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1 Introduction 

Strained organic compounds have attracted considerable attention from organic chemists during the last 
four decades. Synthetic chemists have accepted the challenge of designing and synthesizing strained molecules 
with exciting new properties to answer important fundamental questions.1 Small [nlcyclophanes, especially, 
have received this attention. [n]Cyclophanes are bridged bicyclic systems containing a benzene ring, where n 

4575 
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symbolizes the number of methylene groups bridging the benzene ring. The three kinds of [n]cyclophanes2 are 
illustrated in Scheme 1. 

[nlorthocyclophanes [nlmetacyclophanes [nlparacyclophanes 

scheme 1 
The most highly strained [nlorthocyclophanes (also known as benzocycloalkenes, Scheme 2) are 

benzocyclopropene (n = 1) and benzocyclobutene (n = 2). Both of these classes of compounds have been 
reviewed in depth.394 

Benzocyclopropene Benzocyclobutene 

scheme 2 
Excellent reviews on many aspects of the chemistry of cyclophanes are available.536 However, despite 

the importance of [nlmeta- and [nlparacyclophanes, only one review of limited scope on these subclasses has 

appeared.7 Our aim in this review is to provide a comprehensive summary covering from 1961 through 1993 
with special emphasis on methods for synthesis of [nlmeta- and [nlparacyclophanes where n I 8. Related topics 
such as physical properties, geometries, and chemical reactivity of these unusual molecules will be discussed by 
us in a subsequent review. We regretfully omit any discussion of the larger [nlmeta- and [nlparacyclophanes 

(where n 2 9) for the sake of brevity. 

2 Importance of Small Cyclophanes 
Why are small [nlmeta- and [nlparacyclophanes so intriguing to organic chemists? A simple answer is 

their geometry. Their properties are strongly dependent on the value of n.sd,se As n decreases, the aromatic ring 
is increasingly distorted into a boat shape from its usual planar form and the usual favorable overlap of p-orbitals 
is diminished. Examination of molecular models and ultraviolet spectroscopy clearly show that this deformation 
takes place in metacyclophanes when n = 7 and in paracyclophanes when n = 8. It seemed reasonable that if the 
bridge length were decreased sufficiently a point would be reached where aromaticity of the benzene ring could 
completely collapse, and the ring might behave as 1,3,5cyclohexatriene ie as a Kekule benzene. Bending has a 
considerable effect on the aromatic character of the benzene ring and causes a dramatic change in its chemical 
reactivity.* Consequently, a study of the small cyclophanes has a potential to contribute to a better 
understanding of the phenomenon of ar0maticity.s 

3 Aromaticity 
Although aromaticity**9 is not directly observable, experiments so far have suggested its existence in 

cyclic conjugated systems, the first of which was benzene, a much studied molecule since its isolation by 
Michael Faraday in 1825. Understanding the structure of benzene was not trivial. The solution involved 
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experiments and imaginative speculation leading to Loschmidt’s representation of the structure of benzene in 

1861.10 Benzene was shown to be a highly unsaturated hydrocarbon with a molecular formula C6Hg that did 
not possess the typical reactivity of a polyene. It was clear that there was something fundamentally different 
about benzene and its derivatives when compared to unsaturated cyclic compounds. Kekule in 1865 proposed 
benzene to be an equilibrating mixture of 1,3,5cyclohexatrienes (Scheme 3).*u 

Cl-D 
1,3,5-cyclohexatriene 

Scheme 3 
In terms of chemical theory, the structure of benzene has puzzled prominent scientists, and discussions 

of its structure are not without controversy to this day. Everyone agrees that benzene is “aromatic”, but what 

general criteria should be used for a compound to be ruled as an aromatic? The most wide-spread. and to a large 
extent acceptable, criteria ate discussed below. 

An understanding of the issue of aromaticity was greatly facilitated by the development of quantum 
mechanics. In 193 1 Htickel with the use of %-electron molecular orbitals explained the theory of the aromatic 
sextet and described the famous (4n + 2) rule of aromaticity. tWe Soon it was recognized that the extraordinary 
stability of benzene is due to its low ground state energy caused by lc-electron delocalization. Although Htlckel’s 
rule is not perfect, it has certainly influenced current thinking about the problem of aromaticity. Numerous 
theoretical approaches have improved the Httckel rule and have resulted in various definitions for 
aromaticity.’ t*t* The attribute of aromatic@ currently accepted for a general class of compounds is that they 
must be cyclic a-electron systems and am stabilized by n-electron delocalization. 

A puzzling aspect of benzene is the resonance energy gained by Ic-delocalization. A quantitative estimate 
of 36 kcal/mol for the resonance energy of benzene has been obtained by a comparison of its heats of 
hydrogenation to that of cyclohexene. t* In order to obtain a more accurate value we would need to know the 
energy of localized 1,3,5-cyclohexatriene, a nonexistent molecule. 

To overcome some of these difficulties Dewar13 has suggested an alternative way to estimate resonance 
energy (Scheme 4). His idea was to compare the heats of formation of benzene and open chain polyenes. He 
pointed out that a group increment value of an olefinic CH unit can be determined, so automatically (CH)6 

becomes the reference frame; and based on this consideration he derived for benzene a value of 20 kcal/mol 
resonance energy. This value is 16 kcal/mol lower than the one previously obtained from heats of 
hydrogenation. The reason for this lower energy is that there is already considerable stabilization due to 
conjugation in the reference acyclic polyene. Similar results have also been obtained by ub initio calculations.14 

In recent years the regular hexagonal structure 15 of benzene has been discussed. Several authors feel that the o- 
system is responsible for the hexagonal structure and the n-system would prefer to be localized. If this theory 
proves correct then more emphasis will be given to the o-electrons for aromatic stabilization, and the rc-electrons 
will have to be considered to be of secondary importance for stability. Possibly the basic conceptual thinking 
about aromatic stability would have to be altered. 
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0 c 
benzene cyclohexene 

1,3,bcyclohexatriene 
open chain model of a 
polyene as suggested 
by Dewar 

scheme 4 
A second criterion for aromaticity is based on X-ray crystal structures of several benzene derivatives. 

These derivatives have regular hexagonal planar structures with all carbon-carbon bonds of nearly equal length 
(usually 1.397 A); slight observed differences in bond lengths were ascribed to substituent effects. Recently, 
some doubts have been expressed concerning the conclusions drawn from X-ray analysis of benzene itself. 
Ermer contends that within the experimental accuracy of the method used, a real choice can often not be made 
between a Dan or a D3h (1,3,Jcyclohexatriene) structure for benzene (Scheme 5).16 

0 0 0 I ’ 
1,3,5cyclohexatriene 

Scheme 5 

The lH NMR spectrum of benzene exhibits a single resonance at S 7.27, and this chemical shift provides 
a third criterion of aromaticity. This hydrogen resonance is at significantly lower field than that of an alkene 

hydrogen (for example cyclohexene, S = 5.86, cyclooctatetraene, S = 5.69). This deshielding effect has been 
attributed to a ring current17 induced when benzene is in an externally applied magnetic field. The ring current 

.produces its own opposing anisotropic magnetic field, with the result that hydrogens located in the plane of the 
benzene ring resonate at a lower field.17 

The lack of reactivity of benzene has long been considered a characteristic of aromaticity. Under normal 

reaction conditions bromine adds to cyclic olefms, however, it does not add to benzene. However, in the 
presence of a Lewis acid benzene is attacked by bromine to give a substitution product, bromobenzene, 
indicating that ultimate rearomatization of any intermediate is thermodynamically favorable.18 For a molecule 
with impaired aromaticity (for example a strained cyclophane) changes in the ground state and transition state 
energies will not be the same and would be difficult to predict quantitatively. Consequently reactivity criteria 
alone can not give precise information on the stability of a ground state. 
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Similar objections can be raised against UV spectra as aromatic@ indicators for small [nlcyclophanes. 

Since small cyclophanes are distorted, subtle (or small) unknown changes in the ground and electronically 

excited states make the applicability of such spectra problematic. 
In 1986 Garratt put forth a critical overview of several criteria for aromaticity.19 He prefers NMR criteria 

along with enthalpy arguments as unconditional prerequisites and defines aromatic compounds as “cyclic 
diatropic systems with a positive calculated Dewar resonance energy in which all the rings are involved in a 
single conjugated system.” 

4 Valence Isomers of Benzene 

Valence isomerizations hold a very special position in organic chemistry. These are multicenter 
processes that take place synchronously by shift of o- and/or rt-electrons. The term valence isomerism was 

introduced by Grob and Schiess2o and defined by Vogel in 1963. 21 These are relatively simple isomerizations 

that do not involve migration of atoms or groups, and also occur in ionic and free radical intermediates. These 

isomerizations are very sensitive to thermal and direct photochemical excitation but not to catalytic agents or to 

wide changes in solvent structure and polarity. 
Interest in benzene valence isomers arose during the structure determination of benzene (CeHe) itself by 

19th century chemists. However, in recent years when the empirical formula CeHe was submitted to a 
computer, it came up with 217 possible structures that satisfy the rules of basic valency. When asked to adhere 
to (CH)e combinations, the computer provided only six possibilities (Scheme 6): 1,3,5-cyclohexatriene, Dewar 

benzene, benzvalene, prismane, Mobius stripane (Claus benzene) and bicycloprop-Zenyl, but not the real 
benzene. This structural group of (CH)e compounds compose the so-called valence isomers of benzene. During 
the past 27 years all the unsubstituted valence isomers with the exception of 1,3,5cyclohexatriene and Mobius 

stripane (Claus benzene) have been synthesized and characterized.22-25 

\ 
0 / 

1,3,5Cyclohexatriene 

Prismane 

Dewar benzene 

Mobius stripane 

Scheme 6 

e3 - 
Benzvalene - x 

BicyclopropQ-enyl 

All the valence isomers lie on the same multidimensional potential surface, and all’except benzene 
possess the remarkable ability to store enormous amounts of potential energy in their highly strained 
aromatizable structures. The relative heats of formation of some of these isomers are given Table 1 .26 
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Table 1. Relative Heats of Formation of (CH)6 Isomer@ 

AAI@t-(kcaVmol) 

Benzene 0 

Dewar benzene 59.5 

Benzvalene 65 

F&mane 91.2 

Bicycloprop-2-enyl 110-120 

There was ample precedent from the excellent work of Breslow and his coworkers*7 and others*8 that these high 
energy molecules and their analogs were not only challenging targets by themselves but also could provide less 
strained valence isomers by thermal or photochemical processes (Scheme 7). These expectations have been 
confirmed experimentally. 

1) Cope 
rearrangement 

2) Aromatization 

Scheme 7 

The potential usefulness of valence isomerization in the synthesis of small [nlcyclophenes, e.g., as in 
Scheme 8, has now been realized. For other examples see Schemes 52.53, and 55. 

Scheme 8 
Apart from the issue of aromaticity the small [nlcyclophanes may provide information on conformations 

of the bridge methylenes and on their dynamic processes .*9 In this connection spectroscopy, especially NMR, 
and thermochemical properties may provide a basis for refinement and revision of some of our ideas about strain 
energy and hindered rotation. Since small [n]cyclophanes are considerably deformed, they may also give insight 
regarding the transannular effects when the intramolecular cavity is considerably small. The unique features of 
[nlcyclophanes and [n] cyclophenes also make them attractive starting synthons for other molecules of 
fundamental interest, e.g., as in Scheme 9. 
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[6]paracyclophene v 

oxa p]paracyclophane 

(unknown compound) 

Scheme 9 

5 Synthesis of [n]Metacyclophanes 

5.1 [n]Metacyclophanes 

The purpose of this section is to demonstrate how synthetic strategy has led to the development of many 
useful methods as well as to the construction of [nlmeta- and [nlparacyclophanes where n I8. In comparison to 
the large amount of synthetic and theoretical work in the field of cyclophanes.5 the [nlmetacyclophanes have 
received considerably less attention, although a derivative was reported by von Braun as early as 1919.30 A 
survey of the literature revealed several unsuccessful attempts at the preparation of [nlmetacyclophanes where n 
< 8.7a,31,32.33 

Before discussing the synthesis of [Ilmetacyclophane and lower analogs, we shall consider some of the 
recent methods for the synthesis of [9]- and [ lO]metacyclophanes. Such consideration is appropriate since the 
aforementioned syntheses may provide access to [n]metacyclophanes (n 58). 

In their studies on the chemical properties of [ 1,5]cyclooctatetraenophanes (10.1, Scheme lo), Paquette 
and coworkers34 observed that on treatment of 10.1 with one equivalent of m-chloroperoxybenzoic acid at room 

temperature, rearrangement occurred to give 1,4-disubstituted [lO]metacyclophane 10.3 as the major product. 
Evidently, the initially formed epoxide 10.2 undergoes acid-catalyzed rearrangement to the [ lO]metacyclophane 
derivative 10.3. The driving force for the rearrangement is either relief of strain or gain of resonance energy in 

going from 10.2 to 10.3, or a combination of the two. 

&&@LQF$!!@$& 

(W )lo 
10.1 10.2 10.3 

a) MCPBA. 
Scheme 10 

A strategy for the synthesis of [n]metacyclophanes (n = 9) used by four research groups begins with 
macrocyclic ketone (11.1, Scheme 11) and fuses on to it a three carbon chain to form an aromatic ring.35.36.37 
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a) RON02/KOBut, b) CH2=CHCHO/(C&H5)3P, c) NaH, d) K2CO3flHP. 

Scheme 11 

Another alternative for the synthesis of cyclophanes starts from an aromatic precursor followed by the 
construction of an oligomethylene ring. Around 1970, several groups reported methods for preparing 

dithiacyclophanes. The facile conversion of these dithiacyclophanes to cyclophanes via sulfur extrusion offered 
a new, very general approach to the synthesis of various types of cyclophanes.38 In this approach sulfur 
extrusion was best accomplished by conversion of dithiacyclophanes to the corresponding bis-sulfones followed 

by flash vacuum pyrolysis @VP).39 
A large number of cyclophanes has been synthesized 38.39 by the sulfur route, but only two reports exist 

on the application of this route to [nlmetacyclophanes. Vbgtle has employed this approach to prepare medium- 

sized [nlmetacyclophanes, where n = 9- 12.40 An example is the synthesis of 2,lOdithia[ 1 llmetacyclophane 

12.1 and its conversion into [9]metacyclophane (12.2, 535, Scheme 12). (Otsubo and Misumi’s analogous 
synthesis of [7]metacyclophane is discussed in Scheme 12 and shown later in Scheme 21). 

12.1 12.2 

a) KOH/C2H5OH, b) MCPBA, c) Flash Vacuum Pyrolysis @VP). 

Scheme 12 

In 1982, Higuchi and Misumi4t,4**‘t3 discovered that benzyl selenocyanates (e.g., 13.1) with dibromo- 
alkanes in the presence of sodium borohydride at high dilution gave diselenocyclophanes (e.g., 13.2) in high 
yield (Scheme 13). These selenocyclophanes are smoothly converted to cyclophanes 13.3 by deselenation. 
Since C-Se bonds undergo fission thermally and photochemically more easily than do the corresponding C-S 
bonds, this method is superior to the conventional sulfur extrusion for the synthesis of cyclophanes.43a 
However, them are no reports of small [nlmetacyclophanes prepared by this alternative strategy. 

We in Amsterdam felt the ready availability of 2,6dithia[7]metacyclophane 14.1 and 2,7-dithia- 

[8]metacyclophane would greatly enhance their usefulness in the synthesis of [5]metacyclophane 14.2 
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13.1 13.2 13.3 

a) NaBlQ/C~H~OI-WHF, b) Benzyne-Stevens rearrangement 

Scheme 13 
(Scheme 14) and [6]metacyclophanes by the dithiacyclophane-sulfur extrusion route. However, experiments 

carried out in our laboratories in Amsterdam towards this goal were unsuccessful.44 

14.1 14.2 

FVP did not yield [5]metacyclophane 

a)KOH / CZHsOH/high dilution, b) MCPBA , c)FVP. 

Scheme 14 

5.2 [ti]Metacyclophanes 

In the course of their work on the synthesis of macrocyclic rings containing diynes, Hubert and Dale 
isolated [8]metacyclophadiyne 15.4 (Scheme 15). 45 The required bisethynyl compound 15.3 was obtained by 
the reaction of a,a’-dibromo-m-xylene (15.1) with propargylmagnesium bromide (15.2). Intramolecular 
oxidative cyclization using Eglington oxidative coupling 46 (cupric acetate in pyridine) gave them 
[8]metacyclophadiyne (15.4, 10% yield), which on reduction gave [8]metacyclophane (15.5) as a colorless 
liquid, homogeneous by VPC. The UV spectrum for the [Ilmetacyclophane (15.5) in hexane showed hmax 

266 nm, log E 3.00 in hexane. The absence of NMR data, not available to Dale and Hubert in 1963, made it 
difficult for them to judge the correct assignment of the [8]metacyclophane (15.5) structure by this route. 

HCZC-CH&lgBr 
EH EH 

15.2 C 
+ 

BrH,C , CH2Br 

v 

\ ‘F 
H2 H2 

‘/ 

\ CH2A 

‘H2cyY ‘/ 

Tx_QQ 

15.1 15.3 15.4 15.5 

a) THF, b) CU(OAC)~/C~H~N, c) PtO2/I-I2. 

Scheme 15 
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The use of the nickel-phosphine complex dichloro[ 1,3-bis-(diphenylphosphino)-propane]nickel(II) 
[Ni(dppp)Cl2] in [8]metacyclophane (16.3) synthesis was well documented as early as 1975, due mainly to the 

efforts of Kumada and his coworkers47 (Scheme 16). The key step was the addition of bis-Grignard reagent 
16.1 (prepared from 1,8-dibromooctane) to an aromatic dihalide such as 1,3-dichlorobenzene (16.2) in the 
presence of catalytic amounts of the nickel-phosphine complex at 30-40 “C in THF. Furthermore, this group 
showed that this nickel-phosphine complex could also serve in the successful preparation of 
[6](2,6)pyridinophane and other larger pyridinophanes. Higher yields were obtained in the case of 

pyridinophanes than for metacyclophanes, an outcome that may be attributable primarily to the intrinsically 
higher reactivity of 2-halopyrldines and to the smaller size of =N- than =CH-. 

XMg- (CH2)a -MgX 

C& -G) =Q 

16.2 16.3 

a) [Ni(dppp)ClZ]/THF. 

Scheme 16 

Hopf, Noble, and Ernst48 achieved a synthesis of [nlmetacyclophanes (n = 8 and 7) that involves an 
isomerization of [nlparacyclophane as a key step (Scheme 17). Under the influence of hydrogen 

chloride/aluminum trichloride at -10 “C, [8]paracyclophane (17.1) gave [8]metacyclophane (17.2) in 37% 

yield. Since [nlparacyclophanes can often be obtained in relatively large quantities, this method offers a very 
convenient one-step synthesis of [nlmetacyclophanes in moderate yields. Although the principle of converting 

[nlparacyclophane to [nlmetacyclophane where n = 10 had already been used by Blomquist,@ it is difficult to 
predict a reaction pathway with smaller [nlparacyclophanes (n < 8) under these acidic conditions. In recent years 

this isomerization has been used by many others (see below), and credit is certainly due to Hopf for pointing out 

its considerable potential utility. 

17.1 
[8]paracyclophane 

17.2 

a) HCl/AlC13/CH2Q at - 10 ‘C. 

Scheme 17 
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That dianions can serve as suitable partners in organic synthesis is now well established. This concept 
has been used by Bates and coworkers for the past nine years to synthesize a variety of cyclophanes50,51. The 
method consists of the generation of stabilized dianions (-78 to 0 “C) from alkyl-substituted benzenes with 
Lochmann’s base which is n-BuLi in hexane/KO-t-Bu (however most of the work reported here was carried out 
in Bates’ group with heptane as a solvent) which on treatment with a,w-dihalides provide cyclophanes. Two 
examples (Scheme 18) serve to illustrate this point. 5*,53 The method constitutes a one-step synthesis of 
cyclophanes in low to moderate yields. Unfortunately it has limitations, e.g. no [nlmetacyclophane derivatives 
could be formed where n c 7. Furthermore, this method was found to yield dimeric cyclophanes and also 

polymeric materials. 

10% yield 

a) n-BuLi/KO-t-Bu in heptane at 0 “C, b) THF was used as a solvent. 

11% yield 

a) n-BuLi/KO-t-Bu in heptane at O-20 ‘C, b) THF solvent. Also [nlmetacyclophanes with n = 9-15 
were synthesized by the outlined procedure. 

Scheme 18 

5.3 [7]Metacyclophane and its Derivatives 

A [7]metacyclophane derivative was reported as early as 1962, 54 but a reevaluation of the assigned 
structure should be carried out with the benefit of instrumentation such as X-ray crystallography. The reaction 
that was attempted is thermodynamically feasible.55 

Bates’ group has used dianion chemistry to synthesize [7]metacyclophane (19.1) in 1% yield (Scheme 
19).52 The reaction is reproducible even though polymeric material was the main product. 
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a) n-BuLi/KO-t-Bu in heptane at 0 “C, b) THF solvent, 

Scheme 19 
It is now evident from the above discussion (see Scheme 17) that the isomerization approach of Hopf 

offers a distinct advantage for the preparation of [nlmetacyclophanes from [nlparacyclophanes. In connection 
with their studies of cycloaddition reactions with [nlmetacyclophanes, Hopf and Jones56 have developed a one- 
step synthesis of [7]metacyclophane (20.2) from now easily available (see below) [7]paracyclophane (20.1, 
Scheme 20). 

a) FS03W p-TsOW CgH6. 

Scheme 20 
The versatility of the dithiacyclophane method was further illustrated by Otsubo and Misumi57 for the 

synthesis of [7]metacyclophane (21.1) in overall 30% yield from commercially available starting materials 
(Scheme 21). 

21.1 

a) KOH/C2HSOH, b) MCPBA, c) FVP. 

Scheme 2 1 

A totally different approach to [7]metacyclophane and its derivatives was provided by Hirano, Nozaki 
and their associates (Scheme 22). 5s Intramolecular aldol condensation with methanolic sodium hydroxide of 
cyclododeca-1,4-dione (22.1) afforded bicyclic enone 22.2, which was converted to bicyclic allylic alcohol 
22.3 on reduction with LiAlH4 in ether. Treatment of 22.3 with the carbene generated from CHBr3 and 

potassium r-butoxide gave the propellane 22.4. Flash vacuum pyrolysis (FVP) of 22.4 gave 
bromometacyclophane 22.5, which on treatment with BuLi and subsequent hydrolysis furnished 
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[7]metacyclophane (22.6) in overall 32% yield. An advantage of this method is that it permits the synthesis of 
benzene-substituted [nlmetacyclophanes (n = 6.7, 10). Mechanistically this reaction may be rationalized as 

shown. 

22.1 22.2 22.3 22.4 

22.4-c2jfJoHA 22.5 

\ 
22.5 22.6 H 

a) NaOH/CH30H, b) LiAlI-Q, c) CHBrTj/KO-t-Bu, d) heat, e) n-BuLiM20. 
Scheme 22 

In connection with our own work in Amsterdam on the as yet unknown oxa[n]paracyclophanes 23.2, 
the [7]metacyclophane derivative 23.3 was unexpectedly produced (Scheme 23).59 The known 
spiro[57]trideca-1,Cdien3-one 23.160 on FVP did not result in the formation of oxa[8]paracyclophane 23.2 

but instead gave 9-hydroxy[7]metacyclophane (33.3) in 29% yield together with 4-(6-heptenyl)phenol23.4. 

not observed 

23.1 

k 

23.2 

c&.. @,, + p - 
(CH,), -CH=CH, 

OH 

(CH&, -CH=CH, 

23.3 23.4 

a) FVP at 520 “C. 
Scheme 23 
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5.4 [6]Metacyclophane and its Derivatives 

After their successful synthesis of [7]metacyclophane, Hirano and Nozalti58~61~62 were interested in the 

applicability of the PVP approach to the synthesis of the lower [nlmetacyclophanes. The crude propellane 
derivative 24.2 (Scheme 24) obtained by dibromocarbene addition to 9-hydroxybicyclo[6.3.0]- undec-l(l)-ene 

24.1 gave on PVP 12-bromo[6]metacyclophane (24.3). Lithiation with BuLi proceeded smoothly and 

subsequent quenching with water gave [6]metacyclophane 24.4 in about 3% overall yield. This low yield is 
probably due to the use of a crude propellane precursor and also to the increase in the strain, indicating the 
limitation of this procedure for further use in [Slmetacyclophane synthesis. 

24.1 24.2 24.3 24.4 

X=HandCH, 

a) LiAlIQ b) CHBr3/KO-t-Bu, c) heat, d) n-BuLiEI20. 

Scheme 24 

In connection with work on polymethylenebicyclopropenyls such as 25.3, Van Straten observed the 

formation of [6]metacyclophane (25.4) in 2% yield. 63 This keen observation was exciting but puzzling. The 

route to this compound became clearer when the unsaturated propellane derivative 255 was isolated as a 
byproduct in the same reaction. A close investigation of the reaction revealed the course of events shown in 
Scheme 25. A rarely observed 1,Caddition of dihalocarbene to 1,2dimethylenecycloalkanes64 occurred as a 

side reaction65 to give 25.2 as a byproduct; in subsequent steps the latter compound was carried along and 

transformed to 25.5 and then to [6]metacyclophane 25.4. Jennesken@ utilized a similar method to prepare 

9,12-dihalo[6]metacyclophane. 
Goodman and Berson67 in their mechanistic work on the 1,4 additions of dienes to the U- 

quinodimethane biradical (26.2) have observed the formation of [6]metacycloph-3-ene (26.3, Scheme 26). 
The structure was established by the usual analytical techniques and by diimide reduction to [6]metacyclophane 
(26.4). The potential of ql-quinodimethane biradical26.2 in [6]metacyclophane (26.4) synthesis has not been 
fully realized due to lack of a good preparative access to this intermediate. The severest limitation of this method 
is the multistep synthesis of substrate 26.1.67 
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-. 
25.1 25.2 / 

Br 
Br Jb 

@ Br 

C 

J 

-LB 
25.3 25.4 25.5 

a) CHBrg/KO-t-Bu, b) (CgHg)3Snmt20, c) KO-t-Bu/DMSO. 

Scheme 25 

“2C (32 

Y- 

a 
0 , [““yTJcHpyyY?_ Q &Q 

1,6addition prodUCt 

26.1 26.2 25.3 20.4 

H&&) - [+j :2c&] --““‘q 
1,2- addition products 1,2- addition products 

a)hvfpentane, b) CHpCH-CH=CH2, c)NzHz. 

Scheme 26 
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The previously discussed acid-catalyzed isomer&ion 48,56 (see Schemes 17 and 20) has been utilized by 
Tobe to convert [6]paracycloph-3ene (27.1) to [6]metacycloph-3-ene (27.2= 26.3,30%) and to the methanol 
1,4-addition product 27.3 (47%. Scheme 27) .6s Similarly, acid-catalyzed isomerization of [6]paracyclophane 
(27.4) by use of trifluoroacetic acid produced [6]metacyclophane (27.5, 25%) and benzccyclooctene (27.6, 
~%).a9 Even though 27.1 and 27.4 have to be prepared by multistep syntheses, the method employed by 
TobeesJj9a is by far the best for preparation of these elusive unsubstituted and substituted [6]metacyclophanes. 
However, in concentrated solutions, acid-catalyzed isomerization of 27.4 not only led to 27.5 and 27.6 but 

also gave dimers.@h 

@qg$-@]-(-j-J-W 
27.1 

v 
27.2 

27.4 

27.3 

a) CF3COOHKH30H; 27.2 /27.3 = 33/66 

27.6 

27.5 

a) CF3COOHICHC13; 27.5 /27.6 = 33/66. 

Scheme 27 
A totally new entry into the field of [6]metacyclophane derivatives is due to Shea, Burke, and Doedens 

(Scheme 28).7O Shea has been successful in preparing small ring bridgehead diene 28.2 from dienyne ether 
28.1 using the intramolecular Diels-Alder reaction. 71 Thermal reaction of 28.1 as indicated in Scheme 28 gave 
28.2. Treatment of diene 28.2 with dichlorodicyanoquinone resulted in smooth oxidation to metacyclophane 
derivative 28.3. Obvious extension of this method for the preparation of [7]metacyclophane derivatives 28.4 
was also achieved. 
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28.1 28.2 28.3 

a) Xylene at 260 “C, b) DDQ in toluene at 25 “C. 

&--jLR@ +Rjj--j 

28.4 

R = H, CO&H, I 
a) Xylene at 260 “C, b) DDQ in toluene at 25 “C, or sealed tube, benzene at 260 ‘C. 

Scheme 28 

Tochtetmann and his coworkers7* discovered a route to [6]metacyclophane derivatives (Scheme 29). In 

analogy to higher paracyclophanes 48.49, they 72 and Tobe 68@ found that acid-catalyzed isomerization of 

[6]paracyclophanes4s~~e~es~@ could give [6]metacyclophanes under mild conditions and in high yields. Diol 

29.2 obtained by osmium tetraoxide oxidation of paracyclophane derivative 29.1 serves as an appropriate 
substrate. Dio129.2 on treatment with p-toluenesulfonic acid in benzene gives 92% yield of [6]metacyclophane 
derivative 29.3, together with spirodienone 29.4 (7%). 

@P@Llq-)+ :& R=CO*C,H, 

29.1 29.2 29.3 29.4 
a) OsOqlCSHSNIEt20, b) p-TsOWC6H6. 

Scheme 29 
The synthesis of the pyridine analog 38.3 of [6]metacyclophane derivative was reported by Dhanak and 

Reese.‘3 This involved the heat-promoted ring expansion of dihalocarbene adduct 30.2 (which was not 
isolated) of the pyrrole derivative 30.1 (Scheme 30) as shown below. 

o~$-J+$F-[@q-@ 
H 

OH 30.1 30.2 30.3 
X = Cl or Br 

a) H2NO(CH2)20H/CH3CO2IUCCgHgN, C2HjOH/reflux, b) (C6HSO)3P+CHSI-/CH3CN, 
c) KO-t-Bu/ButOH, d), CClSC02Na in CH30CH2CH20CH3 or C6HSHgCBrS in C6H6. 
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5.5 [5]Metacyclophane and its Derivatives 

Before going into the details of [5]metacyclophane synthesis, we feel obliged to point out that the 
principle of a ring expansion approach of converting propellanes to metacyclophanes was pioneered by Parham 
and his group74 to prepare [6]metanaphthalenophane derivatives; and we have also discussed the thermal 
approach of Hirano and Nozaki.58~61 However, both of these approaches are unsuitable for the synthesis of 
highly strained, heat sensitive [5]metacyclophanes.75 

This situation led us to consider the use of milder methods (Scheme 31) that have resulted in the 
synthesis of [5]metacyclophane and its derivatives. 63~76-79 [6]Metacyclophanes and [5]metacyclophanes (31.9) 
were first detected as minor byproducts in the synthesis of 3,3-bridged bicyclopropenyls.63,79 The crucial step 
for the formation of these compounds was the 1 ,Caddition of a dihalocarbene to I ,2-bismethylenecyclooctane 

and 1,2-bismethylenecycloheptane (31.1). respectively. However, because the yields of 1 Paddition range 
only from 2 to 20%, 64v 66 we considered an alternative versatile synthesis of di- and tetrahalo[n.3.l]propell- 
anes and their conversion to [5]metacyclophane and its derivatives, Scheme 3 1. The crucial step in this general 
synthetic route is the thermal vinylcyclopropane rearrangement of the dihalocarbene monoaddilct 31.2 to the 
bicyclic derivative 31.3 which is conveniently accomplished by FVP. This reaction proceeds well in the case of 
dichloro monoadducts, but extensive decomposition results in the case of the analogous mono or dibromo 
derivatives. Further addition of dichlorocarbene to 31.3 gave 31.6 in 95% yield. Reduction of 31.6 with 
triphenyltin hydride gave mainly dihalopropellane derivatives, which could be separated by preparative GLC into 
31.7 and 31.8. Treatment of 31.7 with KO-t-Bu in DMSO gave [5]metacyclophane 31.9, whereas similar 
treatment of 31.8 gave [5]metacyclophane 31.9 (35%) along with 31.10 (21%). Silver perchlorate in lutidine 
was found to be more effective than KO-t-BuIDMSO to convert 31.4, the dihalocarbene adducts of 31.3, to 
dihalo[5]metacyclophanes 31.5 (40 to 70% yield depending upon the substitution). Preparations of the 
monosubstituted [5]metacyclophanes (31.11) are also outlined in Scheme 31. 

.31.2 31.3 31.4 

le 
a 

c’ Cl 

& 

/ 

Cl 

Cl 

31.6 

I 
C 

‘bc, &I X=CIorBr 

31.5 

I a 

&, +sc, &kc, 
31.7 31.6 
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X 

31.7 31.8 Cl 

& X=CIorBr 

31.9 31.10 31.11 

a) CHCQ/KO-t-Bu or CHBr3/KO-t-Bu, b) heat, c) (CgH5)3Snmt20, d) KO-t-Bu/DMSO, 
e) AgC104/2,6-lutidine. 

Scheme 3 1 
In a related approach (Scheme 32), Reese and Grice 75. 8o have synthesized 7,8-benzo-1 l-chloro [5] - 

[metacyclophane (32.3) in over 50% yield. 

32.1 32.2 
a) C6HSHgCC13 in C6H6, b) AgC104/2,6-lutidine. 

Scheme 32 

5.6 [4]Metacyclophane 

While our own attempts to synthesize [4]metacyclophane (34.11) have so far not met with success, its 

generation as an intermediate in two thermal processes has recently been clearly demonstrated. Furthermore, 
attempts to prepare [4]metacyclophane (34.11) have led to the unexpected isolation of strained Dewar benzenes 

(Schemes 33 and 34). 
Before continuing with the route of choice (Scheme 34), we tried a routes1 (Scheme 33) similar to the 

general approach of Hirano, Nozaki, and coworkers to higher [nlmetacyclophanes. Addition of chlorocarbene 
to the known bicyclic alcohol 33.1 gave a mixture of 33.2 and 33.3 in the ratio of 2: 1. When the mixture of 
33.2 and 33.3 was treated with two equivalents of tosyl chloride in pyridine, the minor component 33.3 gave 
tosylate 33.9, while the major isomer 33.2 was hardly affected. Treatment of 33.9 with one equivalent of 
KO-t-Bu in DMSO afforded 33.10, which upon further treatment with KO-t-Bu in DMSO at room temperature 
gave polymers. The anti isomer 33.2 could be smoothly converted into its mesylate 33.4, which on treatment 

with KO-t-Bu in DMSO gave 33.5 in 70% yield. The reaction of 33.4 and 33.5 with excess KO-t-Bu in 
DMSO (3 to 5 equivalents) yielded an isomeric mixture of dienes 33.6-33.8, which could be separated by 
GLC. The structures of these dienes were assigned on the basis of their spectral data and chemical properties. 
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The formation of the Dewar benzene 33.6 is not yet clearly understood, but several reasonable mechanistic 
pathways are conceivable.78* 81 

~OH~&~&~& 

33.1 33.2 33.4 33.5 

33.5 43 +(3 fJ 
33.5 33.7 33.8 

a) n-BuLi/CH2CQIEt20, b) MsCYC~H~N. bl) p-TsClIC5H5N. c) KO-t-BuIDMSO. 

Scheme 33 

A more effkient route to the Dewar benzene 33.6 = 34.7, which we feel may ultimately lead to the successful 
formation of [4]metacyclophane as an intermediate, is described82a in Scheme 34. The readily available 

dichloride 34.1= 31.3 was treated with one equivalent of triphenyltin hydride at 90 ‘C to give 34.2 in 80% 
yield. Dibromocarbene addition to 34.2 resulted in a mixture of propellanes 34.3 and 34.4 in a ratio of 8: 1. 
Separation of 34.3 and 34.4 was achieved by preparative GLC. Reduction with triphenyltin hydride of 
34.3 (or a mixture 34.3 and 34.4) in refluxing diethyl ether takes place selectively with dibromocyclopropane 

derivatives to give 34.5 and 34.6, which could not be separated. Treatment of these halopropellanes with 

KO-t-Bu in DMSO at room temperature under reduced pressure gave Dewar benzene 34.7 with only minor 
(<IO%) impurities, such as the rearranged isomers 34.8 and 34.9 and a mono elimination product 34.10. 
This procedure afforded 34.7 as a pure colorless liquid in as high as 30% isolated yield. Attempts to obtain 
[4]metacyclophane 34.11 by photochemical irradiation of its Dewar isomer 34.7 furnished the prismane 
isomer 34.12. Under thermolysis conditions, 34.7 yielded different product mixture (mainly dimers) of 
[4]metacyclophane 34.11, clearly proving its intermediacy.!Qbv 82C 

34.1 34.2 34.3 34.4 



34.3 

a 

A 

Synthesis of small cyclophanes 4595 

34.4 

a 

A 

- Dimeric products 

34.12 34.11 

a) (C&)$hH/EQO. b) NaOHICHCl3 or CHBr3/CH3(CH2)15N(CH3 )3Br, c) KO-t-Bu/DMSO, d) heat, 

d) heat, e)hv. 

Scheme 34 

6 Synthesis of [n]Paracyclophanes 

Prior to 1950 eminent chemists including Ziegler, Ltittringhaus, Prelog, Cram, and others stimulated 

interest in the paracyclophanes with n >9; and routes to paracyclophanes have occupied an important place in 

synthetic chemistry since the announcement by Wiesner of a [9]paracyclophane synthesis in 1950 83 and later of 

an [8]paracylophane by Cram .a4 Although several useful routes to small [nlparacyclophanes (n = 4-8) have 

since been devised, efforts continue by numerous teams to find more efficient synthetic methods particularly in 

view of the ongoing theoretical discussion regarding their aromaticity. 83.85-88 Distortion of the benzene ring 

from planarity is achieved by linkage of the para positions by a short oligomethylene bridge or by introduction of 

bulky ortho groups.26 Cram and Knox suggested, after studying the ultraviolet spectrum of [8]paracyclophane, 

that the benzene ring is severely bent from its normal planar structure, but that distortion is marginal for rings 
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bigger than eight (8).84 Also, from strain energy calculations it is clear that for the same bridge length a 
metacyclophane is less strained than is its para analog.66, sh 

Prior to 1961, [nlparacyclophane syntheses where n = 9-14 were conveniently carried out by 
intramolecular ring closures reactions, such as acyloin condensation, high dilution Friedel-Craft acylation, and 
intramolecular oxidative cyclization, all of which have been reviewed .5d,m These conventional approaches have 
not been successful for preparation of [nlparacyclophanes in which the distortion is significant (n = 7,6) since 

intermolecular coupling dominates over the intramolecular process. 
In addressing the synthesis of [nlparacyclophanes, n = 8-3, one must consider several formidable 

obstacles such as strain, instability, and rearrangements. Usually, an oligomethylene bridge is attached to high 
energy precursors (often valence isomers of benzene), which are then converted to an aromatic system in one of 
the final steps. This and other successful approaches used by us and by others to prepare strained 
[nlparacyclophanes are described below. 

6.1 [IlParacyclophane and Its Derivatives 

The Hofmann type, 1 $-elimination of p-methylbenzyltrimethylammonium hydroxide and dimerization of 
the resulting p-xylylene is one of the most thoroughly studied thermal processes and has been applied to the 

synthesis of a wide variety of [2.2]paracyclophanes. Cram, Montgomery, and Knox prepared monofuran 
analog 35.3 of [2.2]paracyclophane in 23% yield by heating a mixture of salts 35.1 and its furan analog 35.2 
(Scheme 35) indicated below.89 When adduct 35.3 was subjected to Clemmensen reduction (Zn-HgEICl- 
CH3COOH) [Slparacyclophane (35.4) was obtained (55% ) along with 3,6-diketo[8]paracyclophane (35.5, 
15% ). When 35.3 was treated with bromine in CH30H at -30 “C (heterogeneous) and the mixture was added 

to 5% sulfuric acid, trans-enedione 35.6 was the product. When same reaction was worked up with water and 
sodium acetate, cis-enedione 35.7 was the product, the yield being 47% in both cases. Both 35.6 and 35.7 
were reduced to give [Slparacyclophane in gram quantities for study its chemical behavior.48 This process has 
also been employed for the preparation of specifically deuterium labeled [8]paracyclophane.~~9* 

35.1 35.2 35.3 35.4 35.5 

H = &(CH~;OH 

35.7 35.6 

a) Heat, b) Zn-Hg/HCl/CH3COOH, c) B~/CH3COONa/CH30H/H+, d) B~/CH3COONa/CH30H/H20. 
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Nakazaki and coworkers have extensively studied this 1,6 to 1,6 cycloaddition and have used it to 
provide doubly bridged [8.8] and [8.1O]paracyclophanes,~~~~~ e.g., [I.l]paracyclophane (36.1) as outlined in 

Scheme 36. 

8’ p$jl&jLQ) 
R = N’ (CH&-OH 36.1 

a) Heat, b) CH3COOWlO% H2SO4. c) BF3/HS(CH2)2SH, Ra NiIheat . 
Scheme 36 

The facile conversion of paradithiacyclophanes to paracyclophanes has been reported by Otsubo and 

Misumi57 as a preparative method for synthesis of [Ilparacyclophane (37.3, Scheme 37). The overall yield for 
the three-step conversion from the commercially available starting materials 37.1 and 37.2 was 40% . Misumi 
and coworkers94 have studied in depth yet another application of this method to prepare tetrasubstituted 
[8]paracyclophane derivative 37.5, in 15% overali yield starting with 37.1 and 37.4. 

37.1 37.2 37.3 

a) KOH/C2H5OH, b) MCPBA, c) heat, d) CuCN, e) NaBHq/RaNi/NaOH, 
f) NaN02/CH3COOWKOH, g) PBr3. 

Scheme 37 
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The systematic investigation of the chemical properties of 3,3’-polymethylenebicyclopropenyls (38.8) 
with short and long bridges is of great interest .7*g5 In this connection our laboratory in Amsterdam has 
developed simple, efficient large-scale syntheses for these compounds (Scheme 38).96 The Mannich bases 

38.2 were prepared from the corresponding cyclic ketones 38.1 by reported methods.97 Wittig reaction using 
the Corey method98 gave 38.3. Hofmann degradation of 38.3 via 38.4 gave the desired 1,2- 
dimethylenecycloalkanes 38.5 in 2050% overall yield. The transformation of 38.5 to 38.6 was achieved by 
addition of dihalocarbenes, followed by triphenyltin hydride reduction, which gave 38.7. Careful 

dehydrohalogenation with KO-t-Bu in dry DMSO gave the desired 3,3’-polymethylenebicyclopropenyls 38.8 in 
overall yields of lo-20%. 

From FVP of 1,4pentamethylene Dewar benzene (38.9)99, obtained by silver ion catalyzed 
rearrangement of the corresponding 3,3’-pentamethylenebicyclopropenyl(38.8, n = 5),lm van Straten observed 
benzocycloheptene 38.13 and 3-methylenespiro(4,5)deca-1,4-diene 38.12 in a ratio of 1: 1 .w The formation 
of 38.12 is interesting and can be explained most easily through the intermediacy of [5]paracyclophane (38.10) 
and diradical38.11. In an extension of these results, FVP of 3-methylene [5,7]trideca-1,4-diene 38.15 at 550 
OC and 0.4 mbar gave 70% isolated yield of [Ilparacyclophane (38.16).101 The starting material (38.15) was 

conveniently prepared (70% yield)from the corresponding known dlenone 38.1460 by a Wittig reaction with 

triphenyhnethylenephosphorane. The general method developed for the synthesis 3,3’-polymethylenebicyclo- 
propenyls, where n = 2-6, and 10 is outlined in Scheme 38. 

38.1 38.2 38.3 38.4 

LQLLQL(Q_(-+J 

38.5 38.8 X= Cl, Br 38.7 38.8 

a) HCHORVH(CH3)2.HCl, b) (C6Hs)$‘+CH3I-/NaWDMSO, c) CH3I/Et20, d) Ag20/H20, heat, 

e) CHC13 or CHBr3/50% NaOH/CH3(CH2)15N(CH3)3Br. f) (CgHs)3SnH, Et20, g) KO-t-Bu/DMSO. 

38.9 

a) FVP 

38.10 38.11 38.12 38.13 
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38.14 38.15 38.16 

/ 
- \ I ( H2h 

e 

a) (C,jH#‘+CH31-/NaH/DMSG, b) FVP at 550 ‘(JO.4 mbar. 

Scheme 38 
Helder and Wynbergto* devised a route to the [8]paracyclophane derivative 39.4 (Scheme 39) involving 

the Diels-Alder reaction of [8](2,5)thiophenophane (39.2) with dicyanoacetylene (39.1) to give a paddlane 
39.3. which loses elemental sulfur in situ and gives 39.4 in 6% yield. 

NC-C- C-CN 

39.1 
+ 

39.2 

a) Heat at 100 “C for 15h. 

39.3 39.4 

Scheme 39 

A convenient synthesis of substituted and unsubstituted [8]paracyclophanestc3 was developed by 
Gassman and coworkers during their investigation on inside-outside bicyclics (Scheme 40).to4 It was known 
that Diels-Alder addition of maleic anhydride (40.2) to cis,trans-1,3_cyclodecadiene (40.1) gave the Diels- 
Alder adduct 40.3 in 21% yield. Hydrolysis of 40.3 gave a quantitative yield of the dicarboxylic acid 40.4, 
which was subjected to lead tetraacetate oxidation in CgHgN-toluene which gave 40.5 (22%). Electrochemical 
oxidation of 40.4 gave a higher yield of 40.5 (39%). Treatment with one equivalent of MCPBA gave 80% of 
the monoepoxide 40.6. This epoxide was labile and underwent slow conversion to [8]paracyclophane (40.7). 
Exposure of 40.6 to HCl gave over 90% yield of 40.7. Also, direct dehydrogenation of diene 40.5 with DDQ 
in toluene at 95 ‘C for 12 days afforded 40.7 in 79% yield. This synthetic procedure provides ready access to 
a variety of [8]paracyclophanes, e.g., 40.7(R=CF3). This approach was based on an earlier 19lparacyclophane 
synthesis by Wiesner.83 but the modifications by Gassman and his group for the conversion of the Diels-Alder 
adducts in high yields to paracyclophanes are certainly valuable additions. 
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40.1 40.2 40.3 40.4 40.5 

40.6 40.7 R=H. 

a) Heat, b) H2OfTHF, c) Pb(OAc)dtolueneKgHgN or electrochemical oxidation, d) MCPBA, e) HCl 

Scheme 40 

Allinger and his group developed a reproducible preparative route to the [Ilparacyclophane ring system 
(Scheme 41).to5,1M They pointed out that although the method used was multistep and less imaginative than 
Cram’s,*8 it did yield a crystalline carboxylic acid derivative suitable for X-ray crystal study and also as a 
starting material for the synthesis of a lower analog. The synthesis of 4-carboxy[8]paracyclophane (41.4) was 
achieved by ring contraction via the photolysis of the ol-diazo ketones 41.2 and 41.3 prepared from the known 
4,Sdiketo[9]paracyclophane (41.1). 107 The formation of 41.4 can be regarded formally as going through a 

ketocarbene intermediate 41.5. 10s A 1,2-shift of carbon produces ketene 41.6 which is trapped by 

nucleophilic attack of the solvent to yield acids (dioxane in H20), esters (alcohol) and amides (amines), 
respectively. Wolff rearrangement has been previously used for the synthesis of strained bicyclic acids, esters 

and amides.109 This route then represents a high yield transformation of a ketone, in this case (1,Zdiketone 
41.1) to a carbocyclic acid (41.4). This sequence accomplishes the loss of one carbon in an oligomethylene 

bridge under mild conditions. 

41.1 41.2 41.3 41.4 
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f 41.2 - 
4’42 1 -41.4 

41.5 41.6 

a)succinic anhydride/AlClS, b) NH2NH2/CHSOH/H+, c) Na/xylene. d) Bi203, e)NH2NH2/yellow HgO, 
f) hv/dioxan&I20. 

Scheme 4 1 
That thermal cycloadditions of cyclopropanes to activated olefins can rarely be accomplished is well 

documented. But Tsuji and Nishida have successfully shown (Scheme 42) that a cyclopropane-containing 
substrate such as 42.1 when heated in the presence of 1,3-dienes affords [S]paracycloph-4-enes 42.2 and 
42.3 in over 65% yield.1 to,40 They have used a variety of substituted dienes to yield variously substituted 

[8]paracyclophane derivatives. These authors 111 and Closs t t * have unequivocally demonstmted from CIDNP 
on 42.1 that the process 42.1 to 42.4 to 42.5 is reversible. Tsuji and Nishida have argued that 1,8-biradical 
42.5 has a longer lifetime than does 42.4 and that 42.5, once formed, is trapped intermolecularly by the diene 

faster than it recyclizes to 42.4. 

+ 

@ 

1; I d_ 

43.2 42.3 . - 

g W s-Q-+42.2+42.3 

. 
42.1 42.4 42.5 

a) LiAIH4/THF, b) Zn/Hg amalgamKH212, Jones’ reagent, c) C7H7S02NHNH2/CHSLi, 
d) CH&H-CH=CH2/C&j/heat. 

Scheme 42 
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6.2 [7]Paracyclophane and its Derivatives 

Allinger reported a [I]paracyclophane synthesis in 1961. lo5 Since then 11 more years elapsed before the 

first successful synthesis of a [7]paracyclophane derivative was achieved in 1972.113 It became apparent that 
ring strain increases rapidly with diminished chain length, and some of the successful and general routes to 
[8]paracyclophane were totally unsuccessful for the synthesis of [7]paracyclophane. Older as well as more 
recent methods that have led [7]paracyclophane and its derivatives are summarized below. 

Allinger, Walter, and Newton106 applied their d&o-ketone ring contraction route to the synthesis of a 
[7]paracyclophane derivative. Their first goal was to convert 4carboxy[8]paracyclophane (43.1=41.4) to 
ketone 43.2 (Scheme 43). The successful four-step transformation to 43.2 was achieved in 65% overall yield, 
and 43.2 was converted in two steps to diaxoketone 43.3. Crude 43.3 was used directly in the photo-Wolff 
rearrangement to give 3-carboxyI7lparacyclophane (43.4, 50%) and 4-keto[8]paracycloph-2-ene (43.5, 
25%).lt4 The formation of 43.5 involved a 1,2-hydride shift in the initially generated ketocarbene. Although a 
Wolff rearrangement might be used to make a [6]paracyclophane derivative, the synthesis of 3-keto-4- 
diazo[7]paracyclophane proved to be. an insurmountable task.114 

r-7 W?W& &42 

.COOH /,O 

43.2 43.3 43.4 43.5 

a) SOCQ/HN(CH3)2, b) LiAlH4, c) H202/heat, d) OsOqMaIO4. e) NaHRiC02C2H3, 
f) TsN3/N(CH3)3, g) hv/dioxane/H20. 

Scheme 43 

The first synthesis of unsubstituted [7]paracyclophane (44.6) was reported by Jones and coworkers in 
1973 (Scheme 44).tt5 Spirocyclohexadienone tosylhydrazone 44.4 with base gave the lithium salt, and FVF’ of 
the salt gave [7]paracyclophane (44.6). The beauty of the synthesis lies in its simplicity. The idea came from 
an experiment on the generation of 44.3 in the gas phase, which resulted in the isolation of only p-xylene 44.1 

and toluene 44.2.’ 16 The mechanism in Scheme 44 was supported by a crossover experiment. 
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Li+ 

44.3 

. . I I 8 
44.5 

- c a 
44.6 

44.1 44.2 

a) C7H7S02NHNH2/C2H50H, b) n-BuLiiHF. c) FVP. 

Scheme 44 
For access to [n]paracyclophanes by this route, a general very mild four-step route to spirocyclohexa- 

dieneones 45.2 from cyclic aldehydes 45.1 was developed (Scheme 45). 117 For example, Spiro-dienone 45.4 
was obtained from cyclooctanecarboxaldehyde 45.3 in 35% overall yield. On treatment with p-toluenesulfonyl- 
hydrazide 45.4 gave tosylhydrazone 45.5, which on treatment with n-BuLi furnished crystalline lithium salt 

45.6. FVP of 45.6 led to [7]paracyclophane 45.7 (7-10% isolated yield) as well as to alkenyl- and 
alkylbenzene 45.8 and 45.9, respectively. The overall yield was 2-3% from cyclooctanecarboxaldehyde 
45.3. 
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45.5 45.6 45.7 46.6 46.9 

a) CqHgN/C7Hs/H+, b) CH2=CHCOCH&2H5OH, CH3COONa/CH3COOH, 5 h/NaOH/I-I20, 
c) DDQ/dioxane, d) C~H~!WJNHNH~/C~H~OH, e) n-BuLhTHF, f) FVP. 

Scheme 45 
The most convenient route for the synthesis of [7]paracyclophane (46.3=45.7) is the PVP approach 

involving spirotriene 46.2 (Scheme 46). ~101 Readily available 3-methylene-spiro[56Jdodeca-1,4-diene 
(46.2) on FVP at 550 OC provides [7]paracyclophane (46.3=45.7) in 19% yield along with 14% starting 
material (46.2), 5,6,7,8,9,10-hexahydro-2-methylbenzocyclooctane 46.4 (19%) and R-propylstyrene 46.5 
(8%). In Amsterdam we have studied the scope and limitations of this methodology. This is certainly the 
method of choice for the preparation of (8)paracyclophane (80%), and to a certain extent of (7)paracyclophane 
(19%). This technique is not suitable for the preparation of the lower analog [6]paracyclophane, which was too 

unstable to survive the conditions of its formation. The temperature dependent product formation gave useful 
information on the mechanism of formation and on reactions of [7]paracyclophane under FVP conditions. 

46.1 46.2 46.3 46.4 46.5 

a) (CeH5)3P+CH3I-/NaH/DMSO, b) PVP at 550 “c/O.4 mbar. 

Scheme 46 

The versatility of Diels-Alder methodology was further illustrated by Gassman and coworkersio3,to4 in 
the preparation of [7]paracyclophane (47.4=45.7) and its derivatives (Scheme 47). The initial adduct 47.3 
was obtained from maleic anhydride 47.2 and cis, trans-cycloundeca-lJ-diene (47.1) in 23% yield; 47.3 was 
subsequently converted to [7]paracyclophane 47.4 as shown. This synthetic procedure also provides access in 
moderate yields to a variety of [7]paracyclophane derivatives such as 47.4 R=CF3. The scope and limitation of 
this procedure have not yet been reported. 
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47.1 47.2 47.3 

47.4 H=H. 

a) Heat, b) H2O/THP, c) Pb(OAc)4/toluene/CSHgN or electrochemical oxidation, d) MCPBA, e) HCl. 

Scheme 47 

Tochtermann and his group developed a preparation of [7]paracyclophane diester 48.7 (Scheme 48).tt* 
The synthesis is based on an earlier strategy developed by him for [6]paracyclophanes. Cyclononanone (48.1) 
was converted to cyclonona[c]furan (48.2). Treatment of furan 48.2 with dimethylacetylene dicarboxylate 
(DMAD) yielded Diels-Alder adduct 48.3, which was photolyzed in ether at -15 “C to give oxaquadricyclane 
48.4. Thermal isomerization of 48.4 in xylene at 140 “C resulted in oxepin derivative 48.5. Bromination of 
48.5 gave dibromoepoxide 48.6. Dehydrobromination and deoxygenation with McMurry’s reagent (Tic13 + 

LiAlI-Lt) gave the [7]paracyclophane derivative 48.7. 

48.1 48.2 48.3 

48.5 48.8 48.7 

a) HC0$2HS/NaH, n-HS(CH2)SCH3/p-TsOH, NaI-I/DMSO/(CHS)SS+OI-. Ag20 
c) hv in Et20, d) heat in xylene, e) Br;! in CH2Cl2, f) TiClS/LiAB&THP. 

Scheme 48 

&: 
48.4 

b) DMAD/heat, 

Recently, the [7]paracyclophane derivative heptasila[7]paracyclophane (49.1) was obtained by Ando, 
Tsumuraya, and Kabe (Scheme 49).t ‘9 Although the yield in the critical step c (see Scheme 49) is low, 
one interesting feature of the approach is the use of the Wurtz reaction, the oldest method for cyclophane 
synthesis. 
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H-SiMe, Br+ Cl ( Si Me&Cl -8, H-SiMe2 

(SiMe&-Cl -LL 

49.1 

a) MgRHF, LiAEQ, b) CQ/BPO, c) Na/[ 18]ctown-6/toluene./heat. 

Scheme 49 
6.3 [6]Paracyclophane and its Derivatives 

The isolation of [7]paracyclophane in 1973 paved the way for many ingenious subsequent total syntheses 
of that compound each in its own way reflecting to some extent the state of the art at that time. The question 

remained how many of these methods would allow access to the more strained [6]paracyclophane and its 
derivatives. The then available molecular mechanics calculations (MM2) had indicated increase in the strain 

energy by lo- 12 kcal/mol when compared to [7]paracyclophane. Hem we give a short summary of the 
successful syntheses of [6]paracyclophanes. They employ FWP, photochemistry, silver-ion-catalyzed 
rearrangement, and the principle of valence isomerization. 

Jones’ group**0 was the fit to achieve the synthesis of [6]paracyclophane, using an extension of their 
method developed for [7]paracyclophane (Scheme 50 A). Dienone 50.2 was prepared from cyloheptanecarbox- 

aldehyde (50.1) and methyl vinyl ketone and was converted to tosylhydrazone 50.3 and then to the lithio salt 
50.4. The salt on FVP at 250-400 “C led to [blparacyclophane 50.5 along with alkenylbenzene 50.6 and 
alkylbenzene 50.7. The isolated yield of 50.5 was 2%, but work up involved tedious gas chromatography. 
Two analogous approaches to [7]paracycloph3ene 50.8 t*t (Scheme 50 B) and [5]paracyclophane 50.9122 

(Scheme 50 C) were attempted but both were unsuccessful, further indicating the limitation of this procedure. 

50.1 6,: 6” 50-2 50-3 50-4 f a+ 

50.5 50.6 50.7 
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\ 
50.8 

50.9 

a)C4HgN/C7Hg/H+, b) CH2=CHCOCH3/C2HSOH, CH3COONaKH$OOH, Shr/NaOH/H20, 
c) DDQQHsO2, d) C7H7S02NHNH2/QH5OH, e) n-BuLi/ THB, f) FVP, g) (C6H5)3P%H3Br, 

n-BttLi/&O/C& 
Scheme 50 

Tochtermann72 described the synthesis of [6]paracyclophane diester 51.2 much earlier than that of its 
next higher homologue, [7]paracyclophane diester 48.7 using the same strategy (Scheme 5 1). Cyclooctyne 
(51.1) was converted to [6]paracyclophane diester 51.2 in only five steps with a relatively high yield of 15 
20% overall. This efficient method provided Tochtermann and coworkers enough [6]paracyclophane diester 
51.2 to study the chemical behavior of the [6]paracyclophane ring system. The method was extended by 
conversion of 51.3 to 51.4.123 

.,-01 + 03; severa’ @ 

51.3 51.4 51.2 

a) Heat, b) hv in Et20, c) heat in xylene, d) Br2 in CH$& e) TiCl$LiAlH&HF. 

Scheme 5 1 
The route we developed to small [nlparacyclophanes involving silver-ion catalyzed rearrangement of 

3,3’-disubstituted bicyclopropenyls (see Scheme 38 for synthesis) to Dewar benzenes, followed by their thermal 



4608 V. V. KANE et al. 

valence isomerization, was successful in the case of [6]paracyclophane 52.4 (Scheme 52).tm,t24 More 
specifically, rearrangementt~ of the bicyclopropenyl52.1 with silver tetrafluoroborate in anhydrous acetonitrile 
proceeds by a stepwise ionic mechanism (52.1+ 52.2 -+ 52.3 + 52.4) and gives isomeric Dewar benzenes 
52.5 and 52.7. Unfortunately, the ratio of the desired 1,4 isomer 52.5 to the unwanted 1,2 isomer 52.7 was 
1:9. This ratio is very difficult to explain, since the desired 1,4 Dewar isomer was obtained in much higher yield 
in the case of bicyclopropenyls containing 3,4,5, and 10 bridge methylenes (Scheme 38.38.8 where n = 3-5 
and 10). Furthermore, these ratios were not strongly influenced by solvent (toluene, CDCl3, CH30H) or by 
temperature (-25 to +25 “C) in the case of 52.1. Separation by gas chromatography gave 52.5, which when 
heated between 60-90 ‘C gave [6]paracyclophane (52.6). Although this route is by no means attractive, it 
involves a basic theme of converting Dewar benzenes into paracyclophanes. The conversion of Dewar benzene 
52.5 to [6]paracyclophane (52.6) is reversible as demonstrated by photochemical conversion of 52.6 back to 

1 ,Chexamethylene Dewar benzene(52.5) in a photostationary equilibrium. 

4’ 
52.4 52.7 52.8 

Ratio of 52.5 : 52.7 = 1 : 9 

52.1 52.2 52.3 

&,6’,=@ 

52.5 52.8 

a) AgBF&HJCN, b) heat, %O ‘C, c) hv/cyclohexane-dtz. 
Scheme 52 

Tobe and colleaguestzs developed a mom efficient and convenient route to [6]paracyclophane (53.5) 
and its derivatives (53.7.53.8, Scheme 53) that also takes advantage of the thermal valence isomerization of 
1,4_polymethylene Dewar benzenes derivatives to [6]paracyclophanes, a strategy used independently by Jones 
and by our group.tuotM However Tobe’s method for the synthesis of [6.2.2] propelladienes is superior. The 
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requisite propellanone 53.2 was synthesized by Tobe in three steps from the readily available bicyclic ketone 

53.1. The photo-Wolff rearrangement in methanol of a-diaxoketone 53.3 (derived in two steps from 53.2) 
gave a mixture of two epimeric methyl esters 53.4. Standard functional group conversions (saponification, 
then oxidation with lead tetraacetate) gave [6]paracyclophane 53.5 = 52.6. Treatment of 53.4 with LDA/- 
diphenyl diselenide at -70 “C afforded a mixture of two isomeric selenides, which on oxidation with Hz@ in 
CHzCl2 gave [6.2.2]propelladiene 53.6. Valence isomerixation of 53.6 at 60 OC gave &carbomethoxy[6]- 
paracyclophane (53.7), which on hydrolysis with KOH in methanol yielded &carboxy[6]paracyclophane 
(53.8) as a crystalline solid of mp 123-125 ‘C in an overall yield of -10%. 

a m .n 8_ I 

53.4 
COOCH3 

53.6, 53.7 53.6 

f 

& 0 

OCOCH, 

+ 
/ 1: 

9 53.5 

a) ClCH=CHCl/hv, b) HOCH2CH20H/H+, c) NaINH3, H+, d) HCOOQH5. NaOQH5)/TsN$N(QH5) 3 

e) hv/CH30H, f) KOH/H20, ~~(OAC)~/CU(OAC)~/C~H~. g) KO-t-Bu, h) LDA/CeH5)2Sezm.- 
H202/CsHsN, i) heat, j) KOH/H20. 

scheme 53 
The scope of this procedure is expanded in Scheme 54. 126 The requisite starting material 54.1 for the 

synthesis of [6]paracycloph-3ene 54.2 and its derivatives 54.3 and 54.4 was obtained by a method developed 
by Mehta and Rao.12’ This improvement allowed Tobe to study further the chemical reactions of [6]paracyclo- 
phane and its derivatives. 

0 I I a, b, c, d 

0 

a I I 
54.3, R =H’=COOCH, 
54.4, R =H, d =COOCHs 

54.1 54.2, R=R’=H; 

a) Cl$IHCOCl/N(QH5)3, b) CH2N2IEt20, c) Li$O3/DMF. d) NaBH&eC13/CH30H, e) 80% HCOOH. 
Scheme 54 
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The last method we discuss is that of Gleiter and Treptowt2*, who describe a synthesis of the highly 
substituted [6]paracyclophane diester 55.5 (Scheme 55). They used the photochemical valence isomerization 
approach of opening Dewar benzene 55.4 to [6]paracyclophane diester 55.5. The underlying strategy for a 
Dewar benzene skeleton was first published in 1971. 129 Since then the reaction has been thoroughly studied by 
Hogeveen and coworkers 130 for the general preparation of Dewar benzenes. Reaction of cyclooctyne with 
aluminum chloride gave complex 55.2; subsequent addition of dimethyl sulfoxide followed by dimethyl 
acetylenedicarboxylate between O- 10 “C gave a mixture of isomeric Dewar benxenes 55.3 and 55.4. 
Separation followed by irradiation at 250 mn gave the highly substituted [6]paracyclophane diester 55.5. 

However, this method could not be used to prepare the corresponding, highly substituted [5]paracyclophane 
diester. 

@&A$j$+@?-~H& 
(‘342) 

55.1 55.2 55.3 55.4 55.5 R=.cOocH.3 

a) AlCl&H2C12/-50 "C , DMSO, b) DMAD, c) hv, 0 ‘C at < 280 NIL 

Scheme 55 

6.4 [SlParacyclophane and Lower Analogs. 

Recent calculations by our own group@JQJ3) on small [nlparacyclophanes. n = 3,4 and 5 provided 
insight to the origin and magnitude of strain. Furthermore, the available experimental results seem to reveal 

that [nlparacyclophanes n = 3,4 and 5 have much lower thermodynamic and kinetic stabilities than do 
[6]paracyclophanes. Recent success has been reported in spectroscopic characterization of 
[[5]paracyclophane,*32 which is stable at low temperatures in solution but not isolable; and more recently 
[4]paracyclophane has been proposed as a reactive intermediate.133,tM The chemistry of these analogs are 
discussed below. No successful synthesis, nor the intermediacy, of [3]paracyclophane, even in a matrix 
system, has yet been reported. 

6.5 [SlParacyclophane and Its Derivatives 

All the routes discussed so far to [6]paracycfophane failed for the synthesis of [5]paracyclophane 56.3 
and its derivatives including the Tochtermann approach 72J23 and the thermal opening of the corresponding 

Dewar benzcnes. However, a photochemical modification of the latter approach (Scheme 56) not only turned 
out to be the method of choice, but has proven to be the only successful one so far. Dewar benzene 56.1 has 

two properties that make it an ideal precursor for [Slparacyclophane 56.3. The complete skeleton of 56.3 is 
already present in 56.1, and the high energy content of the Dewar benzene 56.1 is available to compensate for 
the strain and instability in 56.3 that might tend to thwart the transformation. On purely thermodynamic 
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grounds this transformation appeared feasible since [Slparacyclophane 56.3 is calculated to be more stable than 
the Dewar benzene isomer 56.1. (The stabilities are reversed in the case of [4]paracyclocyclophane).t~t 
Thermal conversion of 56.1 to 56.3 failed, however, due to the thermal instability of 56.3 at the temperature 
needed to generate it. At this point the photochemical method seemed promising. since the absorbed light energy 
may help to overcome the energy barrier ; and aromatization can be achieved at lower temperatures where 
sensitive products have a better chance of survival. Thus irradiation of 56.1 with a low pressure mercury lamp 
at -60 “C in THF-ds in a quartz tube gave 56.3 in 6-78 yield. A photostationary state was established with a 
ratio of 56.1:56.3 = 93:7. [SlParacyclophane (56.3) was not isolated but was unequivocally characterized by 
its UV and tH Nh4R spectra.132 This breakthrough in the chemistry of small paracyclophanes was achieved 11 
years after the first synthesis of [6]paracyclophane by Jones and his group.tt7 

56.1 56.3 

a) AgBF.&H$N, b) hv, THF-ds at -60 “C. 

Scheme 56 

56.4 

Although the parent (unsubstituted) [Slparacyclophane (56.3) rapidly decomposes above 0 “C, two 
successful syntheses of substituted [5]paracyclophanes possessing higher thermal stability have been reported 
(Scheme 57).t35,136 Both syntheses use the photochemical conversion of the corresponding Dewar benzene 

(57.4 and 57.7) to the corresponding [5]paracyclophane derivative (57.5 and 57.8, respectively). The Dewar 
benzene 57.4 was prepared from undeca-2,9-diyne (57.1) by the method of Hogeveen,t30 which furnished a 
mixture of regioisomers 57.2-57.4 in a ratio of about 2: 1: 1. Compound 57.4 was obtained as colorless 
crystals of mp 50 “C. Irradiation of a degassed THF-ds solution of 57.4 at -50 ‘C for 30 minutes provided 
about 13% of 57.5. The half life of 57.5 is several hours at room temperature, clearly illustrating the effect of 
the substituents. Attempts to separate 57.4 and 57.5 were unsuccessful. 

A comparable degree of stabilization for the 7carbomethoxy derivative of [5]paracyclophane (57.8) was 
reported by Tobe. 136 The precursor 57.7 was prepared by a somewhat longer route from bicyclic enone 57.6. 
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57.1 57.2 57.3 

Q PCH2)“\ 

@ -bi, b * (@ R=COOCH, 

57.6 57.7 67.6 

a) AK&/CH$l2/-70 ‘C; DMAD, b) hv/THF, -50 “C. 

Scheme 57 

An attempted synthesis of a highly substituted pyridine analog of [S]paracyclophanes2b by use of the 
Hogeveen methodt3o is outlined in Scheme 58. 

a) A1C13/C!H~C12/-70 “C, b) C&IsNCO, c) hv/TNF, -50 “C. 

Scheme 58 

6.6 [4]Paracyclophane and Its Derivatives 

Recently, the intermediacy of unsubstituted and monosubstituted derivatives of [Il]paracyclophane 
(59.7) was demonstrated on the basis of trapping experiments (Schemes 59 and 6O).t33mtM A dramatic 
decrease in stability occurs for [rllparacyclophane (59.7 = 60.4), for which MNDO calculations indicate a 

strain energy of about 98 kcal/mol-1, which by far exceeds the estimated resonance energy of benzene by 
approximately 20-40 kcabmol-t . The homologous [5]paracyclophane was stable only at -20 “C, so 
[4]paracyclophane (59.8) was expected to decompose well below this temperature. The photolytic approach 
that had proven successful in the case of [5]paracyclophane was tried for [4]paracyclophane (59.7). Irradiation 
of previously known 59.1 at -50 “C in THF-dg led to 59.2, prismane 59.3, and to polymer. The intermediacy 
of [4]paracyclophane 59.7 was unequivocally demonstrated by interception in acidic media to give 1,Cadducts 
59.4-59.6 (reaction pathways b and c, Scheme 59). 133 A rationalization of the mechanistic pathway is as 
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follows. The easy protonation of [4]paracyclophane (59.7) at -20 “C is a consequence of the high strain, 

which is substantially relieved in the formation of the benzenium cation 59.8. This cation is trapped by 
nucleophiles to give the 1,4-adducts 59.4-59.6. 

[ 1 a0 + polymer 

59.3 

r 1 

5g 4 CF,COOH a CF,COO 
-H+ ) 59.5 

59.9 

a) THF-d&50 “CM, b) THF/-20 ‘C/5-30 eq. CF3COOHfhv, 

c) CH3OH/-20 ‘C/S eq. CF$OOH/hv. 

Scheme 59 

A similar effort was carried out independently at practically the same time by Tsuji and Nishida 
(Scheme 6O).t34 Their general approach to the Dewar benzenes 60.1603 is shown. Irradiation of 
60.1-60.3 in alcohols gave 1,4-addition products 60.5, 60.7, 60.8, 60.10, and 60.11. Additionally, 
these authors directly identified [4]paracyclophane (60.4) by UV spectroscopy. Irradiation of 60.1 in a 
matrix at 77 K gave an absorption maximum at 340 nm and an inflection at about 370 nm. These absorptions 
are in the range expected for [4]paracyclophane 60.4. 
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60.2 60.3 

a) acetylene(C2H$hv, b) HCOOQH5/NaOQHs, c) TsN$WAHs)3, d) hv/CH30H, e) KOWH20, 

f) (C,jH~O)~P(O)N3/C&I~CH$CH$H~OH4CH3)2S0~, g)CHWW-t-B&eat h) LDA/(Ws)$WTHK 

i) H202/CsHsN, heat, j) i-Bu2AlWCsHt2/NaWCH3I. 

60.1 60.4 OR 60.5 

60.2 60.6 60.7 60.6 

$rH20~;c2H50z [ kcH OCH ]- kcH .iH 
2 3 2 3 

&cH20c; = C2H5 

60.3 60.9 

a) hv in CH30H, CzHsOH, or i-C3H70H. 

60.10 60.11 

Scheme 60 



Synthesis of small cyclophanes 4615 

7 Concluding Remarks 

The last three decades have witnessed significant progress in the area of cyclophane chemistry, especially 
that of small [nlmetacyclophanes and [nlparacyclophanes (n = 4-8). This report reviewed the synthetic strategies 
for the latter two subclasses. While the schemes included in this review show the high degree of ingenuity 
applied to the synthesis of these cyclophanes. there remains a need for improved methods and for shorter 
synthesis of these and other substituted small cyclophanes. The failure of efforts to make [rl]paracyclophane by 
a bridged Dewar benzene valence isomerization route indicates that this route has probably reached its limit at 
n = 4. Valence isomerizations of prismane analogs to p-cyclophanes have not yet been exploited, but recent 

investigations of these compounds show that they hold considerable promise: this is just one example of many 
possibilities still open in the chemistry of these fascinating, highly strained unnatural products. Another fruitful 
area for future investigation would be to extend methodology for the synthesis of cyclophanes with unsaturations 
or with heteroatoms in the bridge. We hope that this review will stimulate interest in the small cyclophanes area 
in the years ahead. 
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