes 
including those of the texaphyrin series, which might have greater kinetic stability, 
superior relaxivity, and/or better biodistribution properties, would be of interest. 
This is especially important since such systems cannot be prepared for porphyrins; 
the large Gd(III) cation does not fit inside the core of the porphyrin and is easily 
displaced both in vitro and in vivo [102, 103]. 

The formation of a number of lanthanide texaphyrin complexes has been 
reported [95]. In all cases, metal insertion and oxidation proceeds smoothly 
(Scheme 16) [95]. The complexes demonstrate fair water solubility and good 
stability towards hydrolysis. Detailed kinetic studies of complex 147, for instance 
indicated that the half-life for decomplexation and/or decomposition of this 
complex is 37 days in a 1:1 mixture of MeOH:HzO (pH7). Thus, it appears that 
gadolinium(Ill) complexes of texaphyrins could provide the basis for a new 
approach to paramagnetic MRI contrast reagent development [95]. 

Paramagnetic properties of certain lanthanide complexes are also being studied 
in the context of 23Na NMR. As is true for more classic MRI, Z3Na-based magnetic 
methods are being exploited as a noninvasive means for the study of cells in 
various physiological states [104]. Here again, paramagnetic shift reagents have 
been found to be of use. They are particularly attractive in terms of distinguishing 
intracellular Na ÷ concentrations from extracellular ones. In this regard, Dy(III) 
complexes, which generate large hyperfine shifts, have been shown to be particularly 
effective as contrast agents [105-109]. Unfortunately, the metal chelates examined 
to date have all suffered from problems associated with metal dissociation and 
dysprosium toxicity in vivo [105]. With the known in vitro stability of the lanthanide 
complexes of texaphyrin [95], the study of an elaborated texaphyrin dysprosium 
complex 159 bearing a crown ether binding functionality was undertaken [110]. 
The synthesis of the reduced porphyrinogen-like precursor 133 was achieved from 
the condensation of 4',5'-diamino{benzo-15-crown-5} with the diformyltripyrrane 
114. Treatment of 133 with dysprosium nitrate in the presence of oxygen and base 
then gave the dysprosium (III) containing texaphyrin 159 (Scheme 21). The 
hyperfine 23Na NMR shift induced by 159, of 0.86 ppm, is nearly identical to that 
induced by a simpler texaphyrin-free Dy(III) tetraazatetraoxo macrocyclic complex 
which binds sodium in the crown ether portion of the macrocycle [111]. The shift 
direction observed for the Na ÷ caused by 159 is also consistent with the Na ÷ 
cation being bound perpendicular to the principle magnetic axis. 

Although quite new on the scientific scene, the lanthanide complexes of the 
texaphyrins are considered to be of particular interest. This derives in larger 
measure from their documented stability in aqueous solution and the relative ease 
with which the basic core structure can be subjected to variations in substituents 
and functionality. With the increasing use of lanthanide-based shift reagents in 
medical diagnosis, the continued study of these new systems could prove to be of 
considerable interest. 
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6 Uranyl Superphthalocyanines 

The first structurally characterized expanded porphyrin system to be reported in 
the literature was the so-called "superphthalocyanine" ligand [112]. This com- 
pound, which represents the first example of a well-characterized pentaligated 
complex prepared from an), aromatic pentadentate macrocycle ligand, was 
obtained as an outgrowth of early efforts to prepare uranyl phthalocyanine and 
not as the product of a directed step-by-step synthesis. As such, the early literature 
associated with this species remains somewhat clouded and incomplete. 

Reports of initial work indicated that uranyl phthalocyanine complexes could 
be obtained from the reaction of bis(dimethylformamide)uranyl acetate with 
lithium phthalocyanine [113], or the reaction of uranyl acetate with phthalocyanine 
[114, 115]. However, in 1964, Bloor et al. [116] reported that the reaction of uranyl 
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dichloride and o-dicyanobenzene in dimethylformamide at 180 °C gave rise to a 
presumed-to-be uranyl phthalocyanine complex with infrared and visible proper- 
ties that differed substantially from those originally reported [113]. On the basis 
of their spectral evidence they concluded that the uranyl phthalocyanine obtained 
by the previous workers was essentially a mixture of metal-free phthalocyanine 
and inorganic uranium salts. Interestingly, mass spectral data of this new uranyl 
phthalocyanine complex [117] suggested that five dicyanobenzene subunits might 
be coordinated to the uranyl ion (Scheme 22). In addition, it was found that the 
reaction of anhydrous uranyl chloride with o-dicyanobenzene in dry dimethyl- 
formamide yielded, after extractive work-up, a blue-black crystalline material, 
which analyzed for (dicyanobenzene)sUO2 (160) [112, 118, 119]. While phthalo- 
cyanine complexes of stoichiometry (phthalocyaninato)M (o-dicyanobenzene) were 
then known [120, 121], in these cases, the extra nitrile is coordinated as an 
independent, displaceable tigand readily identifiable by the v(C=N) band (at 
2200-2300 cm-1), a band not seen in the (dicyanobenzene)sUO 2 complex. 

R ~ C N  -'{'- 

R" ~ "CN 

Scheme 22 

UO2012 

R R 

R R 

160 R = H  
161 R = CH 3 
162 R = n-C4H9 

The apparent contradiction between the empirical stoichiometry and the spectral 
characteristics of these new uranyl complexes was finally resolved by X-ray 
crystallography. Specifically, a single crystal X-ray structural analysis of the 
blue-black material formed from the reaction of the anhydrous uranyl chloride 
and o-dicyanobenzene [112] (Figures 22 and 23) revealed that the complex obtained 
was in fact an expanded five-subunit superphthalocyanine macrocycle in which a 
pentagonal bipyramidal coordination geometry pertains about the centrally-bound 
uranium atom. 

As is apparent from Figs. 22 and 23 the superphthalocyanine ligands forms an 
hexagonal girdle around the uranium atom that is essentially perpendicular to 
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the U O  2 axis. Unlike the four-subunit phthalocyanine macrocycle, which is 
essentially planar as the free acid [122, 123] and even in many of its metal complexes 
[124-126], the superphthalocyanine ligand is decidedly nonplanar (Fig. 23). The 
wave-like nature of the ligand is probably required to minimize steric strains 
imposed upon the "inner ring" of 20 atoms, surrounding the uranyl group. The 
radius of the central core in uranyl superphthalocyanine at 2.55 ~ is ideally suited 
for UO2 z+ coordination [118]. 

A variety of substituted uranyl superphthalocyanine complexes, such as the more 
soluble methyl 161 and butyl 162 substituted systems [118, 17] can be obtained 
from the general condensation reaction (Scheme 22). However, when the condensa- 
tion reaction was carried out using 1,2-dicyanobenzenes with electron withdrawing 
substituents, or those which impose a greater steric congestion, no five subunit- 
containing macrocyclic products could be detected. 

In terms of spectroscopic properties, the uranyl superphthalocyanine complexes 
160-162 display features which, although reminescent of, differ substantially from 
those of the phthalocyanine. The IR spectrum exhibits a strong v(OUO) stretching 
transition at 925 crn- 1 (KBr pellet) [112, 118, t19] or 933 cm- 1 (evaporated film) 

Fig. 23 
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[128]. In addition, the electronic spectrum of uranyl superphthalocyanine 160 is 
significantly different from those of known metal phthalocyanine complexes 
[129]. It exhibits an intense absorption at 914 nm (e = 6.67 × 104 cm. mol-1) 
with a pronounced shoulder at 810nm, and a strong absorption at 424nm 
(e = 5.02 × 104 cm- mol- 1). Finally, the 1H NMR spectrum of uranyl super- 
phthalocyanine 160 exhibits an AA'BB' pattern for both of the benzo protons at 
8 9.06 and 7.68 ppm [127]. However, these benzo protons are shielded in relation 
to those of the corresponding diamagnetic phthalocyanine complexes. Interestingly, 
an analysis of the nuclear magnetic shielding in unsubstituted planar phthalocya- 
nines and superphthalocyanines in terms of diamagnetic ring-current displacements 
led to a prediction of an opposite trend [118]. Thus, the smaller downfield 
ring-current shift observed for the benzo protons of uranyl superphthalocyanine 
macrocycle 160 (with respect to those of the phthalocyanines) was attributed to 
the severe distortion from planarity inherent in the superphthalocyanine ligand 
[127]. 

Many of the other properties of the uranyl superphthalocyanine complex 160 
may also be explained in terms of the severe strain within the macrocycle. The 
reaction of 160 with acids, for instance, under conditions which readily demetalates 
many phthalowanine and porphyrin complexes [130, 131], results in an unprece- 
dented ring contraction giving free-base phthalocyanine as the product (Scheme 23) 
[132]. A similar ring contraction also occurs when the uranyl superphthalo- 

~ , /  N ~ N "  

160 
Scheme 23 

acid 

CN m ~  + UO2X2 + I~ "]" 
CN 

cyanine complex 160 is treated with reducing reagents such as P(n-Bu)3, thiophenol, 
and 2-mercaptoethanol [133]. The reaction with P(n-Bu)3 appears to proceed 
through a purple intermediate thought to be a U(IV) superphthalocyanine species 
[133]. Reactions of the uranyl superphthalocyanine complex 160 with anhydrous 
metal salts (e.g. COC12, NiCI 2, FeCla, CuC12, ZnCI> SnCI2, and PbC12) also results 
in a ring contraction. In this case, the corresponding metal phthalocyanine 
complexes are formed (Scheme 24) [132, 133]. These contraction reactions indicate 
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that the uranyl ion plays a significant role in stabilizing the superphthatocyanine 
system. Even with large cations, such as Sn 2+, out of plane phthalocyanine 
complexes are formed. The actual mechanism(s) of the superphthalocyanine 
contraction is (are) still not known. However, the possibilities that have been 
considered [118] involve initial, rate determining, metal mediated displacement of 
the UO~ + from the macrocycle to form a new transient superphthalocyanine 
bimetallic complex which subsequently contracts (Scheme 25). Alternatively, the 

Scheme 25 

M 2+ "{U---O - @ ................ g:>::o 

rate determining step could involve coordination of the attacking metal at an 
imino nitrogen on the uranyl superphthalocyanine periphery (Fig. 24), followed 
by Lewis acid promoted ring opening. In any case, it is evident that the 
superphthalocyanine ligand is a chemically fragile entity and one that, apparently, 
can not exist without the stabilizing influence of a centrally coordinated uranyl 
cation. Thus, while uranyl superphthalocyanine stands as an excellent demonstra- 
tion of the range and power of metal-template condensation reactions and a 
notable landmark in expanded porphyrin history, it appears that it is but an 
intriguing dead-end in terms of further chemical development. 
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7 Furan-Containing Annulenes and Annulenones 
as Expanded Porphyrins 

During the late nineteen sixties and the nineteen seventies, questions involving 
the experimental and theoretical limits of aromaticity [134-136] and the relation- 
ship between the number of rt-electrons and observable diamagnetic or paramag- 
netic ring currents were topics of considerable interest [137-141]. Theoretical 
calculations indicated that the Hiickel (4n + 2) rule should break down at higher 
values of n, with the onset of bond alternation [142], and it was predicted that the 
limit should lie between 22 ~t- and 26 ~t-electron containing ring compounds [143]. 
As a result, attention turned to the production of larger and larger annulene 
macrocycles. Unfortunately, one of the major problems associated with the 
formation of "aromatic" or "anti-aromatic" systems was that as the size of the 
annulene ring increased, there was observed to be a corresponding increase in the 
flexibility of the macrocycle which, in general, made the syntheses correspondingly 
more difficult. In fact, the inherent flexibility of the precursors and intermediates 
tended to encourage polymerization over cyclization. The practical solution to 
this problem was to form the large macrocycles from more rigid starting 
components. Here, the general approach was to use precursors containing one or 
more internal bridges. While this strategy often proved successful, in the production 
of a range of annulenes, only those annulenes that contain at least one five- 
membered-heterocyclic ring and which incorporate an inner macrocyclic core 
containing 17 or more atoms are of relevance to this review. In other words the 
"expanded porphyrins" component of this now-historic work is entirely limited 
to several furan-containing macrocyclic systems. Here, almost all the materials 
were obtained via the Wittig reaction and are included in an earlier (1975) review 
[144]. 

A typical example of a Wittig-based reaction, leading to a furan-containing 
macrocycle, is the base-induced self-condensation of 2-formyl-5-triphenylphos- 
phoniomethylfuran chloride (163) [145]. This reaction, as expected, gives rise to 
several products, all in poor yields (Scheme 26). The 4n r~-electron systems 165 
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and 166 sustain paramagnetic ring currents in an applied magnetic field. In addition 
to these products, two isomers of 167 as well as trace quantities of 168 were also 
isolated. However, their respective configurations remain unknown. The physical 
properties of the two isomers of 167 resemble those of similar unbridged annulenes, 
but exhibit 1H NMR spectral features characteristic of nonaromatic compounds 
[t45]. 

More rational syntheses of related furan-containing systems involve the conden- 
sation of bis-ylides with bis-aldehydes. The simplest such approach involved the 
condensation of 2,5-diformylfuran (169) with o-xylylene-bis[triphenylphosphonium 
bromide] (170) under basic conditions. The result was the production of three 
isomers of the formal "2 + 2" condensation product (Scheme 27) [146]. Irradiation 
of the three isomers 171-173 gave a single new isomer 174. Compound 174 may 
also be generated by the reaction of the bis-ylide 170 with 175 (Scheme 28) [147]. 

A variety of other poly-furans have been employed in Wittig reactions as either 
the aldehyde or the ylide component. Condensation of 5,5'-thiodi-2-furaldehyde 
(176), for instance, with the 2,2'-bifuryl-5,5'-diylbis-(methylenetriphenyl-phospho- 
nium bromide) (177) under basic conditions, gave the macrocycle 178 as orange 
crystals in 1.3% yield (Scheme 29) [148]. Two macrocyclic annulenones 182 and 
184 were also obtained [149] from the base induced condensation of 181 with the 
dialdehydes 180 or 183, respectively. Both products are obtained in moderate 
yields ( 12 - 15 % ) and are highly colored solids (Schemes 30 and 31, respectively). 
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In these condensation reactions, the relative size of macrocycles could be varied 
by simply changing the length of the linking chain. Specifically, the effect that the 
changes in the macrocycle size have upon the deshielding of the internal protons 
were investigated by the preparation of a series of non-conjugated ketones [150], 
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Here, for instance, the reaction of bis-5-(l%formylvinyl)-2-furyl ketone (185) with 
phosphonium ylides of differing chain lengths was used to give the ketones 186a-c 
as shown in Scheme 32. Interestingly, in these reactions the yield of the 
corresponding macrocyclic product 186 increases as the chain length of the starting 
phosphonium salt becomes greater. All of the ketones (viz. 182, 184, and 186) can 
be reduced by lithium aluminum hydride to give the respective alkanes, namely 
187, 189 and 188 (Schemes 33-35) [150]. As the ring size of the annulenones 
increased, the resonances of the internal protons were shifted to higher field (in 
the 1H NMR) but the external protons continue to resonate at fairly constant 
field. The qualitative assessment given by the authors was that the low field 
resonances were due to steric compression rather than being due to a paramagnetic 
ring current [150]. 

To the best of our knowledge, there is only one other report of an annulated 
furan-derived macrocycle which conforms to our operative definition of an 
expanded porphyrin. This is the hexafuran compound 190, which was reported 
by LeGoff [151] at the 196th A.S.C. National Meeting in 1988. At present, no 
details as to the synthesis and/or general chemical properties of this system are 
readily available. 

0 

~CHOph3P[CH2]nPPh3® base 
0=== k -  + = k (~'--- (~ n=3, 4,5 

~ C H O  

185 186a n=l 
186b n=2 

Scheme 32 186e n=3 

0 ~ ~ ~ [ O H 2 ] n  

186a n=l 
186b n=2 
186c n=3 

Scheme 33 

LiAIH 4 ~ H 2 ] n  

187a n=l 
187b n=2 
187e n=3 
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, 

184 

Scheme 34 

LiAIH 4 

189 

~ 0 

LiAIH 4 

182 

Scheme 35 

188 

190 

In closing this near historical overview, it is important to stress that the impetus 
for synthesizing these furan-containing systems was exclusively to examine their 
aromatic properties. While many of them may have uses as ligands, this aspect 
of their chemistry has yet to be explored. However, as will be detailed in the 
ensuing sections, pyrrote-containing congeners of several of these furan-based 
systems are now known and some of these display a rich chemistry indeed. 
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8 Sapphyrins and Heteroatom-Containing Analogues 

With the exception of the texaphyrins of Sessler et al. [59, 60, 65, 95] (vide supra) 
the "sapphyrin" macrocycle and its heteroatom analogues (c.f. Scheme 36) are 
perhaps the best studied of the expanded porphyrins prepared to date. Sapphyrin 
was the first example of an expanded porphyrin to be reported, being discovered 

o H c R ~ c H O  

191 R~ = Et. R2 = Me, X= NH 
192 R1 = R2=H,X=O R1 R2R2 RI 
193 R1 = R2=Me, X= NH 
194 RI = R2=H,X=NH 
195 R~ = CH2CH2CH3, R2 = H, X = NH 
196 Rt = Me, R 2 = CH2CH2CO2Me 

H ~  Ra R3 
CO2H CO2H 02 

R3 ' ~ N H  _ _  H N ~  _ _  R3 R4 R4 

~ "R, R4 ~ ~ R, 

204 R1 = R4 = R5 = Rs = Et, R2 = R3 = Me, X = y =  NH 

TFA, cone. HCI ~.~ 

197 R 3 =Me, R4=Rs=Rs=Et, Y=NH 
198 P,3 =Me, R4=CO2Et, FIs=R6=Et, Y=NH 
199 R3= Et, R4= F~ =Rs= H,Y=S 
200 R3 = Rs = Me, FI4 = Rs = Et, Y= NH 
201 R3 = Et, R4 = Rs= Rs = Me, Y = NH 
202 R3=R4= Rs=I~ = Me, Y= NH 
203 R3 = 1°,6 = Me, R4 = Rs = CH2CH2CO2Me 

205 R1 = Rs = Rs = Et, R2 = R3 = Me, R4 = CO2Et, X = y = NH 
206 R1 = R~ = Rs = Et, R2 = R3 = Me, R4= CO2H, X = y = NH 
207 R1 = Rz = H. R3 = R4 = Me, R~ = Rs = Et, X =O, y = NH 
208 R1 = R3 = Et, R2 = Me, R4 = Rs = R6 = H,X = NH, Y = S 
209 R~ = R2 = R3 = R4 = Rs = FI6 = Me, X =y  = NH 
210 R1 = Pr. R2 = H, R3 = Me. R4 = Rs = Fls = Et, X = y  = NH 
211 RI = R3 = P~= Me, R2 = R4 = Rs = Et. X = y = NH 
212 R1 = R2 = H, R3 = Fls = Me, R4 = Rs = Et, X = O,y = NH 
213 R1 = R3 = Et, R2= R,= = Rs = Rs = Et, X = y  = NH 
214 R1 = R3 = Et, R2 = R4= FI5 = Rs = Me, X =y  = NH 
215 R2 = R4 = P,s = CH2CH2CO2Me, R~ = I~ = Rs= Me, X = Y = NH 

R~ R 2 R 2 R 1 

R 3 ~  R3 

R4" ~ "R4 

R~ R 6 

204 R I=Rs=R6=Et,R 2=R 3=R 4=Me. 

Scheme 36 

H ÷ 

I 2+ 
Rt .  R2 R2 R1 I 

R4" ~ "R4 

R s" R e 

216 R1 = Rs= R6 = Et, R2 = R3 = R4 = Me. 
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serendipitously by Woodward and co-workers [66, 152, 153] during the course of 
early efforts directed towards the synthesis of vitamin B~2. The system contains 
five pyrroles and possesses an overall aromatic 22 rt-electron annulene framework. 
The sapphyrins are blue-green solids (hence the name). The free-base form of the 
sapphyrins (e.g. 204 in Scheme 36) have three normal protonated pyrroles and 
two sp 2 hybridized nitrogen atoms which are effectively pyridine-like. These two 
nitrogen atoms are relatively basic and are readily protonated by weak acids, such 
as silica gel. The basic nature of these nitrogen atoms is such that the free-base 
form of sapphyrin undergoes facile protonation even, over time, in the solid state. 
However, as yet the pK b value for these nitrogen atoms have not been determined. 
In the free-base form the sapphyrins (e.g. 204) display an intense Soret-like 
absorption at ca. 450 nm, in the visible spectrum. Other less intense Q-like bands 
are also observed in the 680-710nm spectral region. Upon protonation the 
Soret-like absorbances shift slightly, but noticeably, and increase in intensity by 
roughly an order of magnitude. The Q-like absorbances, on the other hand, shift 
to the blue (to between 615-680 nm) and increase in intensity. 

8.1 Synthesis and Spectroscopic Properties 
of Pyrrole-, Furan-, and Thiophene-Containing Sapphyrins 

The original sapphyrin syntheses of Woodward [66, 152, 153], Johnson [26, 27, 
154], along with later reports [3, 21] involved a MacDonald-type "3 + 2" 
condensation between a functionalized bipyrrole or analogue, such as 191-196, 
and a dicarboxyl-substituted tripyrrane, such as 197-203, as shown in Scheme 36. 
Although yields were good for the size of the macrocycle being formed, the syntheses 
of the requisite precursors were long and tedious. Recently, however, a simple, 
three-step, high yielding synthesis of the dicarboxyl-substituted tripyrrane 197 was 
reported [12] that involves as a critical step, the condensation of 3,4-diethylpyrrole 
and benzyl 5-(acetoxymethyl)-4-ethyl-3-methylpyrrole-2-carboxylate. This im- 
provement in synthesis reduces by half the length of the previously published 
sequence [66]. It, combined with improvements in bipyrrole synthesis [155], has 
made this hitherto obscure class of molecules readily available on a laboratory 
scale. 

Related systems which contain either furan (207 or 212) and thiophene 208 in 
place of one or more pyrroles, were also synthesized in accordance with the 
sequence shown in Scheme 36 [3, 24, 26, 27, 154]. Another synthesis of a 
dioxasapphyrin similar to 207 was achieved when bis (formylfuryl) sulfide (217) was 
condensed with the tripyrrane 200 (Scheme 37). The product resulting from this 
condensation is the dioxosapphyrin 212. The mechanism proceeds in analogy to 
that invoked to rationalize the formation of corrole from meso-thiophlorin [25]. 

A particularly interesting feature of the above-described heteroatom "substitu- 
tions" is that such variations, which involve changing the number and type of 
central core heteroatoms, may provide a convenient means of modifying the 
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electronic properties of the sapphyrin core. This could prove useful as the potential 
chemistry of these expanded porphyrins becomes better understood. 

The spectral properties of sapphyrin and its heteroatom analogues, mentioned 
in the introductory paragraph given above, are consistent with their formulation 
as aromatic systems. The UV-visible spectra of free-base sapphyrins, such as 204, 
display a dominant and very intense Soret-like absorption at approximately 
456 nm. In addition four Q-like absorptions in the 620 to 720 nm spectral region 
are also observed. Also the protonated dicationic species 216 gives a simplified 
spectrum with only two Q-type bands, and a slightly shifted but greatly intensified 
Soret-like absorption 454 nm. The 1H NMR spectrum of the dicationic sapphyrin 
216 displays well resolved signals for the methine protons at 8 11.66 and 11.70 ppm. 
The internal pyrrole NH signals for the species at 6 -4.31, -4.64, and -4.97 ppm, 
are upfield of TMS as would be expected for an aromatic system and in the 2:1:2 
ratio expected for sapphyrins. 

The hetero-substituted sapphyrins display spectral features similar to those of 
the parent systems. However, the dioxosapphyrin absorbs at much shorter 
wavelengths than the all-nitrogen analogue, with the Soret-like band being 
observed at ca. 435 nm. The 1H NMR spectra for the dioxosapphyrin 207 is also 
consistent with its formulation as an aromatic system. The various m e s o  protons 
resonate at 8 10.48, 10.45, 10.38 and 10.34 ppm, and the internal pyrrole NH 
protons appear as a single unresolved peak at 8 -6.55 ppm [66]. The thiosapphyrin 
208 on the other hand absorbs at longer wavelengths than the all-nitrogen 
macrocycle 204, or the various dioxosapphyrin derivatives (e.g. 207 and 212). 
In fact the Soret-like absorption of this macrocycle occurs at 461 nm. In the 
1H NMR, the methine signals of 208 appear at 8 10.12 ppm and the pyrrole NH 
resonances are observed together as a singlet at 8 -2 .2  ppm [66]. Collectively, 
these optical and magnetic resonance results indicate a low energy HOMO-LUMO 
gap and the presence of a large induced diamagnetic ring current. As such, they 
are completely consistent with the postulated aromatic formulations. 

8.2 Metal Coordination Properties of Sapphyrins 

To date very little is known about the coordination chemistry of the sapphyrin 
macrocycle, and no complexes have been reported for the dioxosapphyrin or the 
thiosapphyrin. In the free-base form, sapphyrin is a potential trianionic ligand 
and thus, on paper at least, seems perfectly suited for complexing the normally 
trivalent cations of the lanthanide series. Presumably, lanthanide(III) complexes 
of sapphyrin, which would be neutral (and potentially useful for magnetic resonance 
imaging applications; see Sect. 12.2), would be expected to form easily under 
typical porphyrin metalation conditions. However, in spite of the apparent 
correspondence in the sapphyrin core size and the ionic radii of the lanthanides, 
to date no lanthanide cation has been inserted into the core of the sapphyrin 
macrocycle using a variety of standard metal insertion techniques [156]. Nor, have 
any other pentaligated complexes of any other metal cations been reported to 
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date. Nonetheless, some interesting results have emerged from various attempted 
metal insertion studies. 

Bauer et  al. [66] reported that metals such as Zn 2÷, Co 2÷, and Ni 2÷ formed 
tetraligated sapphyrin complexes, where four of the five pyrroles contribute to 
coordination. Such incomplete ligation by the sapphyrin is consistent with the 
more recent IH NMR data of Sessler e t  al. [157]. However, this latter work suggests 
that the static system initially proposed by Bauer et  al. [66] may not necessarily 
be an accurate representation. For instance, Sessler e t  al. [157] reported that the 
diamagnetic zinc sapphyrin complex, Zn • HSap (Sap = 3,8,12,13,17,22-hexaethyl- 
2,7,18,23-tetramethylsapphyrinato trianion), showed a splitting of the m e s o  proton 
signals (from two into four singlets) giving evidence for the presence of two isomeric 
tetraligated complexes as shown in Fig. 25. 

Presumably, the low ligation numbers found for these first row transition metal 
complexes is a reflection of small cation size and inherent kinetic lability. To the 
extent that this is true, it was thought that switching the focus of the investigation 
to the second and third row transition metals would overcome the problems. 
Preliminary investigations had indicated that a rhodium dicarbonyl complex was 
formed from the reaction of sapphyrin with [RhCI(CO)2]2 [158]. However, no 
structural information was available to confirm the nature of the rhodium complex 
obtained. More recent work by Sessler and coworkers has provided this structural 
information and helped to define in part the coordination abilities of the sapphyrin 
macrocycle [159]. These workers found that the carbonyl complexes [RhCI(CO)2]2, 
and IrCI(Py)(CO)2 react with the free-base sapphyrin macrocycle. However, no 
evidence for inplane coordination products were obtained (Scheme 38) [t59]. 
Rather, it was found that addition of 0.5eqv. of [RhCI(CO)z]2 or 1 eqv. of 
IrCI(CO)2 (Py) to a solution of free-base sapphyrin 204 afforded [Rh(CO)2 (H2Sap)] 
(217) and [Ir(CO)2(H2Sap)] (218), respectively. The complexes 217 and 218 were 
found to undergo protonation to form the cationic complexes [Rh(CO)2 (H3Sap)] ÷ 
(219) and [Ir(CO)z(H3Sap)] + (220). The structure of [Ir(CO)2(H3Sap)C1] (220) was 
confirmed by a single crystal X-ray diffraction analysis shown in Fig. 26 [157, 159]. 
Treatment of 217 with an additional molar equivalent of [RhCI(CO)2]2, of reaction 
of 204 with an excess of [RhCI(CO)2]2 , gives [[RhCI(CO)2]2 (HSap)] (221). Similar 
bimetallic complexes and hetero-bimetallic complexes, namely [[Ir(CO)2]2(HSap) ] 
(222), and [[Ir(CO)2][Rh(CO)2](HSap)] (223), and the propyl-substituted system 
224 can also be formed from analogous reactions. The structures of complexes 

Fig. 25 

233 



J. L. Sessler and A. K. Burrell 

221 and 224 (Scheme 38) were confirmed by single crystal X-ray structure 
determinations (Fig. 27) [157, 159]. The structures of both of these complexes was 
found to be similar to that of [Rh(CO)z]z(octaethylporphyrin) [160] and the 
earlier-reported N-methylcorrole-bis[dicarbonylrhodium(I)] complexes [161] in 
that each metal center is bridging between an imine and an amine nitrogen atom. 

204 R1 = Et, R2 = Me 
210 R 1 = CH2CH2CH ~, R 2 = H 

(i) or (iv) 

(~) 

224 

221 M, M'= Rh(CO)2 
222 M, M'= Ir(CO)2 
223 M = Rh(CO)2, M'  = lr(CO)2 

[ 

217 M = Rh(CO) 2 
218 M = It(CO)2 

(iii) I i (ii) 

219 M= Rh(CO)2 
220 M=Ir(CO)2 

4- 

(i) [RhCI(CO)2]  2,NEt 3 ;  ( i i)  si l ica gel ;  { i l l )NE t3 ;  ( iv) I rC l (CO)  2 ( p y } , N E t  3 

Scheme 38 
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8.3 Anion Binding Properties of Protonated Sapphyrins 

As mentioned above, the sapphyrin core is basic with the two pyridine-like pyrroles 
being very easily protonated to give a full pentameric NH-containing core. This 
core is quite unique in terms of containing five potential hydrogen bonding donors 
within a relatively large and near circular planar array. As a consequence, 
diprotonated sapphyrins are endowed with unique and interesting anion binding 
capabilities. 

The first diprotonated sapphyrin-derived anion complex, a fluoride-containing 
chelate [15], was obtained in quite an unusual fashion. During an attempt to 
obtain an X-ray diffraction quality crystal of the diprotonated sapphyrin 216, 
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Fig. 28 

a simple counter ion exchange reaction (PF6 for C1-), that was meant to give 
better crystallization properties, led serendipitously to the stabilization of a 
centrally bound fluoride anion complex (Fig. 28) within the ca. 5.5/~ diameter 
sapphyrin core. This stabilization in the solid state, which was most unexpected 
at the time, is apparently made possible by the five N - H - F  hydrogen bonds 
radiating out from the proton-bearing pyrrolic nitrogens. This solid state structural 
result led to the consideration that sapphyrins may act as fluoride anion binding 
agents in solution. Verification of this hypothesis was obtained via various 
spectroscopic means, including UV-visible, 19F NMR, and 1H NMR [155, 157]. 
Here UV-visible spectroscopic studies proved particularly informative. Upon 
treatment with increasing aliquots of fluoride, the Soret-like absorption band of 
diprotonated sapphyrin in the optical spectrum shifts to the blue, with the 
maximum hypsochromic shift being ca. 10 nm relative to the starting dihydro- 
chloride salt [157]. 

The above results served to demonstrate the validity of considering the 
protonated sapphyfins as both specific fluoride binding agents [162-166] and as 
novel members of an increasingly large class of anion receptors [167-172]. This 
is of considerable interest since protonated porphyrins, with a core diameter of 
approximately 4 i ,  are too small to bind anions centrally, let alone accommodate 
the needed two "extra" protons within the macrocyclic core [173-176]. 

At present some preliminary evidence has been obtained which suggests that 
sapphyrins can bind anions other than fluoride. In fact, an X-ray diffraction study 
shows that N;- binds to the monoprotonated form of sapphyrin [157]. Specifically, 
as shown in Fig. 29, the monoprotonated sapphyrin, H4Sap • N3, does not complex 
azide anion in an in-plane fashion but in an end-on manner, with the terminal 
azide nitrogen atom being 1.13/~ above the sapphyrin plane [157]. Nonetheless, 
this atom is still within typical hydrogen bonding distance (2.8 to 3.0 ~) of at least 
four of the five pyrrolic nitrogens [59, 173-176]. 

236 



Expanded Porphyrins 

Fig. 29 

8.4 Biological Applications 

Sapphyrins would appear to be particularly attractive targets in terms of the 
potential photodynamic therapeutic (PDT) and photodynamic inactivation (PDI) 
applications discussed in Sect. 12.1. This is because the sapphyrins absorb strongly 
in the 680-710 nm spectral region. These transitions, which are red-shifted by 
approximately 50 nm relative to the corresponding transitions in porphyrins, fall 
within a physiological "window of transparency" [177]. This, along with recent 
findings indicating that the free-base form of sapphyrin acts as an effective producer 
of singlet oxygen [178], makes sapphyrin and its derivatives attractive candidates 
as potential PDT and/or PDI photosensitizers [76-80]. Although complicated by 
dimerization processes [178, 179], recent experiments have served to indicate that 
sapphyrin 204 acts as an effective photosensitizer for the photodynamic inactivation 
of HSV-1 [180]. In fact, this compound displays an efficacy on aper macrocycle basis 
comparable to that obtained with the better studied dihemotoporphyrin ether 
(DHE) mixture. However, when account is made of the different light absorbing 
capabilities of these two materials (~max = 690 nm vs. 630 rim), what these results 
mean is that sapphyrin 204 is considerably more effective than DHE on a per 
photon basis [180]. Subsequently, investigations into the inactivation of cell-free 
HIV-1 using sapphyrin 204 were undertaken, with a preliminary report on the 
startling effectiveness of this macrocycle for anti-HIV-1 PDI recently appearing 
in the literature [181]. 

Not surprisingly, with encouraging results such as the above now emerging, 
this aspect of expanded porphyrin-related research is receiving considerable 
attention. It is, therefore, discussed in greater length in Sect. 12. 
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9 Smaragdyrins (Nor-sapphyrins) 

Just as the removal of one of the four carbon bridges from the 18 n-electron 
porphyrin system gives corrole, a new 18 n-electron system, removal of one the 
four methine bridges from the sapphyrin results in a new structure (Fig. 30). This 
new nor-sapphyrin structure, which was given the trivial name "smaragdyrin" 
from the Greek, smaragdos, meaning emerald, retains the conjugated 22 n-electron 
system of sapphyrin but contains two direct links between the pyrroles. 

The synthesis of this expanded porphyrin was successfully achieved using [66] a 
"2 + 3" MacDonald coupling similar to the one used to obtain sapphyrin 
[26, 66] and pentaphyrin [182, 183]. In this case, a diformyl bipyrrole 194 and a 
pyrrolyldipyrromethane dicarboxylic acid 225 were condensed in the presence of 
HBr to give the new macrocycle 226 (Scheme 39) [67]. Here, the requisite 
pyrrolydipyrromethanes were generated by HBr catalyzed condensations of 
2-formylpyrroles with 5,5'-disubstituted bipyrroles [i84]. A related smaragdyrin- 
like system was produced by a similar procedure. In this case, a pyrrolydipyrro- 
methane, 227 or 228, was condensed with 5,5'-diformylbifuran 192, to give the 
dioxasmaragdyrins 229 or 230, respectively (Scheme 39) [26, 66]. 

The electronic absorption spectrum of hexamethylsmaragdyrin 226 displays a 
series of broad bands in the 700-725 nm spectral region. As with the sapphyrins 
there is a strong Sorer-like absorption at approximately 450 nm. Interestingly, 
however, the dioxasmaragdyrin 230 displays two strong Soret-like absorptions, at 
448 and 459 nm, when treated with acid [26]. Nonetheless, the NMR spectrum 
reported for dioxasmaragdyrin 230 [26] confirms the presence of a considerable 
diamagnetic ring current. The internal NH proton resonates at ~ -4.85 ppm and 
the two types ofmeso protons appear as separate singlets at 5 10.52 and 10.06 ppm, 
respectively. 

F i g .  3 0  

- -  > 
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HBr 

226 

Ra 

HBr R1 

192 227 R1 = R2 = CH2CH3. 
228 RI=H,R 2=CH 3. 

Scheme 39 

229 R 1 = R 2 = CH2CH3. 
230 R1 = H ,  R 2 = OH3. 

Although representing a considerable synthetic achievement, the smaragdyrins 
226, 229, and 230 proved to be extremely sensitive toward acids and light. In fact, 
all reported attempts to form metal complexes have so far resulted in decomposition 
of the macrocycle. 

To date, the poor stability of the smaragdyrins 226, 229, and 230 has 
unfortunately precluded a complete study of their chemistry. However, the unique 
nature of these unusual aromatic materials suggests that further efforts may be 
warranted. Just as a reinvestigation of the sapphyrin system has provided a wealth 
of new chemistry [157], a similar study of the synthesis and properties of 
smaragdyrin and related compounds could uncover further interesting obser- 
vations including, perhaps, stabilized forms of this class of expanded porphyrins. 
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10 Pentaphyrins and Hexaphyrins 

10.1 Pentaphyrins 

With the original reports of the successful syntheses of the sapphyrins [26, 66, 152] 
and uranyl superphthalocyanine [112, 118, 119], interest in other expanded 
porphyrin systems, was kindled. The next logical step (after sapphyrin), in the 
expanding series of all-pyrrole systems, was the pentaphyrin macrocycle 231 which 
contains five pyrroles and five meso-like methine bridges. In 1983 Gossauer et al. 
reported the synthesis of the first prototypical member 231 of this macrocyclic 
family [158, 182, 183, 185-187]. This first synthesis was achieved by a "2 + 3" 
MacDonald-type condensation between an s-free dipyrromethane 233 and a 
tripyrrane dialdehyde 236. More recently, the synthesis of pentaphyrin 231 has 
been achieved by using a dipyrromethane 5,5'-dicarboxylic acid 235 in place of 
an s-free dipyrromethane [21]. Here, as is the case in many of these kind of 
reactions [21, 26, 27, 66, 155], decarboxylation occurs under the reaction conditions 
to produce the corresponding s-free species 233 in situ. (Scheme 40) [21]. 

,•___/PMe 
R I ~ R 2  OHO--E(.N. ~ 

+ HN i, ii 

NH 
R1 

2 O H C - ~ P M e  

_- R ~  Me 

233 PMe = CH2CH2CO2Me, R2 = H 
234 R I=Me,R 2=H 
235 R1 = PMe; R 2 = CO2H 

2 3 6  231 PMe = CH2CH2CO2Me, R2 = H 
232 R I=Me,R 2=H 

i, HBr-AcOH; ii, chloranil 

Scheme 40 

In contrast to the deep blue-green color of the sapphyrins and emerald green 
color of the smaragdyrins [26, 66], solid free-base pentaphyrins are orange [66]. 
Methanolic solutions of pentaphyrins, however, are green, whereas those in 
dichloromethane are yellowish-green. Addition of acid protonates the pyridine-like 
pyrrolic nitrogens to form the fully protonated tricationic compound, which is 
deep green in solution. 

Both the free-base pentaphyrin and the triprotonated form display exceptionally 
intense UV-visible absorption bands. The flee-base pentaphyrin, 231 for instance, 
exhibits three bands in the 330 to 750 nm spectral region. The triply protonated 
trications, on the other hand, display five bands within the same spectral region. 

240 



Expanded Porphyrins 

In addition, as is true for the other reported potypyrrolic aromatic macrocycles, 
the pentaphyrins display a particularly intense Soret-like absorption in the 
450-500 nm spectral region. 

The 1H NMR spectra of these expanded porphyrins are consistent with the 
given aromatic assignment. For instance, in the free-base system 231, the chemical 
shifts of the internal NH and methine bridges are roughly - 5  ppm and 12.5 ppm, 
respectively. These shifts agree with the postulation of a strong diamagnetic ring 
current within a delocalized 22 ~-electron perimeter system. 

Initial reports served to indicate that the pentaphyrin macrocycle is capable of 
complexing Zn 2+, Co 3÷, and Hg 2÷ [158]. The exact nature of this coordination, 
however, was not determined. Nonetheless, it was speculated to be via ligation to 
only two of the five pyrrolic nitrogen centers (c.f. 238-240 in Scheme 41). Also, 
a complex 237 was found to form between what is formally the doubly deprotonated 
pentaphyrinato dianion of 232 and uranyl cation (Scheme 41). The uranyl center 
may be readily displaced by treatment with acid [158, 187]. 
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A synthetic approach to a structural isomer of a pentaphyrin-type macrocycle 
was recently reported by Franck and coworkers [188]. They described the synthesis 
of an inverted porphyrinoid 241 in which the five nitrogen atoms are on the 
periphery of the macrocycle instead on in the interior (Scheme 42). Apparently, 
this is the first report of such an inverted porphyrinoid. It is of special interest 
that in the biomimetic condensation used to produce 241, the pyrrole rings undergo 
inversion and produce the cyclic pentapyrrolic product instead of the corre- 
sponding tetrapyrrolic analogue. Such a preference has never been observed in 
similar condensations involving the related porphobilinogen [189]. Unfortunately, 
attempts to oxidize this inverted porphyrinoid gave only decomposition products 
and did not yield any quantities of the aromatic pentaphyrin isomer 242 [188]. 
The reason given by the authors for such sensitivity involves the destabilizing 
accumulation of charge that would result upon oxidation of 241. 
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10.2 Hexaphyrins 

Stimulated by the successful synthesis of pentaphyrin, Gossauer, sought to extend 
the range of expanded porphyrins by condensing the bis- s-free tripyrranes 243-246 
with the tripyrrane dialdehydes 236, 247-249 [183]. After oxidation with p-benzo- 
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quinone, several violet products, namely 250-253, were isolated (Scheme 43). The 
analytical data obtained are consistent with these being hexapyrrolic macrocycles 
containing six meso-like methine bridges. Molecular models show that the 
"hexaphyrin" 251 can only be planar when two opposite exocyclic double 
bonds have an E configuration. Due to the substitution pattern on the tripyrrane 
precursors, 243, 245, 246, 236, 248 and 249, two isomeric structures A and B are 
possible for the products 250, 252 and 253. NMR evidence (vide infra) indicated 
that both isomers were present in relatively equal amounts. 

243 R = PMe = CH2CHzCO2Me 
24,4 R = M e  
245 R = C8H17 
246 R = CH2CO2Me 

R R 

oHc_  
+ H HN ~ 

OHC ~ ~ R  

236 R = PMe = CH2CH2CO2Me 
247 R = Me 
248 R = C8H17 
249 R = CH2CO2Me 

R 

R 

Scheme 43 

250 R = PMe = CH2CH2CO2Me 
251 R = Me 
252 R = Call17 
253 R = CH2COzMe 
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The 1H NMR spectrum of the hexapyrrolic macrocycle 250A and 250B reveals 
three signals associated with the protons of the Z-configuration methine bridges. 
These appear as singlets at approximately g 12ppm with relative integrated 
intensities of 2:1 : 1. The singlet at 6 12.42 ppm was assigned as deriving from the 
four homotopic protons of isomer 250A which has D2h symmetry. Likewise, the 
signals at g 12.33 and 12.19 ppm were assigned to the two pairs of homotopic 
methine protons thought to belong to isomer 250B of Cz~ symmetry. The protons 
of the E configuration methines appear as two signals at 8 - 7.40 and - 7.54 ppm. 
These correspond to isomers 250A and 250B, respectively. These assignments are 
confirmed by the 1H NMR of the dodecamethylhexaphyrin 251, which can exist 
as only one isomer. Here, only two singlets, at ~ 12.5 and -7 .3  ppm, are seen for 
the methine protons. In this case, the peripheral methyl groups give rise to two 
signals at 6 4.55 and 4.60 ppm, respectively. 

MeP" \ / PMe 

250A PMe = CH2CHsCO2Me 

+ 
Me HN 

/ ~ P M e  ~ Me 

250B PMe = CH2CH2CO2Me 

NiCI 2 

Me}:)" \ / PMe 

Scheme 44 

254 PMe = CHzCH2CO2 Me 

244 



Expanded Porphyrins 

The coordination chemistry of the hexaphyrin system has provided a number 
of surprises [190]. The addition of nickel chloride to the isomeric mixture of 
hexaphyrins 250 leads to a single product. The proposed structure of the resulting 
nickel complex is shown as compound 254 in Scheme 44. Other metals were also 
found to react with this and other isomeric mixtures of hexaphyrins to give rise 
to only one isomeric product. For instance, treatment of either 250 or 252 with 
zinc chloride gives the bimetallic complexes 255 or 256 as one isomer, respectively 
(Scheme 45). In contrast, the reaction of 253 under identical conditions gives rise 
to a similar complex 257, wherein, the positions of the ester substituents are 
different from those seen in the previous examples (Scheme 46). The reactions of 
hexaphyrins with zinc would appear to indicate that the two isomers normally 

250A R = PMe = CH2CH2CO2Me 
252A R = 08H17 
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254 
Scheme 46 

observed in solution can be interconverted in the presence of certain Lewis acidic 
metal centers. In addition, the flexibility of this macrocycle is so great that metal 
complexes may be prepared wherein the metal center is located on the periphery 
of the macrocycle. For instance, reaction of palladium amine dichloride with the 
usual hexaphyrin mixture gives rise to an unusual complex, in which two of the 
pyrrole units are rotated to the outside of the macrocycle and coordinated to the 
palladium as in 258 or 259 (Scheme 47). Once formed, the ammonia groups on 
the palladium, in 258, may be displaced by better ligands such as pyridine to give 
260, as shown in Scheme 48. The geometries of all of the metal complexes described 
above were derived from NOE difference spectral studies [190]. In no case have 
any of the postulated structures been confirmed by X-ray diffraction analyses. 
Given the range and diversity of these structures (and the apparent steric 
requirements of the ligands) such confirmatory studies might perhaps prove most 
informative. They could also set the stage for a more complete investigation of 
the coordination properties of this new class of ligands. 
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10.3 Rubyrins 

One other hexapyrrolic macrocycle, which bears a close resemblance to the 
hexaphyrins, has been recently reported. This macrocycle, compound 262, shown 
in Scheme 49, contains two bipyrrole fragments linked to two pyrroles via methine 
bridges [61]. This system, which can be considered as being a bisnor-hexaphyrin, 
and which was assigned the trivial name rubyrin (from the Latin rubews) in 
light of the bright red color of its diprotonated salt, has much less structural 

o H H o  
191 

+ p-TsOH H H 
CO2H CO2H EtOH N N 

H H H H ~ x  ~ J 

61 / 

263 
Scheme 49 

flexibility than the corresponding parent hexaphyrin. However, rubyrin due to its 
lower symmetry, could possibly exist in stable form at several different oxidation 
levels. For  instance, stable formulations as either 28 n- or a 26 n-electron annulenes 
are conceivable (c.f. structures 262 and 263 in Scheme 49). However, results to 
date suggest it is the diprotonated, rubyrin, form of the 26 n-electron macrocycle 
262 which is formed in greatest yield under the synthetic "4 + 2" condensation 
conditions and which is the most stable form in solutions prepared from 
proton-containing solvents. The presence of a strong diamagnetic ring current in 
the macrocycle (as indicated by 1H NMR spectroscopy), strong absorption bands 
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at 500 and 872 nm in the optical spectrum, and a single crystal X-ray examination 
of the dihydrochloride salt of 262 (Fig. 31 and 32) are consistent with this 
assessment. The dihydrochloride salt of 262 has an essentially planar structure 
consistent with a delocalized aromatic system. At present, this macrocycle is the 
subject of further ongoing investigations [61]. 

10.4 Other Related Systems 

An attempt to prepare yet an another macrocycle containing six five-membered 
nitrogen heterocycles, was made by Lind and LeGoff (Scheme 50) [191]. This 
macrocycle, in analogy to hexaphyrin, was to have been formed by the condensa- 
tion of two tripyrrane-like segments 264 and 265. In this work, however, the 
central pyrrole was have to been replaced by a pyrazole. The condensation between 
the appropriate pyrazole-containing fragments, in fact, proceeds smoothly but 
gives an inseparable mixture consisting of two out of the four possible isomers 
266-269 (Scheme 50). Unfortunately, the exact nature of these isomers has not 
been determined. In addition, efforts to remove the benzyl protecting group and 
effect oxidation to the corresponding aromatic expanded porphyrin species did 
not prove successful. 
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269 

10.5 Future Outlook 

In spite of the modest achievements to date (or perhaps because of them), expanded 
porphyrins containing five or six (or even more) pyrrole-like heterocyclic subunits 
appear to constitute a very interesting but relatively unexplored set of systems. 
Many of these compounds, including the pentaphyrins and hexaphyrins, can be 
made from readily obtainable starting materials and have already demonstrated 
preliminary hints of what promises to be an unusual coordination chemistry. 
Further investigation of these macrocycles and their metal chelating properties, 
therefore, appears strongly warranted. 
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Extending the conjugated bridges between the pyrrole groups in the porphyrin 
structure is perhaps the most obvious way of forming expanded porphyrins. 
However, such a strategy was not successfully implemented prior to 1978 [192]. 
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At that time, the first report of  a "vinylogous porphyrin" 270 appeared from the 
group of LeGoff. It was synthesized by the condensation of 274 and 275, to give 
the macrocycle 276 in which the dipyrromethene subunits are "stretched apart" 
or "extended" by a single n-bond (Scheme 51) [192]. This new class of compounds 
was given the generic name "platyrins" (from the Greek word "platus" meaning 
wide). The macrocycle 276 was not isolated but was thought to be an intermediate 
in the formation of the fully oxidized diprotonated platyrin 277. Deprotonation 
of the dication 277 then gave the free-base bisvinylogous porphyrin 270. Both 
277 and 270 display an intense Soret-like absorption at 477 nm (e = 398,000 
cm • mol-1). The ~H NMR spectrum of 270 has not been reported. The dicationic 
platyrin 277 displays a single meso-like methine resonance at 8 11.64 ppm. In 
addition, for this salt, the internal vinyl signals occur at 8 -8 .97  ppm in the 1H 
NMR spectrum. These spectral and magnetic resonance features are consistent 
with a fully conjugated macrocycle. The platyrin 270 was reported to form highly 
insoluble complexes with metals [192]. However, the nature and composition of 
these were apparently never determined. 

The next macrocycle in the series of bisvinylogous porphyrins 278 to be prepared 
by the LeGoff group effectively "added" yet another rc-bond between the pyrroles 
[193]. Unfortunately, both 278 and its diprotonated salt, proved to be unstable 
decomposing within hours even in the solid state. This high reactivity is con- 
sistent with the supposition that there is little or no resonance stabilization in this 
platyrin 278. However, there is a substantial diamagnetic ring current present 

278 

in this expanded porphyrin. The internal CH protons, as they appear in the 
~H NMR, are shifted to extremely high field (at 8 - 14.26 ppm), with the proton 
of the single meso-like methine having a low field resonance occurring at 
8 11.75 ppm. The visible spectrum of 278 has a strong absorptions at 495 nm 
(e = 123,000cm.mo1-1)  and 536 nm (e = 144,000cm'mol  - I )  and other 
absorptions at 705 nm (e = 12,300 cm-  mol -  t), 718 nm (s = 13,500 cm- mol -  1), 
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780 nm (e = 9,400 c m .  mol-1) .  The dicationic salt of  278 displays a similar 
spectrum [193]. 

Subsequent to the initial work of LeGoff, a bisvinylogous porphyrin, which 
is formally the parent form of the heterocycle 270, was reported by Franck 
and coworkers. This newer system was obtained from the reaction of a dipyrro- 
methane 279 with an appropriate vinylaldehyde substituted dipyrromethane 280 
(Scheme 52) [194]. The resulting macrocycle 281 was oxidized with bromine to give 
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the aromatic expanded porphyrin 282. Neutralization then enabled the isolation 
of the free-base form 283 as a green solid. The macrocycle 283 is fairly stable and 
has a UV/visibte spectrum which is dominated by an intense Sorer-like band at 
469 rim. Protonation of 283, to give 282, increases the intensity of the Soret-like 
band by an order of magnitude, but does not significantly change the position of 
the absorptions [194]. The 1H NMR spectrum of 283 reveals a strong diamagnetic 
ring current effect. Thus, the doublet derived from the outer protons in the 
trimethylene bridge appears at 8 = 11.91 ppm, and the triplet derived from the 
inner trimethylene protons is observed at 6 = -8.19 ppm. The signal for the 
proton of the meso-like monomethine bridge is strongly shifted towards lower 
field and, in fact, is observed at ~ = 10.59 ppm. 

The octaethyl analogue of 283 was recently synthesized by Franck and co- 
workers [195]. Condensation of 284 with the s-free dipyrromethane 285 gave 
the biladiene 286 which, when reacted with formaldehyde and subsequently 
oxidized with DDQ, gave the vinylogous porphyrin 287 (Scheme 53) [195]. This 

~ N H  ~CHO -'1- HN -- --- 

285 286 284 

CH20 ~ ,  CFaCO2H 

Scheme 53 

287 288 

new bisvinylogoues porphyrin 287 is extremely stable and displays a marked 
aromaticity. A single crystal X-ray diffraction analysis of the bistrifluoroacetate 
salt of the dication 288 (Figures 33 and 34) confirmed the planar nature of this 
macrocycle [195]. The methine protons of 287 display different reactivities 
depending upon their relative orientation. Thus, the external methine protons 
undergo exchange with deuterium when 287 is treated with D2SO4/DzO, while 
the internal methine protons remained unaffected [195]. 

Currently the singlet oxygen producing capability and general photosensitizing 
properties, of the macrocycle 287 along with its efficacity visa vis the photodynamic 
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inactivation of human pathogenic viruses are being examined extensively [194]. 
In accordance with this general objective, Franck and co-workers have also 
produced a vinylogous porphyrin which has functionality similar to that of 
hematoporphyrin (Scheme 54) [196]. Here a single crystal diffraction X-ray study 
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R R 
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(of 291 as the dichloride salt) again served to confirm the planar nature of this 
set of vinylogous porphyrins (Figs. 35 and 36) [196]. The photosensitizing ability 
of 290 was determined chemically. The 10 2 formation of 290 exceeds that of 
isohematoporphyrin by a factor of 1.7 [196]. 
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11.2 Tetravinylogous Porphyrins 

The natural progression from bisvinylogous expanded porphyrins is to systems 
in which all four of the normally one atom m e s o  bridges are enlarged. Compounds 
of this class were first reported by Franck and Gosmann in 1986 [197]. These 
workers used an acid catalyzed self-condensation of the N-protected, pyrrole 
substituted allyl alcohol 292 to obtain macrocycte 293 (Scheme 55). Oxidation of 
293 with bromine then gave the "tetravinylogous" expanded porphyrin 294. As 
with all of these "stretched" compounds, the 1H NMR spectrum of 294 confirms 
the presence of a strong diamagnetic ring current in the macrocycle. The internal 
methine proton signal is found at 8 = -11.46 ppm and the external methine 
resonances are found at 8 = 13.67 ppm. The protons of the N-methyl blocking 
groups are also shifted to very high field (8 = -9.09 ppm). In addition, a very 
intense Soret-like band is observed at 547 nm (e = 909,600 cm. mol-1) in the 
UV/visible spectrum with no other absorption features being reported [197]. 

Franck and co-workers also prepared the next higher homolog in the series by 
using pyrrylpentadienol instead of 292 in the initial condensation procedure 
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Br2 

295 

Scheme 56 

 NtMe 
296 

(to give compounds 295 and 296; Scheme 56) [198]. Interestingly, however, in 
addition to the tetrapyrrolic macrocycle 295, the pentapyrrolic macrocycle 297 is 
also formed in small amounts during the condensation procedure. Oxidation of 
295 with bromine gives the fully conjugated expanded porphyrin 296. The 
macrocycle 296 forms deep blue solutions and shows evidence for an extraordinarily 
large ring current in the 1H NMR spectrum. The external protons of the methine 
bridges now resonate at 8 = 16.18 and 17.19 ppm while the internal methine 
resonate at 8 = -14.27 ppm, In addition, the protons of the nitrogen methyl 
substituents are now found at even higher field (8 - 11.44 ppm) than those of 294 

297 
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(c.f. Scheme 55). Two interesting and very intense absorption features at 663 nm 
(~ = 370,000 cm • mol-  t) and 997 nm (2,400 cm- mol-  t) were also reported for 
this system [198]. 

11.3 Bisvinylogous Porphycenes 

A new series of "bisvinylogous porphycene" compounds have been reported by 
Vogel and co-workers [199]. These compounds are "extended" forms of por- 
phycene, an isomer of porphine [4, 200]. The self-condensation of the bis- 
pyrroleacetylene derivative 298 was used to obtain the expanded porphyrin 300, 
presumably viathe intermediate 299 (Scheme 57). The 1H NMR spectrum of 300 
reveals a single resonance for the methine proton at 8 = 9.99 ppm and a signal 
for the NH protons at 8 2.28 ppm. The UV/visible spectrum of 300 is considerably 
red shifted in comparison to that ofporphycene [4]. An intense Soret-like absorption 
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Fig. 37 

at 405nm (e = 188,700cm-mot -1) is observed with other relatively strong 
absorption features also being found in the 651-766 nm spectral region. A single 
X-ray crystal diffraction study of 300 confirmed the planarity of the macrocycle 
(Figs. 37 and 38), and the expected linear nature of the acetylene and cumulene 
bridges [199]. 

Another bisvinylogous porphycene compound was also generated by the 
reduction of 300 (Scheme 58) [201]. In this latter expanded porphyrin (i.e. 301) 
the acetylene and cumulene bridges of 300 have been converted into two sets of 
two methines. An alternative synthesis of 301 is also shown in Scheme 58. The 
structure of 301, as suggested by 1H NMR spectroscopic studies, consists of 
alternating cis and trans olefinic bridges between the pyrrolic subunits. In this 
compound, the internal protons of the trans bridge occur at 8 = - 7.5 ppm while 
those on the exterior resonate at 8 = 11.70 ppm. In contrast, the protons of the 
cis bridge occur at 8 = 9.83 and 9.88 ppm, respectively. The visible spectrum of 
301 is characterized by strong absorption features at 270 nm (e = 14,400 cm 

mol -  1), 440 nm (~ = 207,900 cm.  mol -  1), 464 nm (e = 104,400 cm.  mol -  1), 
672 nm (~ = 38,900 cm.  mol -  1), 726 nm (~ = 17,100 cm- mol -  1) and 790 nm 

Fig. 38 
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Scheme 58 
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(e = 57,200 cm • mol-  1). The single crystal X-ray structure of 301 (Figs. 39 and 
40) served to confirm the postulated alternating cis-trans-cis-trans nature of the 
bridging ethylenes. It also established unequivocally the planar nature of the 
macrocycle which, of course, was to be expected for such an aromatic system 
[201]. As a result of its unusual light absorption properties (viz. absorptions in 

Fig. 39 
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Fig. 40 

the 650-800 nm spectral region) future investigations into the possible use of 301 
as a sensitizer for photodynamic therapy are sure to follow. 

In terms of both size and spectral properties, this class of expanded porphyrins 
is among the most interesting. The observation of extreme diamagnetic NMR 
ring currents and strong low-energy absorption features are particularly notewor- 
thy. With regards to the latter, we note that, at present, only two preliminary 
reports related to the study of vinytogous porphyrins as potential photosensitizers 
have appeared [196, 202]. Thus, it is clear that further study will be needed to 
establish the extent to which this class of molecules will be of use in photodynamic 
applications. 

12 Potential Applications and Future Directions 

The major emphasis of the research carried out to date in the expanded porphyrin 
area has been concerned with the synthesis and characterization of new systems. 
However, significant effort has been devoted recently to exploring the use of these 
macrocycles as sensitizers for photodynamic therapy (PDT) and as magnetic 
resonance imaging (MRI) contrast agents. These two applications serve as the 
most visible of several potential areas where expanded porphyrins could provide 
an improvement over existing technology. In this section, therefore, we review 
the work to date relative to both PDT and MRI and also comment briefly about 
the other areas of potential utility. 

12.1 Photodynamic Therapy (PDT) 

At present, diamagnetic porphyrins and their derivatives are the dyes of choice 
for PDT. For a considerable time it has been known that porphyrins localize 
selectively in rapidly growing tissues such as sarcomas and carcinomas [203-205], 
although the reasons for this selectivity remain unknown. Most attention to date 
has focused on the hematoporphyrin derivative (HPD) [203 215] an incompletely 
characterized mixture of monomeric and oligomeric porphyrins produced by 
treating hematoporphyrin dihydrochloride with acetic acid-sulfuric acid followed 
by dilute base [83, 216-220]. The mechanism of the action is thought to be largely, 
if not entirely, due to the photoproduction of singlet oxygen (O2(1Ag)), although 
alternative mechanisms of action, including those i~avolving superoxide anion or 
hydroxyl and/or porphyrin-based radicals cannot be entirely ruled out [221 ~ 224]. 
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Singlet oxygen is also believed to be the critical toxic species operative in 
experimental photosensitized blood purification procedures [81, 225-230]. This 
new application of photodynamic therapy (termed PDI for photodynamic 
inactivation) is of tremendous potential importance. It shows promise, as yet not 
realized clinically, of providing a safe and effective means of removing enveloped 
viruses such as HIV-1, cytomegalovirus (CMV), various forms of hepatitis, as welt 
as other opportunistic blood-borne infections, such as Trypanosoma cruzi (the 
causative agent of Chagas' disease) and malaria plasmodium, from transfused 
blood. Given that blood products are major vectors for the transmission of a 
number of diseases, the potential of such a blood purification procedure is clear. 

As critical as the potential PDI and PDT applications, which are currently being 
explored using the hematoporphyrin derivative (HPD) and its partially purified 
active fractions dihematoporphyrin ether (DHE), it is important to realize that 
these "first generation" photosensitizers are not ideal. They contain a range of 
chemical species, they are neither catabolized nor excreted rapidly from the body, 
and they absorb poorly in the red part of the spectrum where blood and other 
bodily tissues are most transparent [90, 205, 231-234]. This latter deficiency is 
particularly relevant to expanded porphyrin research. This is because the longest 
wavelength absorption maximum of HPD (and DHE) falls at 630 nm. As a result, 
most of the incipient energy is either dispersed or attenuated before reaching a 
blood-borne pathogen and/or the center of a deep-seated tumor. Less of the initial 
light is, therefore, available for singlet oxygen production and photodynamic 
action [90,205, 231-234]. It is thus apparent that far more effective photosensitizers 
could be developed if dyes could be prepared which absorb in the cal 690 nm 
region, provided, of course, that they retain the desirable features of HPD and 
DHE (e.g. selective localization on pathogens, low dark toxicity, and efficient 
photosensitization). This, of course, is where an expanded porphyrin approach 
could provide an advantage. 

Initial studies carried out to date suggest that certain expanded porphyrins such 
as the sapphyrins [178, 180, 181], texaphyrins [94], and vinylogous porphyrins 
[202] possess unique long-wavelength light absorbing and singlet oxygen producing 
properties that make them attractive as potential photosensitizers for use in 
anti-viral blood purification and/or tumor phototherapy. For instance, a decaalkyl 
sapphyrin derivative has been shown to be effective for the PDI eradication of 
cell-free HIV-1 and a cadmium(II) texaphyrin complex has been found active for 
the in vitro inactivation of human leukemic cells [94, 180, 181]. Given these 
promising results, it is likely that, with further research, these and other expanded 
porphyrins could emerge to play a significant role in this field. 

12.2 Magnetic Resonance Imaging (MRI) Contrast Agents 

New techniques that may allow neoplastic tissue to be observed and recognized 
at the early stages of development are currently attracting considerable interest. 
One such promising technique is magnetic resonance imaging (MRI) [96-101, 
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235-237]. Although new, this noninvasive, non-ionizing, apparently innocuous 
method, is now firmly entrenched as a diagnostic tool. Unfortunately, however, 
the degree of signal enhancement for diseased vs. normal tissues is often insufficient 
to allow this approach to be used in many clinical situations. To overcome this 
problem (lack of signal intensity enhancement) considerable effort is currently 
being devoted to the preparation of  MRI contrast reagents. Here, highly 
paramagnetic metal complexes, such as those derived from gadolinium(III) (which 
has seven unpaired electrons), have proved particularly efficient in clinical use 
and/or preclinical tests. 

In most cases reported to date the coordination of gadolinium in MRI contrast 
agents has been achieved using carboxylate-type ligands [96-101]. As a result the 
systems under current consideration are all of  high thermodynamic stability but 
nonetheless high intrinsic lability. Expanded porphyrins on the other hand offer 
the possibility of binding Gd(III) (which is too large to fit into a normal porphyrin) 
in a stable in-plane porphyrin-like manner. As a result, they could provide an 
improved approach to MRI contrast agent development. Recent work by Sessler 
and co-workers has shown that at least one expanded porphyrin forms extremely 
stable Gd(III) complexes in vitro [95]. Here, as expected, the large macrocyclic 
core of texaphyrin provides a stable coordination environment for the ca. 1.0 
ionic radius Gd(III) cation. Investigations into other expanded porphyrin systems, 
which have suitable core sizes, may give complexes capable of  acting as viable 
MRI agents while meeting all the necessary accompanying biological requirements, 
such as low toxicity, good tissue localization and high in vivo relaxivity. 

12.3 Other Potential Appfications and Future Directions 

Describing possible applications and areas of future research in which the expanded 
porphyrins may play a role is somewhat difficult task. This is not because this 
class of compounds is lacking in potential. Rather, on the contrary, it is because 
of the large array of possible uses to which the expanded porphyrins are suited, 
that it is difficult at present not to sound over-enthusiastic. One has only to 
consider the amount of literature devoted to the properties of the porphyrins, to 
begin to appreciate what could be a bright future for the expanded porphyrins. 
While initial investigations have, for the most part, focused on topics of purely 
academic interest, more and more information concerning the possible practical 
applications of expanded porphyrins is becoming available. Here, we wish to 
present a few of the, as yet unrealized, potential areas where expanded porphyrins 
may be useful. This subsection is thus designed to complement the above discussion 
of PDT and MRI and also set the stage for possible future work in other areas. 

First, one can envision the expanded porphyrins being useful in a number of 
applications involving metal chelation: The increased core size of these macrocycle 
could prove particularly useful for the coordination of  large cations. This would 
suggest their utility as detoxification chelators in medical situations. One could 
also conceive that the expanded porphyrins could prove of particular use in the 
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removal of large cations, such as those of the lanthanides and actinide series, 
from radioactive or non-radioactive waste water. 

Second, in addition to the above, the fact that many expanded porphyrins are 
highly colored makes their use as dyes an obvious possibility. Here their planar 
nature makes them particularly attractive as chromophores for use in liquid 
crystals and optical data storage applications. Also, these properties could make 
them of interest as photo-sensors in various clinical or pseudo-clinical situations. 
For instance, the high affinity by certain sapphyrins for enveloped viruses and 
cholesterol rich liposomes suggests that expanded porphyrins could be used to 
detect and/or destroy a variety of unwanted biological targets, including arterial 
sclerotic plaque. 

Finally, quite apart from any practical applications, several features of the 
expanded porphyrins could make them of considerable academic interest. For 
instance synthetic porphyrins have proved extremely useful in determining the 
biosynthetic pathways and reaction mechanisms of a variety of metalloproteins 
and enzymes which incorporate porphyrins or related tetrapyrrolic complexes as 
the active prosthetic groups. It may be of interest to examine these systems (and 
the associated chemistry) using expanded porphyrins. The different ligation and 
optical properties offered by the expanded porphyrins could give rise to interesting 
new behavior and provide further insight into even the best studied of these 
systems. In particular, the optical properties of certain expanded porphyrins could 
make them of interest as models for the red-absorbing chlorophyll and bac- 
teriochlorophyll centers of various photosynthetic systems. Here, one idea might 
be to explore the use of various expanded porphyrins as novel photo-donors in 
synthetic charge separating systems. 

With almost all of the conceivable coordination chemistry of the expanded 
porphyrins still left to be explored, it cannot be over-stressed that the potential 
for new chemistry is enormous. This is particularly true when account is made 
of the fact that the chemistry of the metalloporphyrins has played a dominant 
role in modern inorganic chemistry. What with the possibility to enhance the 
stability of unusual coordination geometries (and, perhaps oxidations states) and 
the ability to form stable coordination complexes with a variety of unusual cations 
including those of the lanthanide and actinide series, the potential for new inorganic 
and organometallic discoveries are almost unlimited. For instance, as with the 
porphyrins, one may envision linear arrays of stacked expanded porphyrin 
macrocycles which may have unique conducting properties and/or which could 
display beneficial super- or semiconducting capabilities. Here, of course, the ability 
to coordinate not only to cations but also to anions could prove to be of tremendous 
utility. 

To conclude, the proposals mentioned here by no means represent the limits 
of the possible, but merely the most obvious next directions that we the authors 
conceive for the future development of the field. Certainly, with the range and 
scope of discoveries already recorded in the relatively short time that this class 
of compounds has been known, we feel confident in predicting that these 
macrocycles will continue to remain among the most intriguing of those macrocycle 
chemical entities currently available. 
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Addendum 

In the period between the submission of this manuscript and it's going to press 
there have been several significant additions to the chemistry of the expanded 
porphyrins. While these results will not be described in detail they are nonetheless 
important with respect to this review. 

As we describe in section 8 Woodward and coworkers reported that the 
sapphyrin macrocycle failed to give any complexes with the uranyl cation [66]. 
However, it has recently been discovered that the sapphyrin 204 does indeed form 
a coordination complex with UO2 [238]. This complex, which has been charac- 
terized structurally, is not formally a sapphyrin. In fact, the sapphyrin macrocycle 
has been attacked, at a meso-position by methoxide to give a new and non-aromatic 
expanded porphyrin complex. Sapphyrins have also attracted interest as anion 
transport agents. Particularly in the binding and transport of phosphate anion. 
Effective transport of nucleotides and analogues, AMP and GMP, through a 
dichloromethane membrane was achieved with the protonated sapphyrin 216 
[239]. In other work the use of rubyrin 262 for similar transport was investigated 
and a specific structural effect has been noted [239] with the protonated form of 
262 appearing relatively more effective for the transport of diphosphorylated 
species such as GDP. 

Another expanded porphyrin previously known to form a complex with the 
uranyl cation was the pentaphyrin 232 [158, 187]. An improved synthesis of a 
new pentaphyrin derivative and its corresponding, structurally characterized, 
uranyl complex was recently reported [240]. This new uranyl pentaphyrin, has a 
very distorted solid state structure reminiscent of the closely related uranyl 
superphthalocyanine complex 160 [112] (Figures 22 and 23). 

Two new expanded porphyrins, that would perhaps best be classified as 
vinylogous porphyrins, have also been reported in the last several months. Corriu 
et al. have developed a facile synthesis of new tetrapyrrolic macrocyclic derivatives 
[241]. A notable difference between these new vinylogous porphyrins and those 
described above (Section 11) is the incorporation of pyridine, in one case, as part 
of the macrocycle. While these new expanded porphyrins are not aromatic, they 
may have great potential as ligands. Indeed, the formation of a bimetallic palladium 
complex was described. 

A variation of the general theme of pyrrole containing vinylogous porphyrins 
has been attempted by Street. In this new system imidazotes replace the pyrroles 
to give a new coronand class [242]. 

Lastly a very large expanded porphyrin has been prepared by Bell and coworkers 
[243]. This new macrocycle has both pyrrole and pyridine heterocycles contained 
within a large octaaza-macrocycle. 
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