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tetrachloride; 80 "C (fO.5O). Reaction 3 6 (5 g, 32.5 mmol), neat 
liquid; 180 "C (a0.5). 6 (3 g, 19.5 mmol), KSF montmorillonite 
(0.15 g and 0.3 g), 15 mL of anhydrous CC1,; 77 OC (f0.5"). 

Samples were heated in a 50-mL Pyrex flask under nitrogen 
atmosphere in an oil bath equipped with a thermostat. 

Microwave Heating. The apparatus has already been de- 
scribed.7a It includes the following: a magnetron from a com- 
mercial microwave oven (2.45 GHz; adjustable power within the 
range 20-800 W), and a wave guide (monomode To') including 
(i) a circulator and a water load to absorb the reflected waves, 
(ii) a directional coupler (47,83 dl3) connected to a power meter 
(Hewlett-Packard 438) through two sensors to measure the in- 
cident and reflected powers, and (iii) an E. H. tuner to minimize 
the reflected power. 

The reactor, a quartz tube (25-mm internal diameter) fitted 
with a reflux condenser, temperature probe, and a septum for 
sampling are introduced in a cavity at a X/4 distance of the short 
circuit located at  the end of the wave guide. 

Temperature measurement was carried out with a Luxtron 
optical fiber thermometer (755 Multichannel FLuoroptic Ther- 
mometer). 

The reaction conditions under microwave irradiation were as 
follows: same amounts of reagents as conventional heating and 
absorbed power: reaction 1, from 270 to 150 W, 170 "C (*2"), 
reaction 2, from 141 to 23 W, 80 "C (*2"), reaction 3, neat cin- 
tronellal from 138 to 50 W, 180 "C (*2"), 5% KSF clay, from 301 

to 247 W, 77 O C  (*lo), and 10% KSF clay, from 278 to 223 W, 
77 "C (fl"). 

Analysis. The reaction mixtures were analyzed by 'H NMR 
on Bruker AC 80 or AC 200 apparatus. Samples of isopulegols 
containing variable amounts of various diastereoisomers 7a-d 
((-)-isopulegol(7a), (+)-neoisopulegol(7b), (+)-isoisopulegol(7c), 
(+)-neoisoiipulegol(7d)) were prepared according to the methods 
previously de~cribed.'~J 

These isomers were identified by 'H NMR at 200 MHz, in 
particular from the proton CHO s i g n a I . ~ . ~ ~ J ~  The reactions without 
catalyst (Figure 3a,b) led to the isomer ratios 7a/7b/7c = 71/ 
16/12 (trace of 7d). In the case of KSF montmorillonite catalpis 
the ratios obtained were 7a/7b/7c = 57/35/7 (trace of 7d). These 
ratios have been found to be independent of the heating mode. 

Adducts 4 and 5 were chromatographed on a silica column with 
hexane-ethyl acetate (91) as eluent and identified by comparison 
of the 'H NMR with authentic samples.'" In the caw of diethyl 
2-hydroxy-2-(2-decenyl)propane-l,3-dioate (4) the trans isomer 
(CY2CH2C=C, 6 = 2.70 ppm, J = 7.5 Hz; CH=CH, 2 m, 6 = 5.36 
and 5.52 ppm, J = 15.3 Hz) is the major isomer (74%); the cis 
isomer (CY2CH2C=C, 6 = 2.79, J = 7.5 Hz) is the minor one, 
regardless of the heating mode. 
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Synthetic procedures to conformationally immobile 1,3-dternate [ l.l.l.l]metacyclophanes baaed on mesitylene 
units are described. Coupling of mesitol(19) with bis(chloromethyl)mesitol(20) and bis(chloromethy1)mesitylene 
(21) in nitroethane in the presence of SnCll affords metacyclophanes 6 and 7-10, respectively, possessing 
extra-annular hydroxyl groups. Metacyclophanes 12 and 14, which hold one or two pairs of carboxyl groups in 
the distal positions, have been obtained from the appropriate distal diol 8 and tetrol6 by treatment with tert-butyl 
bromoacetate followed by basic hydrolysis. Functionaliied molecular frameworks, such as 15 and 18, have been 
also prepared in high yield by direct methods. The 'H NMR spectral characteristics of 1,3-dtemate metacyclophanea 
synthesized are briefly discussed. The structures of mono-, tri-, and tetrahydroxy metacyclophanes 10,7, and 
6, respectively, have been determined by X-ray crystallography. All three macrocycles have very similar 1,3- 
alternate-biconic conformations with approximate 42m symmetry. Molecules 10 and 7 are isomorphous, and 
the lone hydroxyl group in 10 and the three hydroxyl groups in 7 are disordered over four possible sites. A toluene 
of solvation is docked against the molecular cavity in both 10 and 7. Compound 6 has crystallographic 2-fold 
symmetry and what would have been voids in the crystal lattice are occupied by disordered solvent molecules. 

Introduction 
During the last decade there has been growing interest 

in the search for new conformationally preorganized 
building blocks from which specific hosta with desired 
properties can be designed by appropriate functionaliza- 
tion. In this respect readily available calix[4]arenes 1 and 
calix[4]resorcinarenes 2 (Chart I), containing a cavity 
adorned with intra- or extra-annular hydroxyl groups, 
respectively, have been the focus of considerable attention.' 
A further interest in calix[4]arenes relies on the fact that 
upon functionalization these macrocycles may adopt four 
extreme conformations, i.e. cone, partial cone, 1,2-alternate, 
and l,&alternate, thus providing additional shapes for 
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selective molecular recognition. 
The 1,3-alternate conformation of p-tert-butylcalix[4]- 

arene has been shown to be appropriate to afford molecular 
receptors presenting new and peculiar inherent symme- 
tries. Examples of doubly-crowned calix[4]arenes 32,3 and 
double calixcrown 4,314 showing special shapes associated 
with the l,&alternate calix[4]arene moieties connected by 

(1) For recent reviews on calixarenes and related compounds, see: 
Gutsche, C. D. Calixarenes; Monographs in Supramolecular Chemistry; 
Stoddart, J. F., Ed.; Royal Society of Chemistry: Cambridge, 1989. 
Calixarenes, a Versatile Class of Macrocyclic Compounds; Vicens, J., 
Bohmer, V., Eds.; Kluwer: Dordrecht, 1990. 

(2) Ghidini, E.; Ugozzoli, F.; Ungaro, R.; Harkema, S.; El-Fadl, A. A.; 
Reinhoudt, D. N. J. Am. Chem. SOC. 1990,112,6979. 

(3) Asfari, Z.; Bressot, C.; Weiss, J.; Pappalardo, S.; Vicens, J. Pure 
Appl. Chem., in press. 

1992, 13, 163. 
(4) Asfari, Z.; Abidi, R.; Arnaud, F.; Vicens, J. J .  Inclusion Phenom. 

Appl. Chem., in press. 

1992, 13, 163. 
(4) Asfari, Z.; Abidi, R.; Arnaud, F.; Vicens, J. J .  Inclusion Phenom. 
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polyethereal bridging chains, have been recently reported 
in the literature. The yields of receptors of this type could 
be considerably improved if one could dispose of suitably 
functiondized shaping components in a prefixed 1,3-al- 
ternate conformation. 

In order to tackle this problem, we resorted to meta- 
cyclophane skeleton 5,5 based on mesitylene units, which 
has been shown to exist in a fixed 1,3-alternate confor- 
mation in the temperature range -60 to 150 OC.6 A further 
point of interest in the use of 5 as a molecular armature 
resides in its tendency to generate clathrate inclusion 
compounds with a variety of organic molecules in the solid 
state,' a property which may confer additional binding 
potential to the receptors derivable from 5 toward hy- 
drophobic guests. 

In this paper we report the synthesis, structural char- 
acterization, and host properties of the five possible 
mesitylene-derived 1,3-alternate [l.l.l.l]metacyclophanes 
6-10, possessing extra-annular hydroxyl groups (Chart 11). 

(5)  (a) Ballard, J. L.; Kay, W. B.; Kropa, E. L. J. Paint Technol. 1966, 
38,251. (b) Bottino, F.; Montaudo, G.; Maravigna, P. Ann. Chim. (Rome) 
1967,57, 972. (c) Wu, T.-T:; Speas, J. R. J. Org. Chem. 1987, 52, 2330. 
(6) Pappalardo, S.; Bottino, F.; Ronsisvalle, G. Phosphorus Sulfur 

1984, 19, 327. 
(7) Pappalardo, S. Unpublished results. 
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These compounds can be regarded as hybrids of the 
formaldehyde-resorcinol-based macrocycles and standard 
calix[4]arenes. Functionalization of 8 and 6 has been re- 
alized to afford derivatives 12 and 14 endowed with one 
or two pairs of distal carboxyl groups, respectively. 
Functionalized molecular frameworks, such as 15 and 18, 
have been also prepared in high yield by direct methods. 

Results and Discussion 
Syntheses. Tetrahydroxymetacyclophane 6 was ob- 

tained in two steps from mesitol (191, as illustrated in 
Scheme I. Chloromethylation of 19 with ClCH20CH3 in 
CH2C12 at  0 "C in the presence of SnCll produced the 
known* 3,5-bis(chloromethyl)-2,4,6-trimethylpheno1(20) 

(8) (a) Wegler, R.; Regel, E. Makromol. Chem. 1952,9,1. (b) Morris, 
M. R.; Waring, A. J. J .  Chem. Soc. C 1971, 3266. 
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(65%), which was coupled with 19 (1 equiv) in nitroethane 
(EtNOJ at  60 OC for 6 h to provide tetrol 6 (66%). 

The syntheses of macrocyclic compounds usually make 
use of special techniques like high-dilution conditions, 
template effects, or principle of rigid groups. Although 
the condensation of 19 with 20 to give 6 requires three 
intermolecular steps in addition to the crucial intramo- 
lecular ring-closure step, no high-dilution conditions were 
neededq9 Furthermore, the crude product separated out 
from the reaction medium and could be easily purified by 
recrystallization. 

Much more intriguing is the synthesis that has led to 
the other four metacyclophanes bearing one to three hy- 
droxyl groups at  the outer periphery. When equimolar 
quantities of bis(chloromethy1)mesitylene (21) and 19 were 
reacted in EtN02 in presence of SnC14 (catalytic amounts) 
at 60 OC for 13 h (Scheme I), a copious precipitate was 
obtained. TLC analysis showed the presence of several 
components, which could be eventually separated by 
careful column chromatography (Si02, a gradient of AcOEt 
in cyclohexane as the eluent). The eluted fractions gave 
in the order the hydrocarbon macrocycle 5 (ca. 1%) as the 
fastest moving component, followed by monohydroxy 
compound 10 (9% ), proximal dihydroxy metacyclophane 
9 (8%), the expected distal dihydroxy metacyclophane 8 
(28%) as the major component, and trihydroxy meta- 
cyclophane 7 (3%). 

The obtention of macrocycles other than 8 can be ex- 
plained if one takes into account that the formation of C 4  
bonds in Friedel-Crafta condensations is reversible,l0 and 
under the acidic reaction medium (catalyst, evolved HC1) 
protodealkylation processes with scission of the methylene 
bridge(s) and subsequent recombination(s) are likely to 
occur. 11-13 

24 

Owing to a fixed 1,3-alternate conformation, proximal 
regioisomer 9 has no plane of symmetry and is inherently 
chiral. To the beat of our knowledge, this is a rare example 
of atropisomeric inherently chiral calix[4]arene-like mac- 
rocycle in the l,&alternate conformation. Previous ex- 
amples of inherently chiral calix[4]arenes reported in the 
literature refer to partial cone,15 and 1,2-altemate16 
calix[4]arene conformers. 

In order to test the reactivity of the sterically crowded 
extra-annular hydroxyl group in these systems, mono- 
hydroxy compound 10 was subjected to 6,6'-bis(bromo- 
methyl)-2,2'-bipyridine (22) (0.5 equiv) in anhydrous N,- 
N-dimethylformamide (DMF) at 60 "C in the presence of 
Cs2C03 (Scheme 11). The reaction proceeded smoothly, 
and bis-ether 23 could be isolated in 67% yield, thus ruling 
out possible steric hindrance effects of the two ortho- 
positioned methyl groups. 

The distinction between regioisomers 8 and 9 was ap- 
parent from their 'H NMR patterns (see below) and from 
chemical evidence. Molecular models suggested that 22 
should be a suitable bridging reagent for diol 8 and too 
short for 9. Indeed, we found that slow addition of a 
solution of 22 in DMF to a solution of 8 in DMF in the 
presence of Cs2C03 resulted in the formation of intra- 
bridged metacyclophane 24 in 49% isolated yield (Scheme 
II), confiiing that in 8 the two hydroxyl groups lie on the 
same side with respect to the plane containing the bridging 
methylenes. 

When 8 was reacted with 2.2 equiv of tert-butyl brom- 
oacetate with K&03 as a base in DMF, diester 11 was 
isolated in 80% yield. Basic hydrolysis of 11 in refluxing 
dioxane-H20, followed by acidification furnished diacid 
12 (90%), bearing two opposite carboxyl groups. By using 

(9) For tetramerization reactions followed by ring cloeure without high 
dilution conditions, see for example: Dahan, E.; Biali, S. E. J. Org. Chem. 
1989,54, 6003 and references cited therein. 

(10) Norman, R. 0. C.; Taylor, R. Electrophilic Substitution in Ben- 
zenoid Compounds; Elsevier: Amsterdam, 1965. 

(11) Hbgberg, A. G. S. J. Am. Chem. SOC. 1980, 102,6046. 
(12) Bohmer, V.; Marschollek, F.; Zetta, L. J. Og.  Chem. 1987, 52, 

3200. 
(13) de Mendma, J.; Nieto, P. M.; Prados, P.; SHnchez, C. Tetrahedron 

Lett. 1990, 46, 671. 

(14) Shinkai, S.; Arimura, T.; Kawabata, H.; Murakami, H.; Araki, K.; 
Iwamoto, K.; Matauda, T. J. Chem. SOC., Chem. Commun. 1990, 1734. 
Bohmer, V.; Wolff, A,; Vogt, W. Ibid. 1990,968. Iwamoto, K.; Yanagi, 
A.; Arimura, T.; Matauda, T.; Shinkai, S. Chem. Lett. 1990, 1901. 
Iwamoto, K.; Yanagi, A.; Araki, K.; Shinkai, S. Zbid. 1991,473. Pappa- 
lardo, S.; Giunta, L.; Foti, M.; Ferguson, G.; Gallagher, J. F.; Kaitner, B. 
J. Org. Chem. 1992, 57, 2611. 

(15) Pappalardo, S.; Caccamese, S.; Giunta, L. Tetrahedron Lett. 1991, 
32. 1141. - ~ ,  

(16) Iki, H.; Kikuchi, T.; Shinkai, S. J. Chem. Soc., Perkin Tram. I 
1992,669. 
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the above sequence, tetrol6 was converted into tetraester 
13 (70%), which upon hydrolysis provided tetraacid 14 
(86%), whose tetrasodium salt is water-soluble. This 
compound is potentially useful for host-guest complexa- 
tion studies in aqueous s~lution. '~ 

Functionalized building blocks can be easily derived 
from metacyclophane 5 by direct methods. Chloro- 
methylation of 5 with C1CH20CH3/SnC1, in CS2 at  -15 "C 
gave tetrakis(chloromethy1) derivative 15 in high yield. 
Treatment of 15 with excess anhydrous CH3COONa in 
CH3COOH produced tetraacetate 16 (93%), which was 
converted to tetrakis(hydroxymethy1)metacyclophane 17 
(95%) with anhydrous K2C03 in boiling EtOH-dioxane. 
The Grow formylation (C12CHOCH3-SnC4) of 5 in CHzC12 
at  0 OC gave tetraformyl derivative 18 in 59% yield. 

1,3-Alternate metacyclophanes derived from mesitylene 
are high-melting crystalline materials (mp > 300 "C). 
Mostly they dissolve in chlorinated solvents, except the 
tetrasubstituted compounds possessing polar groups (OH, 
CHO, CH20H), which are soluble in aprotic dipolar sol- 
vents, such as dimethyl sulfoxide (DMSO) and DMF. 
Elemental analyses and 'H NMR spectra suggest for some 
of these molecules the presence of included guest solvent 
in the crystals. For instance, hydroxyl-containing meta- 
cyclophanes 7-10 form stable crystalline 2:l (host to guest) 
adducts with toluene, while tetrol6 and tetraaldehyde 18 
enclathrate DMF or DMSO, respectively, in a different 
ratio. 
'H NMR Spectral Features. The l,&alternate con- 

formation of metacyclophanes 6 1 8  is substantiated by an 
upfield resonance for the intra-annular methyl groups (6 
= 1.12 f 0.07 ppm in CDC13 and 1.08 f 0.07 in DMSO-$), 
which are strongly shielded (A6 = 1.0 ppm) by the flanking 
mesitylene subunits with respect to the pertinent methyl 
groups in the linear model 3,3'-bis(2,4,64rimethyl- 
benzy1)dimesityhethane (25): In intrabridged compound 
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24 a pair of intra-annular methyl groups is further shielded 
at  higher field (6 = 0.77 ppm) because of capping with the 
2,2'-bipyridyl unit. Noteworthy, the 'H NMR spectra are 
not affected by the temperature, indicating that the 1,3- 
alternate conformation is locked in the range investigated 

l,&Alternate conformers exhibit distinctive 'H NMR 
spectral patterns of the bridging methylenes arising from 
conformation and from the substitution pattern at  the 
extra positions. The methylene protons show up as a 
singlet in symmetrically tetrasubstituted compounds (DW 
symmetry), and as one pair of doublets (J = 16.8-17.0 Hz) 
and one singlet in the ratio 1:l in mono- and trisubstituted 
derivatives (C, symmetry). In distally disubstituted me- 
tacyclophanes the ArCH2Ar groups appear as one pair of 
doublets (J = 17.0-17.5 Hz) (CZu symmetry), while in the 
chiral proximally disubstituted derivative 9 they give rise 
to one pair of doublets (J = 17.0 Hz) and two singlets (C, 
symmetry). The OH groups in 6-10 resonate as sharp 
singlet(s) at 6 = 4.47-4.50 ppm, indicating a weak (if any) 
intermolecular hydrogen bonding among hydroxyls. 

Structure Descriptions. Although the crystals of 10, 
7, and 6 only diffracted relatively poorly (see Experimental 
Section), we were able to obtain sufficient data to allow 

(25-80 OC, CDC13). 

~~ 

(17) Diederich, F. Angew. Chem., Int .  Ed .  Engl. 1988, 27, 362. 

Figure 1. A view of the metacyclophane 10 showing the con- 
formation and our numbering scheme. For clarity, only the major 
site of the disordered hydroxyl hydrogen atom (01A) is shown; 
the hydrogen atoms are omitted except the three disordered 
aromatic hydrogens on ClB, ClC, and C1D. The non-hydrogen 
atoms are drawn as thermal ellipsoids at the 35% probability level. 
The view of isomorphous molecule 7 is very similar to this with 
the three hydroxyl oxygens disordered over the four possible sites. 

C l O A ' H -  "w-3 C6A C9Al 4 
01A'  

Figure 2. A view of the metacyclophane 6 showing the confor- 
mation and our numbering scheme. For clarity, carbon atoms 
are shown as spheres of an arbitrary size; hydrogen atoms are 
omitted. The oxygen atoms are drawn as thermal ellipsoids at 
the 50% probability level. The direction of the 2-fold crystal- 
lographic symmetry axis is also shown. 

us to determine the details of their conformation une- 
quivocally. All three molecules adopt a 1,3-alternate-bi- 
conic conformation with approximate 42m symmetry in 
the solid state (Figures 1, 2, and 3a). Molecules 10 and 
7 occur as their toluene solvates (Figure 3b) and are iso- 
morphous in the crystalline state and their space group 
requires no molecular symmetry; the space group for 
molecule 6 requires it to have 2-fold crystallographic 
symmetry. 

In 10 the molecule (Figures 1 and 3a) is disordered in 
such a way that the unique OH group is distributed over 
four possible sites with occupancies of 0.50,0.34,0.09, and 
0.07 for each site; in 7 the three hdy-roxyl groups are dis- 
tributed in a similar fashion with occupancies of 0.89,0.87, 
0.69, and 0.57 for each site. The overall 1,3-alternate 
conformation adopted by these metacyclophanes has been 
previously observed in solution for either flexiblels and 
inflexiblelg tetrasubstituted calix[4]arenes by 'H and 13C 
NMR spectroscopy. The crystal structure of a structurally 
related l,&alternate calix[4]arene with mixed ligating 

(18) Groenen, L. C.; van Loon, J.-D.; Verboom, W.; Harkema, S.; 
Casnati, A.; Ungaro, R.; Pochini, A.; Ugozzoli, F.; Reinhoudt, D. N. J.  Am. 
Chem. SOC. 1991,113, 2385. 

(19) Jaime, C.; de Mendoza, J.; Prados, P., Nieto, P. M.; Shchez, C. 
J. Org. Chem. 1991,56, 3372. 
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a 

b 

Figure 3. Two stereoviews of molecule 10 with the atoms depicted as their van der Waals spheres showing (a, top) the metacyclophane 
cavity and (b, bottom) the toluene molecule nestled against the cavity. Only one set of hydrogen atoms on the methyl group is shown. 

Table I. Interplanar Angles Defining the Molecular 
Conformations for Molecules 10,7, and 6 

planes 10 7 6“ 
CH2 plane/ring A 107.9 (2) 108.5 (2) 108.7 (4) 
CH2 plane/ring B -105.8 (2) -105.5 (2) -109.7 (4) 
CH2 plane/ring C 110.9 (2) 109.3 (2) 1108.7 (4)] 
CH2 plane/ring D -110.8 (2) -109.2 (2) 1-109.7 (4)] 
ring A/ring C 38.8 (2) 37.9 (2) 38.4 (4) 

In molecule 6 because of the crystallographic symmetry there 
are only two unique interplanar angles involving the CH2 plane. 
The aromatic rings and the inter-ring interplanar angles are be- 
tween rings A and B’ and between B and A’ (where A‘ and B’ are 
the rings related by the 2-fold symmetry axis shown in Figure 2). 

groups at the lower rim has been reported very recentlyem 
The conformations in 10,7, and 6 are defined by the 

angles which the aromatic rings make with the plane of 
the carbon atoms of the CH2 moieties which link them as 
shown in Table I (mean interplanar angle logo), the rings 
being tilted so that the methyl groups (39x1 and C(l0x) 
(x = A, B, C, D, Figure 11, are directed away from the ring 
cavity. In each case, pairs of opposite rings are tiltad away 
from each other with mean interplanar angles 37O (Table 
I). This leads to a fairly open biconic conformation as 
shown in Figure 1. The molecules have two cavities 
roughly defined for molecules 10 and 7 by carbon atoms 
C9A, ClOA, C9C, ClOC, with C8B, C8D as the base on one 
side of the molecule and C9B, ClOB, C9D, ClOD on the 
perimeter and C8A, C8C as the base on the other side; for 
molecule 6 the corresponding cavities are defined by C9A, 

ring B/ring D -36.1 (2) -35.2 (2) -38.3 (4) 

ClOA, C9B’, ClOB’ on the perimeter and C8A’ and C8B 
as the base on one side of the molecule and by C9B, ClOB, 
C9A’, ClOA’ on the perimeter and CSA, C8B’ as the base 
on the other side. 

In the crystal lattice of both 10 and 7 a toluene of sol- 
vation (Figure 3b) tries to fill the cavity containing the 
major OH site (with the toluene methyl group adjacent to 
the hydroxyl oxygen), but as it is really too large to fit in 
the cavity completely, it lies across the molecular cavity 
with ita methyl group immediately adjacent to a site of the 
principal OH group with C’IS--OlA 3.05 (1) A in 10 and 
C’IS-OlA 3.55 A in 7. The toluene molecular plane is 
oriented at an angle of -35.8 (7)O to the methylene carbon 
plane and at 73.0 (7)’ to the plane through aromatic ring 
(A) in 10; the corresponding values in 7 are -43.5 (2)” and 
71.5 (2)O, respectively. Total enclathration of small solvent 
molecules within the calix cavity is well known, e.g. ace- 
tonitrile in tetraethyl p-tert-butylcalix[4]arenetetra- 
carbonate.21 In the case of molecule 6 there is no toluene 
of solvation partially enclathrated in the cavity but in what 
would have been a void in the crystal lattice between 
metacyclophane molecules there is a highly disordered 
solvent system (with crystallographic 32 site symmetry), 
which we were unable to identify as a chemically sensible 
moiety. 

The shortest intermolecular contact (consistent with it 
being an intermolecular O-H-*O hyrogen bond) in the 
crystal structure in 10 is between 01A and 01B’ of a 
neighboring molecule a t  2.96 (1) A; the corresponding 
distance in 7 is 2.93 (1) A. In 10 because of the disorder, 

(20) Fujimoto, K.; Nishiyama, N.; Tsuzuki, H.; Shinkai, S. J .  Chem. 
Soc., Perkin Tram. 2 1992, 643. 

(21) McKervey, M. A.; Seward, E. M.; Feguson, G.; Ruhl, B. I. J. Org. 
Chem. 1986,51,3581. 



1,3-Alternate [ 1.1.1.11 Metacyclophanes 

we were unable to locate the hydroxyl hydrogen. In the 
trihydroxymetacyclophane 7, the hydroxyl hydrogens at- 
tached to the two major hydroxyl sites were located and 
the h drogen bond involves OlA-H-OlB' (HOlB'.-OlA 

the hydrogen bonding process, but is directed toward an 
adjacent methyl group. The hydrogen atoms attached to 
minor sites 01C and 01D could not be located in the final 
difference maps. In molecule 6 the shortest intermolecular 
contact (corresponding to an 0-H-0 hydrogen bond) is 
between 01A and 01A' of a neighboring molecule at 2.73 
(1) again the lack of data did not allow us to locate these 
hydroxyl hydrogens. 

1.96 K ); the hydroxyl hydrogen on 0 1 A  is not involved in 

Conclusions 
The synthetic procedures here described provide a 

practical route to mesitylene-based 1,3-alternate 
[l.l.l.l]metacyclophanes that hold pairs of functional 
groups in the distal positions. Remarkably, the ring-clo- 
sure reactions applied afford a single stereoisomer of the 
molecule. The rigid concave surfaces are maintained by 
conformational costraints intrinsic to the architecture of 
these building blocks. X-ray analysis has been used to 
elucidate the overall conformation and geometry of the 
voids available for guest accommodation. Further am- 
plification of these structures and their potential as shaping 
components in supramolecular chemistry remain for future 
studies. 

Experimental Section 
General Comments. Melting points were determined on an 

Electrothermal melting point apparatus and are uncorrected. 
Unlesa otherwise noted, 'H NMR spectra were obtained in CDC13 
with Me4Si as the internal standard and recorded at 250 MHz. 
E1 MS were taken at 18 eV. For FAB (+) mass spectra, 3- 
nitrobenzyl alcohol was used as a matrix. Compounds 5,5b 21,22 
and 2223 were prepared by literature procedures. 

3,5-Bis( chloromet hyl)-2,4,6-trimet hylphenol (20). To a 
chilled and stirred solution of 19 (4.08 g, 30 mmol) and C1CH2- 
OCH3 (4.6 mL, 60 "01) in CH2C12 (50 mL) was added dropwise 
anhydrous SnCb (7 mL, 60 "01) while the temperature was kept 
below 10 OC. Addition of half of the SnCl, produced a precipitate 
that slowly dissolved on further addition of catalyst. The mixture 
was stirred at 0 OC for 2 h and overnight at rt. HCl(2 N, 50 mL) 
was then added, and the resulting mixture was stirred for 10 min. 
The organic layer was separated from the water layer, washed 
(5% NaHC03, then H20), and dried (Na,SO,). Evaporation of 
the solvent left a brown residue, which was dissolved in CHC13 
and passed through a short SiOz column, eluting with cyclo- 
hexane-AcOEt (41, v/v). The eluate was concentrated to give 
a yellowish solid, which on recrystallization from cyclohexane 
afforded 20 (4.5 g, 65%) as colorleas needles: mp 130-133 OC (lit.* 
mp 132 "C); MS m/z  234 (26), 232 (42, M+), 199 (39), 197 [95, 

3,5,7,10,12,14,17,19,21,24,26,28-Dodecamethyl[ l.l.l.l]meta- 
cyclophane-4,l1,18,25-tetrol (6)." To a stirred solution of 19 
(2.04 g, 15 mmol) and 20 (3.48 g, 15 mmol) in EtN02 (100 mL) 
containing a few drops of anhydrous SnC1, was heated in an oil 
bath at 60 "C for 6 h under a vigorous N2 stream. The reaction 
mixture became dark purple almost at once while a precipitate 
started to form after a few minutes. The mixture was allowed 
to stir overnight at rt. The solid was collected by filtration and 
washed with small portions of cold EtNOz until the washings were 
colorleas. The light pink product on recrystallization from aqueous 
DMF gave 6 (2.93 g, 66%) as colorless crystals: mp > 300 "C; 
'H NMR 6 1.11 (9, int Me, 12 H), 2.30 (8,  ext Me, 24 H), 3.94 (8, 

(M - Cl)+], 162 [100, (M - 2C1)+]. 
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ArCH2Ar, 8 H), and 4.50 (8,  OH, 4 H); MS m / z  592 (100, M'). 
Anal. Calcd for C40H4804*2DMF-1.5H20: C, 74.86; H, 8.88; N; 
3.80. Found: C, 74.57; H, 8.75; N, 3.98. 

Coupling of 19 with 21. Metacyclophanes 7-10. Equimolar 
amounts of 19 and 20 (10 mmol) in EtNO, (60 mL) containing 
a few drops of anhydrous SnCl, were heated with stirring at  60 
OC for 13 h under N2 From the purple reaction mixture a pre- 
cipitate started to form after 1 h. Usual workup gave a solid, which 
was chromatographed (column, SiOJ eluting with a gradient of 
AcOEt in cyclohexane to afford the following fractions. 

Fractions A gave a crystalline product (26 mg) identical in all 
respects to an authentic sample of macrocycle 5. 

Fraction B provided 3,5,7,10,12,14,17,19,21,24,26,28-dodeca- 
methyl[ l.l.l.l]metacyclophan-4-ol (10) (245 mg, 9%) as white 
prisms: mp > 300 OC (toluene); R, = 0.56 (cyclohexane-AcOEt 
41); 'H NMR 6 1.16, 1.17 (8, int Me, 12 H), 2.29, 2.33 (8, ext. Me, 

ArCH2Ar, 4 H), 4.48 (8,  OH, 1 H), 6.79 (8,  ArH, 2 H), and 6.81 
(8, ArH, 1 H); MS m/z 544 (100, M+). Anal. Calcd for 
CaHa0*1/2C7H8: C, 88.42; H, 8.87. Found C, 88.20; H, 9.13. 

Fraction C yielded (k)-3,5,7,10,12,14,17,19,21,24,26,28- 
dodecamethyl[ l.l.l.l]metacyclophane-4,1l-diol(9) (224 mg, 
8%) as white crystals: mp > 300 OC (toluene); R, = 0.41 (cy- 
clohexane-AcOEt 41); 'H NMR 6 1.15 (8, int Me, 12 H), 2.29, 
2.34 (e, ext Me, 24 H), 3.85 and 3.97 (AB q, J = 17.0 Hz, ArCH&, 
4 H), 3.87, 3.95 (8 ,  ArCH2Ar, 4 H), 4.48 (8,  OH, 2 H), and 6.81 
(8, ArH, 2 H); MS m/z 560 (100, M+). Anal. Calcd for 
CaH4802-1/2C7H8: C, 86.09; H, 8.64. Found C, 86.62; H, 8.97. 

Fraction D afforded 3,5,7,10,12,14,17,19,21,24,26,28-dodeca- 
methyl[l.l.l.l]metacyclophane-4,18-diol (8) (0.73 g, 26%) as 
white prisms: mp > 300 OC (toluene); R, = 0.32 (cyclohexane- 
AcOEt 41); 'H NMR 6 1.14, 1.16 (8, int Me, 12 H), 2.30, 2.33 (8,  
ext Me, 24 H), 3.85 and 3.97 (AB q, J = 17.0 Hz, ArCH2Ar, 8 H), 
4.49 (s,OH, 2 H),and 6.79 (s,ArH,2 H);MS m/z 560 (100,M+). 
Anal. Calcd for CaH4802.1/2C7H8: C, 86.09; H, 8.64. Found 
C, 86.53; H, 8.98. 

Fraction E gave 3,5,7,10,12,14,17,19,21,24,26,28-dodeca- 
methyl[ l.l.l.l]metacyclophane-4,11,18-triol(7) (86 mg, 3%): 
mp > 300 "C (toluene); R - 0.21 (cyclohexane-AcOEt 41); 'H 
NMR 6 1.13, 1.14 (8, int hi, 12 H), 2.30, 2.31, 2.34 (8 ,  ext Me, 

ArCH2Ar, 4 HI, 4.47 (8, OH, 1 H), 4.49 (8, OH, 2 H), and 6.81 (8,  
ArH, 1 HI; MS m/z 576 (68, M+), 547 [100, (M - CHO)+]. Anal. 
Calcd for C&IaO3-1/2C7H8: C, 83.88, H, 8.41. Found C, 83.77; 
H, 8.62. 

Bis-Ether 23. To a warm solution (60 OC) of macrocycle 10 
(68 mg, 0.125 mmol) and 22 (22 mg, 0.065 mmol) in anhydrous 
DMF (10 mL) was added Cs2C03 (0.3 9). The mixture was stirred 
at 60 "C under N2 for 3 h. After cooling, the reaction mixture 
was filtered, and the filtrate was concentrated under vacuum. The 
residue was dissolved in CHC13, washed with water, and dried 
(NaaO,). The solvent was evaporated to give a solid, which was 
chromatographed (column, Si02, eluent CHC1,) to afford bis-ether 
23 (55 mg, 67%) as a white powder: mp > 300 OC; 'H NMR 6 
1.17 (8,  int Me, 12 H), 1.18 (s, int Me, 6 H), 1.20 (8, int Me, 6 H), 
2.34 (8, ext Me, 24 H), 2.37 (8, ext Me, 12 H), 2.40 (8, ext Me, 12 
H), 3.92 (m, ArCH2Ar, 16 H), 4.93 (8, OCH2, 4 H), 6.80 (8, ArH, 
2 H), 6.85 (8,  ArH, 4 H), 7.67 (d, J = 7.8 Hz, 5-PyH, 2 H), 7.85 

H); FAB (+) MS m/z 1269 (100, MH+). Anal. Calcd for 

N, 2.04. 
Intrabridged Metacyclophane 24. A solution of dihydroxy 

derivative 8 (0.14 g, 0.25 mmol) and 22 (0.085 g, 0.25 mmol) in 
dry DMF (50 mL) was added dropwise during 20 h to a stirred 
suspension of Cs2C03 (1.5 g) in dry DMF (50 mL) at 50 "C under 
N2 The mixture w a ~  kept at 50 OC for additional 4 h and allowed 
to stir at rt for 2 days. Usual workup gave a solid residue, which 
was chromatographed (column, SiOz, eluent cyclohexane-AcOEt 
31) to afford cage compound 24 (90 mg, 49%) as a white powder: 
mp > 300 "C; 'H NMR 6 0.77, 1.02 (8,  int Me, 12 H), 2.21, 2.27 
(8 ,  ext Me, 24 H), 3.74 and 3.84 (AB q, J = 17.3 Hz, ArCH2Ar, 
8 H), 5.26 (9, OCH2, 4 H), 6.73 (8,  ArH, 2 H), 7.68 (dd, J = 7.3, 

(dd, J = 7.3,1.6 Hz, 3-PyH, 2 H); MS m/z 740 (27, M+), 560 (31), 
184 (100, C12H12N2). Anal. Calcd for C52HSBN202-0.7CHC13: C, 

24 H), 3.86 and 3.97 (AB 9, J = 16.8 Hz, ArCH&, 4 H), 3.87 (8, 

24 H), 3.85 and 3.97 (AB q, J = 17.0 Hz, ArCH&, 4 H), 3.95 (8,  

(t, J = 7.8 Hz, 4-PyH, 2 H), and 8.33 (d, J = 7.8 Hz, 3-PyH, 2 

Cg?HiWN202: C, 87.02; H, 8.25; N, 2.21. Found C, 86.81; H, 8.13; 

1.6 Hz, 5-PyH, 2 H), 7.78 (t, J = 7.3 Hz, 4-PyH, 2 H), and 8.02 

(22) Fuson, R. C.; Rabjohn, N. Org. Synth. 1945, 25, 65. 
(23) Rodriguez-Ubis, J.-C.; Alpha, B.; Plancherel, D.; Lehn, J.-M. Helu. 

Cham. Acta 1984,67, 2264. 
(24) The nomenclature of Vogtle and Neumann (Vogtle, F.; Neumann, 

P. Tetrahedron 1970, 26, 5847) is employed for all macrocyclic com- 
pounds synthesized. 
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76.76; H, 6.93; N, 3.40. Found: C, 76.53; H, 7.18; N, 3.43. 
4,18-Bis[ [ ( t e r t  -butyloxy)carbonyl]methoxy]- 

3,5,7,10,12,14,17,19,21,24,26,28-dodecamethyl[ l.l.l.l]meta- 
cyclophane (11). A stirred slurry of 8 (1.69 g, 3 mmol), tert-butyl 
bromoacetate (1.33 g, 6.8 mmol), and anhydrous K2C03 in dry 
DMF (50 mL) was heated at 60 "C under N2 for 24 h. The solvent 
was evaporated under vacuum to give a solid, which was triturated 
with MeOH (10 mL), collected by fitration, washed with water, 
and dried to afford 11 (1.8 g, 80%) as a white powder: mp 222-224 
"C; 'H NMR 6 1.09, 1.14 (8,  int Me, 12 H), 1.55 (8, t-Bu, 18 H), 
2.32, 2.35 (8 ,  ext Me, 24 H), 3.84 and 3.93 (AB q, J = 17.5 Hz, 
ArCH2Ar, 8 H), 4.18 (8, OCH2, 4 H), and 6.78 (8, ArH, 2 H); MS 
m/z 732 [5.3, (M - MI+], 676 [100, (M - 2 X 56)+]. Anal. Calcd 
for CszHes06: C, 79.15; H, 8.69. Found: C, 79.15; H, 8.77. 
4,18-Bis(carboxymethy1)-3,5,7,10,12,14,17,19,21,24,26,28- 

dodecamethyl[ l.l.l.l]m~tacyclophane (12). To a stirred so- 
lution of diester 11 (0.2 g, 0.25 "01) in hot dioxane (10 d) was 
added a solution of NaOH (0.2 g) in EtOH-H20 (1:l v/v, 10 mL). 
The mixture was refluxed for 24 h and the solvent was evaporated. 
The residue was acidified with dilute HC1, extracted with AcOEt, 
washed with water, and dried (Na2S04). Concentration of the 
extract to a small volume and precipitation from petroleum ether 
afforded diacid 12 (0.15 g, 90%) as a white powder: mp > 300 
OC; 'H NMR 6 1.09,1.15 (8,  int Me, 12 H), 2.33, 2.35 (8, ext Me, 
24 H), 3.85 and 3.93 (AB q , J  = 17.2 Hz,8 H), 4.44 (8 ,  OCH2, 4 
H), and 6.79 (8, ArH, 2 H); MS m/z  676 (4, M+), 560 (100). Anal. 
Calcd for CMHs2O6-l.5H20: C, 75.08; H, 7.88. Found: C, 75.15; 
H, 7.61. 

4,11,18,25-Tetrakis[ [ (tert -butyloxy )carbonyl]methoxy]- 
3,5,7,10,12,14,17,19,21,24,26,28-dodecamethyl[ l.l.l.l]meta- 
cyclophane (13). To a warm (50 "C) solution of 6 (0.5 g, 0.84 
mmol) in anhydrous DMF (20 mL) was added t-butyl bromo- 
acetate (1.31 g, 6.6 "01) and K2C03 (1.4 9). The reaction mixture 
was stirred at 50 "C under N2 for 3 days. The inorganic salts were 
filtered off, and the fitrate was concentrated under vacuum. The 
residue was triturated with MeOH, collected by fitration, washed 
with water and dried. Recrystallization from acetonitrile afforded 
tetraester 13 (0.73 g, 70%) as white shining prisms, mp 220-221 
"C; 'H NMR 6 1.05 (8,  int Me, 12 H), 1.55 (8, tBu, 36 H), 2.33 
(8, ext Me, 24 H), 3.89 (8,  ArCH2Ar, 8 H), and 4.17 (8, OCH2, 8 
H); FAB (+) MS, m / z  1049 (100, MH+). Anal. Calcd for 
CuH88012: C, 73.25; H, 8.45. Found: C, 73.46; H, 8.61. 
4,11,18,25-Tetrakis(carboxymethoxy)-3,5,7,10,12,14,17,- 

19,21,24,26,2&dodecamethyl[ 1.1.1.1]metacyclophane (14). To 
a stirred solution of 13 (0.33 g, 0.31 "01) in hot dioxane (10 mL) 
was added a solution of NaOH (0.47 g) in EtOH-H20 (1:l v/v, 
10 mL). After about 45 min reflux, a white solid deposited on 
the walls of the flask. At this point, a small volume of water was 
added until all the solid dissolved. This solution was refluxed 
with stirring for a total of 20 h. After cooling, the mixture was 
acidified with HC1, and the precipitate obtained was extracted 
with AcOEt, washed twice with water, and dried (Na2S04). 
Evaporation of the solvent gave tetracid 14 (0.22 g, 86%) as a white 
powder: mp > 300 "C; 'H NMR (DMSO-de) 6 1.01 (8, int Me, 
12 H), 2.23 (8,  ext Me, 24 H), 3.81 (8,  ArCH2Ar, 8 H), and 4.12 
(8, OCH2, 8 H); FAB (+) MS m/z 825 (100, M+). Anal. Calcd 
for ClBH56012-H20: C, 68.39; H, 6.93. Found: C, 68.20; H, 7.14. 
4,11,18,25-Tetrakis(chloromethyl)-3,5,7,10,12,14,17,19,- 

2 1,24,26,28-dodecamet hy 1 [ 1.1.1.1 Imetacy clop hane (1 5). To a 
stirred slurry of 5 (2.64 g, 5 mmol) in CS2 (40 mL), cooled at  -15 

addition of a solution of anhydrous SnC14 (1.3 g, 5 mmol) in CS2 
(10 mL). The mixture was kept at -15 "C for 1 h and stirred 
overnight at  room temperature. After the mixture was poured 
into acidulated water, the organic layer was separated and the 
water layer was extracted with CS2 (2 X 10 mL). The combined 
organic extract was washed (5% NaHC03 and then water) and 
dried over anhydrous CaClZ. Evaporation of the solvent left a 
solid, which was triturated with -0 (20 mL) and fitered to afford 
2 (3.06 g, 85%) as a white powder: mp > 300 "C; 'H NMR 6 1.09 
(8, int Me, 12 H), 2.46 (8, ext Me, 24 H), 4.02 (8, ArCH2Ar, 8 H), 
and 4.72 (8, CH2C1, 8 H); MS m/z 724 (2.9), 722 (4.9), 720 (3.2, 
M+), 36 (100). Anal. Calcd for CMH52C14: C, 73.12; H, 7.25. 
Found C, 72.87; H, 7.16. 
4,11,18,25-Tetrakis(acetoxymethy1)-3,5,7,10,12,14,17.19,- 

21,24,26,28-dodecamethyl[l.l.l.l]metacyclophane (16). A 

"C, was added ClCH2OCHS (4.1 g, 50 "01) followed by dropwise 
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mixture of 15 (0.36 g, 0.5 mmol) and anhydroua AcONa (1.5 g, 
18 mmol) in AcOH (15 mL) was refluxed with stirring for 20 h. 
After cooling, the mixture was diluted with water and the resulting 
precipitate was collected by filtration, thoroughly washed with 
water, and dried (0.38 g, 93%): mp > 300 "C; lH NMR 6 1.14 
(8, int Me, 12 H), 2.07 (8,  MeCO, 12 H), 2.39 (8,  ext Me, 24 H), 
4.03 (8,  ArCH2Ar, 8 H), and 5.23 (8,  CH20Ac, 8 H); MS m/z 816 
(4, M+), 180 (100). Anal. Calcd for Cs2Hu08: C, 76.44; H, 7.89. 
Found: C, 76.03; H, 7.78. 

3,5,7,10,12,14,17,19,2 1 $4,26$8-Dodecamet hy 1[ 1 .l. 1.1 Imeta- 
cyclophane-4,11,18,25tetramethanol(17). A slurry of 16 (0.327 
g, 0.4 mmol) and anhydrous K2C03 (1.2 g) in abs EtOH-dioxane 
(2:l v/v, 30 mL) was refluxed with stirring for 24 h. After 
evaporation of the solvent, the residue was refluxed in water (20 
mL) for 0.5 h, fitered, and dried to give tetrol17 as a white powder 
(0.24 g, 93%): mp > 300 "C; 'H NMR (80 MHz, DMSO-d6) 6 1.06 
(8, int Me, 12 H), 2.37 (8,  ext Me, 24 H), 3.91 (8, ArCH2Ar, 8 H), 
4.51 (bs, CHzOH, 8 H), and 4.61 (m, CHzOH 4 H); MS m/z 648 
(100, M+). Anal. Calcd for CMH,B0,.H20; C, 79.23; H, 8.77. 
Found C, 78.99; H; 8.66. 

4,11,18,25-Tetraformyl-3,5,7,10,12,14,17,19,21,24,26,28- 
dodecamethyl[ l.l.l.l]metacyclophane (18). To a chilled and 
stirred slurry of 5 (1.77 g, 3.35 mmol) and C12CHOCH3 (2.45 mL, 
26.8 mmol) in CH2Clz (30 mL) was added dropwise a solution of 
SnCL (1.57 d, 13.4 "01) in CH2C12 (10 mL). After the addition 
was complete, an orange solution was obtained. The reaction 
mixture was stirred overnight, and the precipitate obtained was 
collected by filtration, washed with acidulated water and EtOH, 
and dried. Recrystallization from DMSO afforded the tetra- 
aldehyde 18 (1.27 g, 59%) as light yellow microcrystals: mp > 
300 "C; 'H NMR (DMSO-d6) 6 1.15 (8,  int Me, 12 H), 2.41, (8,  
ext Me, 24 H), 3.98 (bs, ArCHA, 8 H), and 10.54 (8, CHO, 4 H); 
MS, m/z 640 (3.7, M+), 612 [lo, (M - CO)'], 584 I34, (M - 2CO)+], 
556 (51, (M - 3CO)+], 528 [100, (M - 4CO)+]. Anal. Calcd for 
CMHls04.1.2(CH3)2SO~H20: C, 74.05; H, 7.66; S, 5.11. Found: 
C, 74.39; H, 7.71; S, 5.26. 

Structural  Analyses for Metacyclophanes 10,7, and 6. 
Details of the X-ray experimental conditions, cell data, data 
collection, and refinement for compounds 10,7, and 6 are sum- 
marized in Table SI (see supplementary material available par- 
agraphhZ5 In molecules 10 and 7, al l  non-hydrogen atoms were 
located in an E maps which gave early indication of hydroxyl 
disorder. A toluene of solvation was also observed, nestled up 
to the cup of the calix. In the refinement, all non-hydrogen atoms 
were allowed anisotropic motion except for 01C and 01D (the 
minor oxygen atom sites), which were refined isotropically with 
a fixed U of 5.0 A2. In the final refinement cycles for 10 all four 
oxygen atom sites 01x (x = A, B, C, D) were constrained geo- 
metrically (C-0 1.36 A) to the relevant Clx carbon with fixed 
occupancies (obtained previously from difference m a p  and initial 
isotropic refinement), the aromatic rings were constrained to be 
rigid hexagons ( G C  1.395 A) and hydrogen atoms were positioned 
on geometric grounds (C-H 0.95 A) and included as riding atoms 
in the structure factor calculations; no such costraints were used 
with molecule 7. The methyl hydrogens appeared to be disordered 
over two orientations and these were allowed for. The hydroxyl 
hydrogen could not be located for 10. In 7 two hydroxyl hydrogens 
(01A and 01B) were visible in difference maps but the hydrogens 
of the minor sites (01C and OlD) could not be located. In 
compound 6 to check on the Laue symmetry and optimize our 
chances of getting sufficient accurate data to allow solution of 
the structure, we collected data over three equivalent sections 
of reciprocal space and averaged them. The condi_tions governing 
diffraction (hkl only present if -h + k + 1 = 3n; hhOl only present 
if 1 = 3n together with the observed 3m Laue symmetry, allowed 
the space group to be either R32, R3c, or R3c. The E Statistics 
indicated space group R k ,  which was c o d i e d  by the analysis. 
Structure solution and refinement were comparable to those for 
molecule 7. Difference maps revealed that while there was no 
toluene of solvation adjacent to a calix cup, there was a potential 
solvent volume in the lattice situated about a site with 32 crys- 

(25) The authors have deposited atomic coordinates for structures 6, 
7, and 10 with the Cambridge Crystallographic Data Centre. The coor- 
dinates can be obtained, on request, from the Director, Cambridge, 
Crystallographic Data Centre, 12 Union Road, Cambridge, CB2 lEZ, UK. 
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tallographic symmetry. Careful electron-density studies around 
this site showed five small density peaks, but nothing which would 
make any chemical sense. We opted for treating these peaks as 
part of a highly disordered solvent system and assigned them as 
carbon atoms with occupancy factors appropriate to their peak 
heights. The figures were prepared with the aid of ORTEPIP 
and PLUTON.*' 

(26) Johnson, C. K. ORTEPII. Report ORNL-5138, Oak Ridge Na- 

(27) Spek, A. L. PLUTON Molecular Graphics Program; University 
tional Laboratory, TN, 1976. 

of Utrech: The Netherlands, 1991. 
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The keto aldehydes ~[6-oxo-l-(tetrahydropyranyloxy)cyclod~l]butanal (17), (~-4(Coxocyclodec-l-enyl)butanal 
(24), and 4(6-oxocyclodecylidene)butanal(7) have been synthesized. No bicyclo[4.4.4]tetradecadienes were found 
in the products from the zero-valent titanium reductive cyclization of compound 24. Instead, products arising 
from transannular reactions of the cyclodecyl ring system were isolated. l,6-Divinylbicyclo[4.4.0]decane (32) 
was obtained from the reductive cyclization of keto end  7. The most plausible route for its formation is through 
a Cope rearrangement of a bicyclo[4.4.4]tetradecene derivative, suggesting that an out-bicyclo[4.4.4]tetradece- 
nylbistitanium pinacolate 8 intervened. 

The strain inherent in bicyclo[4.4.4]tetradecane (1) was 
first suggested in a report' in 1974 and given a value de- 
rived from MM1 calculations. Further calculations have 
given rise to the suggesti0n~9~ that potentially there are 
three different isomers of bicyclo[4.4.4]tetradecane, the 
in,out-isomer 2, the out,out-isomer 1, and the in,in-isomer 
3, and that they are increasingly strained, in the order 
given. Calculations have also given rise to the suggestion3 
that the strain energies inherent in the corresponding 
bridgehead alkene derivatives are reduced over that of any 
of the saturated derivatives in this system. The term 
hyperstable olefin has been attached to such alkenes. 

Conceptually, one could construct the bicyclo[4.4.4]- 
tetradecane skeleton by an intramolecular coupling reac- 
tion of an intermediate cyclodecyl derivative. In this 
context, the zero-valent titanium (Ti(0)) coupling reaction4 
of a keto aldehyde such as 4 is appealing since it offers a 
route to the saturated derivative by way of the bridgehead 
alkene derivative. The success of this approach to bicy- 
clo[4.4.4]tetradecanes was clearly demonstrated by the 
synthesis of the in,out-isomer 2, via the in-alkene 5, by 
McMuny and Hodge.6 With a more convergent approach 
than that first reported, it might be possible to delay in- 
troduction of the bridgehead hydrogens until after the 
cyclization had been effected. That is, it might be possible 
to synthesize a bicyclo[4.4.4]tetradecadiene such as 6.6 

(1) Parker, W.; Tranter, R. L.; Watt, C. I. F.; Chang, L. W. K.; 
Schleyer, P. v. R. J. Am. Chem. SOC. 1974, 96, 7121. 

(2) Alder, R. W. Acc. Chem. Res. 1983,16,321. 
(3) M e r ,  W. F.; Schleyer, P. v. R. J.  Am. Chem. SOC. 1981,103,1891. 
(4) For a recent review em: McMurry, J. E. Chem. Reu. 1989,89,1513. 
(5) McMurry, J. E.; Hodge, C. N. J.  Am. Chem. SOC. 1984,106,6450. 
(6) The strain energies associated with, at least, four of the five pos- 

sible bridgehead dienes have been calculated and shown to be less, or 
comparable to, that calculated for the in-alkene 5: (a) Alder, R. W.; 
Arrowamith, R. J.; Bryce, M. R.; Eastment, P.; Orpen, A. G. J .  Chem. 
SOC., Perkin Trans. 2 1983,1519. (b) McEwen, A. B.; Schleyer, P. v. R. 
J.  Am. Chem. SOC. 1986, 108, 3951. 
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Reduction of such a diene would be expected to give the 
out,out-isomer 1. i t  is worth pointing out that the initial 
step, in the cyclization of a precursor such as 7, would give 
an out-alkene 8. The calculated strainsb energy for an 
out-alkene (182 kJ mol-') is lower than that calculated for 
an in,out-alkane (198 kJ mol-'). An in,out-alkane inter- 
mediate 9 must form in the step leading to the in-alkene 
5. 

An alternative ploy, which might allow the synthesis of 
an out,out-derivative, is to put a substituent larger than 
hydrogen at the pmbridgehead position in an intermediate 
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