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The Effect of Ring Size on Catenane Synthesis
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The synthesis of a [2]catenane with 87-membered rings was
improved and extended to [2]catenanes with 63- and 147-
membered rings. One of the key features is the carbonate
linkage between phenols with tolane substituents in the 2-
and 6-positions, which serves as a covalent template for the
geometrical arrangement of a macrocycle and a ring pre-
cursor. Subsequent cyclization of the threaded ring precursor
gives the precatenane as the main product, and this is con-
verted into the catenane by carbonate hydrolysis. As well as

the precatenane, its dumbbell shaped isomer is formed in the
cyclization step. From the known conformation of the tem-
plating carbonate moiety and the strong dependence of the
ratio of precatenane and dumbbell on the ring size, the
dumbbell's origin is attributed to the conformational flexibil-
ity of the large rings and not to geometrical ambiguity of the
carbonate moiety.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,

Introduction

The core of an efficient route to catenanes is the geo-
metrical arrangement of the building blocks prior to ring-
closure, in such a way that the two rings are entwined after
their formation. In early work by Schill!=3 and
Liittringhaus,['* covalent bonds were used to arrange the
building blocks. These procedures are very tedious. The
routes developed later by Dietrich—Buchecker and
Sauvage,0~1  Stoddart,l'"  Vogtle,['' 131 Hunter,'!
Leigh,!!>:161 and Fujital'”! use directing, non-covalent forces
such as complex formation, charge-transfer interaction, -
n-stacking, and hydrogen bonding for the geometrical or-
ganization of the building blocks and have found wide-
spread use. Some time ago, we reported on a strategy based
on a carbonate linkage between phenols with tolane sub-
stituents in the 2- and 6-positions as a covalent template to
achieve an appropriate geometrical arrangement of a ring
and a ring precursor.l'® This strategy proved to be very ef-
ficient for the synthesis of [2]catenane 9b, starting from ring
1b and ring precursor 5b(H) (Scheme 1). After conversion
of the ring 1b into the chloroformate 2b, the ring was thre-
aded onto the ring precursor Sb(Na) upon the formation
of the carbonate linkage. The terminal alkyne moieties of
product 6b were then dimerized to afford precatenane 7b as
the main product. The last step was the selective hydrolysis
of the carbonate linkage of 7b to provide [2]catenane 9b.
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The synthetic route was devised to allow for the forma-
tion of a chemically and geometrically widely variable fam-
ily of catenanes. One pivotal question concerned how vari-
able our strategy is in terms of ring size, because variability
of the ring size is an important prerequisite for study of the
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Scheme 1. a) Cl,CO, iPr,NEt, THF or CH-Cl,; b) NaH, THF;
¢) starting from 2, +5(Na), THF; d) CuCl, CuCl,, pyridine,
pseudo-high dilution; ¢) nBuyNF, THF, room temperature or 50

°C; ) Mel, K,CO;3;, DMF, 35—38 °C. For the precise structures see
the index

influence of the translational mobility of the rings on the
material properties of catenanes and their polymers. This
issue has not been addressed for the other routes mentioned
above. With one exception,!'”] only modest changes in ring
size have been made and systematic studies are completely
lacking.

A further important stimulus for us to vary the ring size
of the catenanes was given by the dumbbell shaped com-
pound 8b, found as a by-product in the synthesis of preca-
tenane 7b. The dumbbell 8b is a residual-topological iso-
mer?% of the precatenane 7b. In the precatenane the two
rings are entwined, while the rings of the dumbbell are not.
Both compounds are the result of intramolecular alkyne di-
merization, so the formation of 8b could be a hint that the
carbonate linkage is not an unambiguous template. We
took this possibility very seriously, because structural un-
ambiguity of a template is pivotal for efficient catenane syn-
thesis.

Here we present the synthesis of [2]catenanes with sub-
stantially differing ring sizes, discuss improvements of our
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synthetic route, and elucidate the formation of the dumb-
bells.

Results and Discussion

Synthesis of the Catenanes 9a—c

The starting compounds for the synthesis of the ca-
tenanes 9 are the macrocycles 12 and the cycle precursors
5(H).** In a first step, macrocycles 1 are converted into the
corresponding chloroformates 2. In our original procedure
we used triphosgene and triethylamine for this reaction.['®]
We later found that use of an excess of triethylamine re-
sulted in the formation of carbamates 3.125) Most probably
these are formed through an Arbusov-type reaction be-
tween the chloroformates 2 formed in situ and Et;N. Such
a reaction has been described, but only at higher tempera-
tures.?’) An excess of amine would be desirable to compen-
sate for losses due to hydrolysis of triphosgene and sub-
sequent formation of triethylammonium hydrochloride.
Furthermore, the large differences in the molecular masses
of macrocycles 1 and of Et;N makes a 1:1 dosage of 1 and
Et;N a challenge. In order to avoid carbamate formation
and to allow working with an excess of amine, Et;N was
substituted by the sterically demanding diisopropylethylam-
ine. Indeed, even in the presence of seven equivalents of
iPr,NEt, no carbamate was formed. Unexpectedly, there
was also no more formation of carbonate 8, which had been
detected as a minor side product when triphosgene and
Et;N were used.?”! However, 'H NMR spectroscopy re-
vealed that we had still not found the ideal procedure: the
chloroformate 2b obtained through the reaction between
macrocycle 1b, triphosgene, and iPr,NEt was contaminated
with a small amount of carbonate 4b.?81 Use of diphosgene
in place of triphosgene did not prevent the formation of
carbonate 4b, so we finally switched to phosgene. Use of
phosgene in combination with /Pr,NEt reproducibly gave
the chloroformates 2 in a quantitative and clean reaction.
Of course, working with the highly toxic gas phosgene
needs a very well thought out experimental procedure. With
the apparatus shown in the Supporting Information, safe
handling and working with small amounts of phosgene was
possible. For detection of any phosgene leakage we used
filter paper that had been soaked with a mixture of di-
phenylamine and 4-dimethylaminobenzaldehyde.l*”) When
exposed to phosgene, it turns deep yellow.

Threading of the ring is the next step. For that purpose
the ring precursors S(H) were deprotonated with sodium
hydride. Reaction of the resulting sodium phenolates
5(Na) with the chloroformates 2 gave the carbonates 6
(63—87%).13%1 In the previously published synthetic pro-
cedure for catenane 9b,['8! we had used a ring precursor
with trimethylsilyl groups as protecting groups for the ter-
minal alkyne moieties instead of Sb(H). As we experienced
later, though, use of trimethylsilyl and even triethylsilyl as
alkyne protecting groups resulted in ring precursors slightly
contaminated by species with chains of double length.
Monodisperse compounds could only be obtained through
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use of the triisopropylsilyl group,”* which is usually re-
moved by treatment with nBuy;NF. However, nBuy,NF will
not only remove the triisopropylsilyl groups but also cleave
the carbonate linkage,'® so the alkyne moieties have to be
deprotected prior to carbonate formation. Luckily, no al-
kyne protecting groups are needed during the threading, at
least as long as approximately one equivalent of NaH is
used, thus avoiding competition between sodium phenolate
and sodium acetylide for the chloroformate. Sodium acetyl-
ide will be formed in the presence of excess sodium hydride.
Not only does the modified procedure present the option
of working with monodisperse cycle precursors, but it also
saves one synthetic step, the removal of protecting groups,
at a very late stage of the catenane synthesis.

The carbonates 6 were slowly added to suspensions of
CuClI and CuCl, in pyridine.*'1 Under these pseudo-high
dilution conditions, the intramolecular alkyne dimerization
was strongly preferred over the intermolecular reaction, as
revealed by size exclusion chromatography (SEC) and the
isolated yields of 74—88%. Cyclization is accompanied by
a decrease in the hydrodynamic volume of the molecule and
thus by an increase in elution time from a SEC column.
Intramolecular cyclization, however, gives not only the pre-
catenanes 7 but also the dumbbells 8. These two products
have elution times too similar to be separable and thus dis-
tinguishable by SEC.[3? Unambiguous proof that mixtures
of 7 and 8 had indeed been obtained came from NMR spec-
troscopy. The 'H NMR spectra in all cases indicate the
presence of two compounds, which must have closely re-
lated structures because of their very similar NMR spectro-
scopic data. The data for the minor compounds are ident-
ical with those from the dumbbells 8a—c¢, which were pre-
pared separately from the sodium salt of 1 and triphosgene
or through the reaction between the sodium salt of 1 and
2. Chromatography of the crude product from the alkyne
dimerization served only to remove the oligomers. No at-
tempt was made to separate precatenanes 7 from the corre-
sponding dumbbells 8. Treatment of these mixtures with
nBuyNF in THF gave mixtures of catenanes 9 and macro-
cycles 1, the latter originating from the cleavage of the car-
bonate linkage of the dumbbells 8. That the macrocycles
1 are products of the carbonate cleavage step is taken as
additional evidence of the dumbbells 8 as by-products in
the cyclization step. The two products 9 and 1 can easily be
separated by standard column chromatography on silica
gel, as was shown for the isolation of 9a and 9b. Equally
well, it is possible first to perform a methylation of the phe-
nolic hydroxyl group and then to separate the catenanes 10
from the macrocycles 11. The latter procedure was carried
out for the preparation of 10b and 10c.

As in the case of catenane 9b, the structures of the two
new catenanes 9a and 10¢ were established by 'H and *C
NMR spectroscopy and mass spectrometry. The NMR
spectra of the catenanes 9 and 10 are very similar to those
of the corresponding macrocycles 1 and 11, respectively,3!
which proves the structural integrity of the catenanes.
The mass spectra of the catenanes confirmed the correct
masses. The field desorption mass spectrum of 9a shows
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signals at m/z = 2210.9, 1105.3, 736.6, and 552.7; these data
correspond well to the calculated figures for the singly up
to quadruply charged catenane (M*: 2210.9, M?": 1105.5,
M3*: 737.0, M**: 552.7). The MALDI-TOF spectrum
(dithranol, KO,CCF3;) of catenane 10c shows a signal at
mlz = 4818.9 and a very weak signal at 4780, which corre-
spond to the calculated figures for [M + K*] (4818.6) and
for M* (4779.5).134

The Origin of the Dumbbells 8a—c

As described above, the cyclization of 6a—c gave the pre-
catenanes 7a—c accompanied by the dumbbells 8a—c. The
formation of the latter compounds challenged the use of
carbonate as a covalent template. Compounds 6 are as-
sumed to adopt a conformation similar to that known for
carbonate 12 and structurally closely related carbonates,*°!
since the NMR spectroscopic data for 12 and those for the
corresponding parts of compounds 6 are nearly identical.
The two angular moieties of 12 that are linked through the
carbonate group intersect in such a way that the tolane sub-
stituents point towards the corners of a distorted tetra-
hedron with the carbonate group sitting in the middle of
the tetrahedron. This situation is illustrated as conformer
A in Scheme 2. Cyclization of A gives precatenane D. The
additional formation of dumbbells 8 may point to an equi-
librium between the conformers A and C. In C, the two
angular blocks are oriented approximately parallel to each
other and so ring and ring precursor are no longer en-
twined. Cyclization of C would give F, which may be one
of the conformers of dumbbells 8. However, the assumption
of an equilibrium between the conformers A and C is in
contradiction with the results of our 'H NMR spectro-
scopic investigation on the conformation and dynamics of
model carbonate 12 and related carbonates in THE.®! This
study revealed that, put simply, the angular moieties rotate
around the carbonyl group with the O—C,,,; bonds as the
axes of rotation and with the rotation of the two angular
moieties being coupled because the tolane substituents are
too long to allow them to pass each other. No hint of an
equilibrium between conformers corresponding to A and C
was found. An alternative explanation for the formation of
8 is an equilibrium between conformers A and B.371 If A
converts into B, the angular moiety folds back into the ring
and so the ring precursor unthreads. Such a conformational
change should be easily possible as a consequence of the
long, flexible alkyl chains as well as the ether linkage be-
tween the aliphatic chain and the angular, shape-persistent
moiety. Upon cyclization of B the dumbbell E is formed,
which, as conformer F, is one of the conceivable conformers
of compounds 8.3°1 With increasing ring size, the energies
of the two conformers A and B and so the probabilities of
the formation of 7 and 8 should become more and more
similar.9] Indeed, the ratios of (7a—c):(8a—c) were found
to be 6:1, 2.7:1, and 1.6:1 for the rings with 63, 87, and 147
ring atoms, respectively.[*!1 This result clearly supports the
conformational equilibrium between A and B as the origin
of the dumbbells. This finding points to a fundamental limi-
tation in the use of geometrical preorganization, such as is
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achieved with the carbonate for catenane synthesis, when
working with huge, rather flexible rings. Preorganization
similar to that achieved by the carbonate linkage was ob-
tained by Sauvagel® ! with a Cu'-phenanthroline complex
and more recently by Leigh™?! with a Zn>"-2,6-diiminopyri-
dine complex.™31 In these cases enlargement of the ring will
also give rise to dumbbell-shaped side products with the
additional feature that the ratio of precatenane and dumb-
bell will be influenced by the fairly easy ligand exchange.
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Scheme 2. For the precise structures see the index

Conclusion

The synthesis of [2]catenanes through the use of a car-
bonate linkage as a covalent template has been improved so
that monodisperse ring precursors can be used, the number
of steps is reduced, and the procedure for the formation of
the chloroformates, which are important synthetic inter-
mediates, is easy and reproducible. It has been shown that
the strategy is applicable to the synthesis of catenanes of
very different ring sizes, ranging from 63- to 147-membered
rings. The formation of dumbbells 8 as by-products in the
formation of precatenanes 7 is attributed to the confor-
mational flexibility of the macrocycles. Dumbbell formation
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is also to be expected when other templates are used. It is
therefore a general limitation for the efficiency of catenane
synthesis, especially if large ring sizes are aimed at. Never-
theless, even for the 147-membered ring the precatenane
was still the major product.

Experimental Section

General: All reactions were carried out under inert atmosphere in
dried Schlenk flasks. NaH is extremely hygroscopic, so the disper-
sion of NaH was stored and handled strictly under argon. Small
amounts were weighed by filling a shortened, dry NMR tube of
known weight under argon with the solid dispersion and determin-
ing the mass increase. The dispersion did not stick to the glass,
so quantitative transfer into the reaction vessel was possible. The
amounts of 1 and 2 were calculated on the basis of the determined
amount of NaH.

The starting materials 1 and 5(H) were synthesized as described.**
THF was dried over sodium/benzophenone. Diethyl ether used for
the extraction of chloroformates 2 was distilled from sodium/
benzophenone to remove the stabilizer. For flash chromatography
silica gel was used. The petroleum ether used had a boiling range
of 30—40 °C. The NMR spectra were recorded on a 300 MHz in-
strument at room temperature in CDCl; as solvent and internal
standard. The assignment of the 1*C NMR signals is in accordance
with Dept-135 measurements. The only exception is the signal of
C=CH. This signal does not appear in the DEPT spectrum, as we
have observed in a variety of compounds of the ArC=CH and
AlkC=CH type.*/ NMR spectroscopic data for the precursors
were also used for signal assignment.>* The subscripts a, B, v, 8,
and ¢ refer to the aromatic rings. The hydroxybenzoate moiety is
referred to as o. The benzene unit closest to the hydroxybenzoate
moiety is referred to as B, the benzene unit connected with Arg by
only one ethyne moiety is referred to as vy, the benzene unit connec-
ted with Ar, by the alkane chain is referred to as 6, and the remain-
ing benzene unit is referred to as €. For the numbering of the posi-
tions, ethyl 4-hydroxybenzoate is regarded as the substituted parent
compound. Melting points were either determined under ambient
atmosphere by use of a microscope with a heating table or in open
capillaries. In cases of liquid crystallinity, the transition tempera-
ture into the liquid crystalline phase determined by DSC is re-
ported.

Chloroformate 2a: Macrocycle 1a (2.00 g, 1.81 mmol) and then
N,N-diisopropylethylamine (0.45 mL, 2.57 mmol) were added to a
solution of phosgene (0.25mL, 3.62 mmol) in THF (20 mL).[43
Immediately a colorless solid precipitated. The reaction mixture
was stirred for 3 h at room temperature. Diethyl ether and HCI (2
N) were added. The organic phase was washed with HCI (2 N). The
combined aqueous phases were extracted with diethyl ether. The
combined organic phases were dried (MgSO,) and the solvent was
removed in vacuo to give chloroformate 2a (1.9 g, 89%) as a slightly
yellow solid. M.p. 191.0—191.5 °C. '"H NMR: & = 8.14 (s, 2 H,
H,), 7.62 (half of AA'XX', 4 H, Hg), 7.48 (half of AA’XX', 4 H,
H,-2,-6), 7.46 (half of AA'XX’, 4 H, Hg), 7.41 and 7.32 (AA'XX’,
4 H each, Hy), 6.88 (half of AA'XX', 4 H, H,-3,-5), 442 (q, J =
7.2Hz, 2 H, CO,CH,), 4.01 (t, J = 6.3 Hz, 4 H, ArOCH,), 2.39
(t,J = 7.0Hz, 4 H, CH,C=C), 1.77 (m, 4 H, OCH,CH,), 1.59 (m,
4 H, CH,CH,C=C), 141 (t, J = 7.2 Hz, 3 H, CH3), 1.5-1.2 (m,
28 H, CH,). >*C NMR: § = 165.1 (CO,), 159.3 (C,-4), 148.8, 148.2
(COCI, Cy-4), 135.2, 134.8 (Cg-1, C,-3.-5), 133.1 (C,-2,-6), 132.2
(CHj), 131.7 (Cp-3.-5), 131.5 (CHy), 131.3 (C,-2,-6), 130.2 (C,-1),
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128.9 (Cp-2,-6), 125.2 (Cs-1 or Cs-4), 124.1 (Cp-4), 120.6 (Cs-4 or
Cs-1), 1149 (C,-1), 1148 (C,-3,-5), 93.6 (CH,C=C), 91.0
(C=CAr,), 87.6 (ArgC=C), 81.9 (C=C—-C=(), 80.2 (CH,C=C),
75.2 (C=C—-C=C), 67.8 (ArOCH,), 61.5 (CO,CH,), 29.6—28.6 (8
signals), 25.6, 19.5 (CH,), 14.3 (CH;). CgoH7504Cl (1167.927):
calcd. C 82.27, H 6.47; found C 82.21, H 6.51. FD-MS: m/z (%) =
1167.0 (100) [M™] with 3’Cl-isotope peak at 1169.1, 583.5 (7)
[M2*],

Compound 6a: Cycle precursor Sa(H) (1.52 g, 1.37 mmol) was ad-
ded to a suspension of sodium hydride (60% suspension in mineral
oil, 60 mg, 1.44 mmol) in THF (160 mL). Gas evolution was ob-
served and the reaction mixture turned green-yellow. The chloro-
formate 2a (1.60 g, 1.37 mmol) was then added. After the reaction
mixture had been stirred for 19 h at room temperature, HCI (2 N)
and diethyl ether were added. The organic phase was washed with
HCI (2 N), and the combined aqueous phases were extracted with
diethyl ether. The combined organic phases were dried (MgSO,)
and the solvent was removed in vacuo. Flash chromatography
[petroleum ether/CH,Cl,, 1:1 v/v to elute 1a and 5a(H) and then
CH,Cl, to elute 6a] gave a mixture of la and Sa(H) (153 mg) as a
slightly yellow solid and 6a (2.7 g, 87%) as a slightly yellow solid.

Analytical Data of 6a: '"H NMR: § = 7.90, 7.85 (2 s, 2 H each,
H,), 7.60, 7.58 (two halves of two AA'XX', 4 H each, H,-2.-6),
7.41-724 (m, 32 H, Hp, Hs), 691, 6.90 (two halves of two
AA'XX', 4 H each, H,-3.-5),4.33,4.30 (2q, J = 7.1 Hz, 4 H each,
CO,CH,), 4.05 (t, J = 6.3 Hz, 4 H, ArOCH,), 3.99 (t, J/ = 6.6 Hz,
4 H, ArOCH,), 3.13 (s, 2 H, C=CH), 2.39 (m, 8§ H, CH,C=C(),
1.79 (m, 8 H, OCH,CH,), 1.58 (m, 8 H, CH,CH,C=C), 1.5—-1.2
(m, 62 H, CH,, CH3). '3*C NMR: § = 165.31, 165.26 (CO,), 159.28,
159.20 (C,-4), 147.5 (CO;), 147.2, 147.1 (C,-4), 135.6, 135.5,
135.34, 135.28 (C,-3,-5, Cp-1), 133.2 (C,-2,-6), 132.2, 131.9 (CHy),
131.6 (broad with shoulder at § = 313.7 ppm, Cg-3.-5, C4-2,-6),
131.5, 131.4 (CHj), 129.2, 129.1 (C,-1), 128.6 (Cp-2,-6), 125.1 (Cs-
1 or Cs-4 of ring), 124.7 (C;s-1 or Cs-4 of ring precursor), 123.22,
123.18 (Cg-4), 121.0 (C5-4 or Cs-1 of ring precursor), 120.5 (Cs-4
or Cs-1 of ring), 115.29, 115.28 (C,-1), 114.9 (C,-3,-5 of ring), 114.6
(C,-3,-5 of ring precursor), 93.6 (CH,C=C of ring), 92.7
(CH,C=C of ring precursor), 90.8, 90.7 (C=CAr,), 88.4, 88.3
(ArgC=C), 83.3 (C=CH), 81.9 (C=C—-C=(), 80.2 (CH,C=0(),
78.4 (C=CH), 75.1 (C=C—-C=0), 68.1, 67.8 (ArOCH,), 61.2
(CO,CH,), 29.7—28.6 (13 signals), 26.0, 25.6, 19.5, 19.4 (CH,),
14.3 (CHjy). C59H;5,01; (2238.954): caled. C 85.30, H 6.84; found
C 85.13, H 7.03. FD-MS: m/z (%) = 2238.7 (48) [M "], 1119.8 (100)
[M?21], 746.5 (60) [M3*].

Mixture of Precatenane 7a and Dumbbell 8a: Precatenane 7a was
prepared by the procedure given for the preparation of precatenane
7¢, starting from CuCl (6.44 g, 65.1 mmol) and CuCl, (1.11 g,
8.26 mmol) in pyridine (500 mL) and a solution of 6a (1.00 g,
0.45 mmol) in pyridine (92 mL) that was added to the copper salts
over 53 h. After completion of the addition, the reaction mixture
was stirred for an additional 24 h. Workup as described for 7c,
followed by flash chromatography (CH,Cl,), gave a mixture of 7a
and 8a in two fractions — first fraction (754 mg, 75%, 7a:8a =
16:1), second fraction (129 mg, 13%, 7a:8a =~ 2:1) — as slightly
yellow solids. "TH NMR: & = 7.87 (broad s, 4 H, H,), 7.60 (half of
AA'XX', 8 H, H,-2.-6), 7.33, 7.26 (AA’XX" with underlying broad
signals, 32 H, Hg, Hg), 6.92 (half of AA’XX’, 8 H, H,-3,-5), 4.31
(q, J = 7.1 Hz, 4 H, CO,CH,), 4.05 (t, J = 6.2 Hz, 8 H, ArOCH,),
2.37 (t, J = 7.0 Hz, 8 H, CH,C=C), 1.80 (m, 8 H, OCH,CH,),
1.6—1.2 (m, 70 H, CH,, CH3). *C NMR: § = 165.3 (CO,), 159.3
(C,-4), 147.4 (COs), 147.2 (Cy-4), 135.5 (C,-3.-5, Cp-1), 133.2 (C,-
2,-6), 132.2 (CHg), 131.6 (Cy-2.-6, Cg-3.-5), 131.5 (CHy), 129.2 (C,-
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1), 128.6 (very broad, Cp-2,-6), 125.1 (Cs-1 or Cs-4), 123.2 (Cp-4),
120.6 (Cs-1 or Cs-4), 115.4 (C,-1), 114.9 (C,-3.-5), 93.6 (CH,C=C),
90.8 (C=CAr,)), 88.5 (ArgC=0C), 819 (C=C-C=(), 80.2
(CH,C=C(), 75.1 (C=C—-C=C), 67.9 (ArOCH,), 61.2 (CO,CH,),
29.2—28.7 (7 signals), 25.7, 19.5 (CH,), 14.3 (CH;). Additional
NMR signals of low intensity assigned to 8a: '"H NMR: § = 7.85
(s, Hy), 7.56 (one signal of one half of AA’XX', H,-2,-6), 7.40 (half
of AA’XX', Hg or Hy), 6.84 (one signal of one half of AA'XX’,
H,-3,-5). B*CNMR: § = 159.1 (C,-4), 135.45 (C,-3,-5, Cy-1), 132.2
(CHj;), 75.3 (C=C—-C=C), 67.7 (ArOCH,), 28.4, 28.2, 25.2 (CH,).
Cs50H150011 (2236.938): caled. C 85.37, H 6.76; found C 84.91, H
6.69. FD-MS: m/z (%)= 2238.0 (55) [M*], 1119.2 (100) [M?*],
745.6 (20) [M37].

Catenane 9a and Ring la: A mixture of 7a and 8a (547 mg,
0.24 mmol; 7a:8a = 16:1) was dissolved in THF (12 mL), and
nBuyNF in THF (1 M, 1.23 mL, 1.23 mmol) was added. After the
reaction mixture had been stirred for 18 h at room temperature, 4]
it was worked up with CH,Cl, and water. The combined organic
phases were washed with water, dried (MgSO,), and concentrated
under reduced pressure. Flash chromatography (petroleum ether/
CH,Cl,, 1:2) gave 1a (37 mg; 7%) as a pale yellow solid and slightly
impure 9a (423 mg, 78%). Flash chromatography (CH,Cl,) of the
latter fraction gave catenane 9a (376 mg, 70%) as a pale yellow
solid.

Analytical Data of 9a: M.p. 180 °C. '"H NMR: § = 7.98 (s, 4 H,
H,), 7.56, 7.47 (AA'XX', 8 H each, Hg), 7.44 (half of AA'XX’, 8
H, H,-2,-6), 7.36, 7.27 (AA'XX’, 8 H each, H;), 6.84 (half of
AA'XX', 8 H, H,-3,-5), 5.71 (s, 2 H, OH), 4.34 (q, / = 7.2 Hz, 4
H, CO,CH,), 3.97 (t, J = 6.3 Hz, 8§ H, ArOCH,), 2.36 (t, J =
7.0 Hz, 8 H, CH,C=C), 1.74 (m, 8 H, OCH,CH,), 1.56 (m, 8 H,
CH,CH,C=C), 1.36 (t, / = 7.2 Hz, 6 H, CH;), 1.5—1.2 (m, 56 H,
CH,). *CNMR: 8 = 166.1 (CO,), 159.3 (C,-4), 153.4 (C,-4), 135.8
(Cg-1), 133.1 (C,-2,-6), 132.2 (CHy), 131.9 (Cg-3,-5), 131.5 (CHy),
131.2 (Cy-2,-6), 129.3 (Cp-2,-6), 128.3 (Cq-3.-5), 125.1 (Cs-1 or Cs-
4), 123.5, 123.2 (Cy-1, Cg-4), 120.6 (Cs-4 or Cs-1), 115.0 (C,-1),
114.7 (C,-3.-5), 93.6 (CH,C=C), 90.7 (C=CAr,), 87.8 (ArgC=0C),
82.0 (C=C—-C=(), 80.2 (CH,C=C(), 75.2 (C=C—-C=C), 67.9 (Ar-
OCH,), 60.9 (CO,CH,), 29.3—28.7 (5 signals), 25.8, 19.5 (CH,),
14.4 (CH;). Ci5sH15,010 (2210.944): FD-MS: m/z (%) = 2210.9
(15) [M*], 1106.3 (100) [M2*], 736.6 (5) [M3*], 552.7 (5) [M**].

Dumbbell 8a: Ring 1a (0.14 g, 0.13 mmol) was added to a suspen-
sion of sodium hydride (60% suspension in mineral oil, 5.0 mg,
0.13 mmol) in THF (50 mL). Gas evolution was observed and the
reaction mixture turned yellow-green. Chloroformate 2a (0.15 g,
0.13 mmol) was then added. After the reaction mixture had been
stirred overnight at room temperature, CH,Cl, and HCI (2 N) were
added. The organic phase was washed with HCI (2 N), and the
combined aqueous phases were extracted with CH,Cl,. The com-
bined organic phases were dried (MgSQO,), and the solvent was re-
moved in vacuo. Flash chromatography (petroleum ether/CH,Cl,,
1:1 v/v to elute starting material, then CH,Cl, to elute the product)
gave ring 1a (29 mg, 10%) as a pale yellow solid and dumbbell 8a
(219 mg, 77%) as a pale yellow solid. M.p. 120 °C. 'H NMR: § =
7.84 (s, 4 H, Hy), 7.56 (half of AA’XX", 8 H, H,-2,-6), 7.38 (half
of AA'XX’, 8 H, Hy or H;), 7.32 (half of AA’XX', 8 H, Hg or
H;), 7.23 (two halves of two AA’XX", 16 H, Hg, H), 6.87 (half of
AA'XX', 8 H, H,-3,-5), 430 (q, J = 7.1 Hz, 4 H, CO,CH,), 4.06
(t,J = 6.1 Hz, 8 H, ArOCH,), 2.33 (t, J = 7.3 Hz, 8 H, CH,C=C),
1.77 (m, 8 H, OCH,CH,), 1.6—1.4 (m, 16 H, CH,), 1.4—1.2 (m,
48 H, CH,), 1.30 (t, J/ = 7.0 Hz, 6 H, CH3). 3C NMR: § = 165.3
(CO,), 159.1 (C,-4), 147.8 (COs), 147.2 (Cy-4), 135.5, 135.4 (C,-3.-
5, Cg-1), 133.2 (C,-2,-6), 132.2 (CHj;), 131.7 (Cg-3,-5), 131.6 (C,-
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2,-6), 131.5 (CHy), 129.2 (C,-1), 128.6 (C-2,-6), 125.1 (Cs-1 or C-
4), 123.2 (Cg-4), 120.5 (Cs-4 or Cy-1), 115.4 (C,-1), 114.9 (C,-3.-5),
93.6 (CH,C=C), 90.8 (C=CAr,), 88.5 (ArgC=C), 81.9
(C=C—C=0), 80.1 (CH,C=C), 75.3 (C=C-C=C), 67.7 (Ar-
OCH,), 612 (CO,CH,), 29.1-28.2 (8 signals, CH,), 25.2
(CH,CH,C=C), 19.6 (CH,C=C), 143 (CH;). CsH,501
(2236.938): caled. C 85.37, H 6.76; found C 85.20, H 6.81.

Chloroformate 2b:*7! Macrocycle 1b (924 mg, 0.64 mmol) and then
N,N-diisopropylethylamine (0.25 mL, 1.4 mmol) were added to a
solution of phosgene (0.35 mL, 5.1 mmol) in CH,Cl, (10 mL).[*3
Upon addition of the amine, 1b went completely into solution. Ac-
cording to "H NMR of a small sample, the reaction was incomplete
after 3 h at room temperature, so more N,N-diisopropylethylamine
(0.3 mL, 1.7 mmol) was added. Three hours later, the reaction mix-
ture was cooled with an ice bath, and diethyl ether (20 mL) and
HCI (2 N) were added. To dissolve the precipitate, CH,Cl, (10 mL)
and diethyl ether (16 mL) were added. The organic phase was
washed several times with HCI (2 N), then with brine, and finally
dried (MgSO,). The solvent was removed in vacuo to give chloro-
formate 2b (923 mg, 96%) as a colorless solid. '"H NMR: § = 8.11
(s,2 H, H,), 7.60 (half of AA’XX', 4 H, Hg), 7.46 (half of AA"XX",
4 H, H,-2,-6), 7.45 (half of AA’XX', 4 H, Hg), 7.39 and 7.30
(AA'XX', 4 H each, H;), 6.86 (half of AA'XX', 4 H, H,-3,-5),
441 (q, J = 7.1Hz, 2 H, CO,CH,), 397 (t, J = 6.5Hz, 4 H,
ArOCH,), 2.38 (t, J = 7.0Hz, 4 H, CH,C=C), 1.77 (m, 4 H,
OCH,CH,), 1.58 (m, 4 H, CH,CH,C=C), 1.40 (t, / = 7.1 Hz, 3
H, CH3), 1.5—-1.2 (m, 76 H, CH,).

Compound 6b: Cycle precursor 5b(H) (396.8 mg, 0.27 mmol) was
added to a suspension of sodium hydride (60% suspension in min-
eral oil, 11.1 mg, 0.28 mmol) in THF (10 mL). Gas evolution was
observed and the reaction mixture turned green-yellow. Chloro-
formate 2b (413.4 mg, 0.27 mmol) was then added. After the reac-
tion mixture had been stirred overnight at room temperature, HCI
(2 N) was added. The organic phase was washed with HCI (2 N)
and brine, and the combined aqueous phases were extracted with
diethyl ether. The combined organic phases were dried (MgSO,),
and the solvent was removed in vacuo. Flash chromatography
(petroleum ether/CH,Cl,, 1:1 v/v) gave 6b (558 mg, 70%) as a
slightly yellow solid. For analytical data see.!'$]

Mixture of Precatenane 7b and Dumbbell 8b: Precatenane 7b was
prepared by the procedure given for the preparation of precatenane
7c, starting from a solution of 6b (978 mg, 0.34 mmol) in pyridine
(97 mL), which was added to the suspension of CuCl and CuCl,
in pyridine (identical to that described) over 39 h. After completion
of the addition, the reaction mixture was stirred for an additional
53 h. Workup as described for 7¢ followed by flash chromatography
(petroleum ether/CH,Cl,, 1:1.5 v/v) gave as the first fraction 1b
(11 mg) and as the second fraction a mixture (ca. 2.7:1) of 7b and
8b (770 mg, 79%) as a colorless solid. Another experiment with use
of an identical copper suspension and addition of the solution of
6b (1.31 g, 0.45 mmol) in pyridine (178 mL) over 71 h gave a mix-
ture (ca. 2.7:1) of 7b and 8b (1.06 g, 82%). For analytical data see
ref.[18]

Catenane 10b and Ring 11b: nBuy,NF in THF (I M, 2.5mL,
2.5 mmol) was added to a solution of a mixture (ca. 2.7:1) of 7b
and 8b (741 mg, 0.25 mmol) in THF (11 mL). The solution im-
mediately became fluorescent green. After the reaction mixture had
been stirred for 18 h at 50 °C, it was cooled with an ice bath, and
HCI (2 N, 1.5 mL) was added, whereupon the solution became pale
yellow and a precipitate formed. After addition of ethanol (15 mL)
and cooling with liquid N, the precipitate was isolated, washed
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with HCI (2 N), water, and finally with ethanol, and dried to give
a mixture of catenane 9b and ring 1b (737 mg, 100%) as a beige-
colored solid.*®! This mixture (737 mg, 0.51 mmol of OH groups)
was dissolved in THF (7mL) and DMF (7mL), and K,CO;
(154 mg, 1.11 mmol) and methyl iodide (0.4 mL, 6 mmol) were ad-
ded. The suspension was kept at 50 °C for 14 h. After cooling with
an ice bath, HCI (5 N) was added cautiously (gas evolution!). The
separating oil was dissolved in diethyl ether. The aqueous phase
was extracted with diethyl ether and the combined organic phases
were washed successively with HCI (5 N), water, saturated aqueous
Na,SO;, and water, and dried (MgSQO,). The solvent was removed
under reduced pressure. Flash chromatography (petroleum ether/
CH,Cl,, 1.5:1 — 1:1.4 v/v) gave as the first fraction 11b (148 mg,
20% over two steps) as a colorless solid and as the second fraction
catenane 10b (475 mg, 64% over two steps) as a colorless solid. The
products were freeze-dried using benzene.

Analytical Data for Ring 11b: 7., = 132 °C. '"H NMR: § = 8.03
(s, 2 H, Hy), 7.58 (apparent s, 8 H, Hg), 7.46 (half of AA'XX', 4
H, H,-2.-6), 7.39 and 7.30 (AA'XX’, 4 H each, H;), 6.86 (half of
AA'XX', 4 H, H,-3.-5), 438 (q, / = 7.1 Hz, 2 H, CO,CH,), 3.97
(t, J = 6.5Hz, 4 H, ArOCH,), 3.18 (s, 3 H, OCH;), 2.38 (t, J =
7.0 Hz, 4 H, CH,C=C), 1.77 (m, 4 H, OCH,CH,), 1.57 (m, 4 H,
CH,CH,C=C), 1.38 (t, J/ = 7.1 Hz, 3 H, CH,CH3), 1.5—1.2 (m,
76 H, CH,). '*C NMR: 8§ = 166.0 (CO,), 159.3 (C,-4), 158.8 (C,-
4),137.2, 135.2 (C,-3,-5, Cg-1), 133.1 (C,-2,-6), 132.3 (CHy), 131.5
(C4-2,-6), 131.6 (CH;), 131.4 (Cp-3.-5), 129.2 (Cp-2,-6), 126.5 (C,-
1), 125.2 (Cs-1 or Cs-4), 123.0 (Cg-4), 120.6 (Cs-4 or Cs-1), 115.1
(C,-1), 114.7 (C,-3,-5), 93.6 (CH,C=C), 90.3 (C=CAr,), 879
(ArgC=C), 82.0 (C=C-C=(), 802 (CH,C=0C), 752
(C=C—-C=C), 68.0 (ArOCH,), 61.1 (CO,CH,), 60.6 (OCHs),
29.6—28.7 (9 signals), 25.9, and 19.5 (CH,), 14.4 (CH,CHj).
Cio4H 2605 (1456.147): caled. C 85.78, H 8.72; found C 85.77, H
8.77.

Analytical Data for Catenane 10b: 7._., = 111 °C. '"H NMR: § =
8.03 (s, 4 H, H,), 7.57 (apparent s, 16 H, Hg), 7.45 (half of
AA'XX', 8 H, H,-2,-6), 7.38 and 7.29 (AA’XX"’, 8 H each, Hs),
6.84 (half of AA’XX’, 8 H, H,-3,-5), 438 (q, J = 7.1 Hz, 4 H,
CO,CH,), 3.95 (t, J = 6.5 Hz, 8 H, ArOCH,), 3.16 (s, 6 H, OCH3),
2.37 (t, J = 7.0 Hz, 8 H, CH,C=C), 1.76 (m, 8 H, OCH,CH,),
1.56 (m, 8 H, CH,CH,C=C), 1.38 (t, / = 7.1 Hz, 6 H, CH,CH,),
1.5-1.2 (m, 152 H, CH,). *C NMR: § = 166.0 (CO,), 159.3 (C,-
4), 158.8 (Cy-4), 137.2 and 135.2 (C,-3,-5, Cp-1), 133.0 (C,-2,-6),
132.2 (CHj), 131.6 (C,-2,-6), 131.5 (CHj), 131.4 (Cp-3.-5), 129.2
(Cp-2,-6), 126.5 (C,-1), 125.2 (Cs-1 or Cs-4), 123.0 (Cp-4), 120.6
(Cs-4 or Ci-1), 115.0 (C,-1), 114.6 (C,-3,-5), 93.6 (CH,C=C), 90.3
(C=CAr,), 87.9 (ArgC=0C), 82.0 (C=C—-C=C(), 80.2 (CH,C=C(),
75.2 (C=C—-C=C), 68.0 (ArOCH,), 61.1 (CO,CH,), 60.6 (OCHj;),
29.7-28.7 (9 signals), 25.9, and 19.6 (CH,), 14.4 (CH,CHj).
Cy03H25:010 (2912.294): caled. C 85.78, H 8.72; found C 85.74,
H 8.74.

Chloroformate 2¢:1*71 Macrocycle 1¢ (879 mg, 0.370 mmol) was ad-
ded to a solution of phosgene (0.3 mL, 4.3 mmol) in CH,Cl,
(12mL), followed by N,N-diisopropylethylamine (0.2 mL,
1.1 mmol).*3] Upon addition of the amine, 1¢ went completely into
solution. According to '"H NMR of a small sample the reaction
was incomplete after 3 h at room temperature, so more N,N-diiso-
propylethylamine (0.3 mL, 1.7 mmol) was added. Three hours later,
the reaction mixture was cooled with an ice bath and diethyl ether
and HCI (2 N) were added. The organic phase was washed several
times with HCI (2 N), then with brine, and finally dried (MgSO,).
The solvent was removed in vacuo to give chloroformate 2c
(879 mg, 97%) as an off-white solid containing traces of a product
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formed from diisopropylethylamine showing characteristic signals
at 4.30 and 3.45—3.25 ppm. This by-product can be removed by
extensive washing of the organic phase with HCI (2 N). However,
the material was used as obtained without further purification for
the next step to obtain 6¢c. '"H NMR: § = 8.11 (s, 2 H, H,), 7.60
(half of AA’XX', 4 H, Hyg), 7.46 (half of AA'XX', 4 H, H,-2,-6),
7.45 (half of AA’XX', 4 H, Hp), 7.40 and 7.31 (AA"XX", 4 H each,
H,), 7.03 (s, 4 H, H;), 6.86 (half of AA’XX', 4 H, H,-3,-5), 4.41
(q,J =17.1Hz,2 H, CO,CH,), 3.96 (t, J = 6.5 Hz, 4 H, Ar,OCH>),
3.70 (t, J = 6.6 Hz, 4 H, Ar;OCH,), 2.39 and 2.34 (2 t, J = 6.8 Hz,
4 H each, CH,C=C), 2.20 (s, 12 H, ArCH;), 1.76 (m, 8 H,
OCH,CH,), 1.55 (m, 8 H, CH,CH,C=C), 1.39 (t, J = 7.1 Hz, 3
H, CH,CH;), 1.5—1.2 (m, 152 H, CH,). C,70H,3,05Cl (2438.163).
FD-MS: m/z = 2439.8 (M™", 100%; accompanied by the isotope
peak at 2441.5, not baseline separated), 1220.6 (M>*, 40%), 813.7
(M3, 26%).

Compound 6¢: Cycle precursor Sc(H) (712.2 mg, 0.299 mmol) was
added to a suspension of sodium hydride (60% suspension in min-
eral oil, 12.1 mg, 0.30 mmol) in THF (17 mL). The yellow suspen-
sion was slightly heated to give a clear solution. Chloroformate 2¢
(730.5 mg, 0.299 mmol) was then added, followed by addition of
THF (1.5 mL) to wash down the chloroformate that had become
stuck on the flask’s wall. The solution slowly became turbid and
the color faded. After 22 h at room temperature, HCI (2 N) and
diethyl ether were added. The organic phase was washed with brine
and dried (MgSO,), and the solvent was removed under reduced
pressure. Flash chromatography (petroleum ether/CH,Cl,, 1:1 —
1:1.2 v/v) gave 6¢ (815 mg, 57%). The solvent was changed as soon
as the carbonate was detected at the outlet of the column. As a
first fraction, Sc¢(H) and 1¢ were eluted. To remove residual solvent,
the product was freeze-dried using benzene. The low yield is prob-
ably due to loss of material during several experiments to find the
best conditions for chromatographic isolation of 6¢. '"H NMR: § =
7.863, 7.858 (s, 2 H each, H), 7.56 (half of AA’XX’, 8 H, H,-2.-
6), 7.41—=7.26 (m, 32 H, Hg, H,), 7.03 (s, 8 H, H;), 6.88 (half of
AA'XX',8 H, H,-3,-5),4.31 (q, J = 7.1 Hz, 4 H, CO,CH,), 3.981,
3.975 (2t, J = 6.5 Hz, 4 H each, Ar,0CH,), 3.700, 3.695 2 t, J =
6.6 Hz, 4 H each, Ar;OCH,), 3.11 (s, 2 H, C=CH), 2.38 and 2.36
(2't, J = 6.8 Hz, 8 H each, CH,C=C), 2.200, 2.198, 2.196 (s, to-
gether 24 H, ArCHs;), 1.77 (m, 16 H, OCH,CH,), 1.55 (m, 16 H,
CH,CH,C=C), 1.31 (t, J = 7.1 Hz, 6 H, CH,CH;), 1.5—1.2 (m,
304 H, CH,). 3*C NMR: § = 165.3 (CO,), 159.3 (C,-4), 155.8 (Cs-
4), 147.6 (COs), 147.2 (C,-4), 135.6, 1354 (Cp-1, C,-3,-5), 133.2
(C,-2,-6), 132.2 (CH; of ring), 131.94, 131.89 (CH; of ring precur-
sor, CHy), 131.7 (broad, Cg-3,-5, C,-2,-6), 131.5 (CH, or ring),
131.4 (CH; or ring precursor), 130.9 (Cs-3,-5), 129.2 (C,-1), 128.6
(Cp-2,-6), 125.2 (C,-1 or C,-4 of ring), 124.7 (C,-1 or C.-4 of ring
precursor), 123.3 (Cg-4), 121.0 (C;-4 or C.-1 of ring precursor),
120.6 (C.-4 or C.-1 of ring), 119.1 (Cs-1), 115.3 (C,-1), 114.66,
114.63 (C,-3,-5), 93.6 (CH,C=CAr, of ring), 92.8 (CH,C=CAr,
of ring precursor), 90.8 (C=CAr,), 89.0 (CH,C=CAr;), 88.3,
(ArgC=C), 83.4 (C=CH), 82.0 (C=C—C=C(), 80.39, 80.36 and
80.3, 80.1 (CH,C=C(), 78.3 (C=CH), 75.2 (C=C—-C=C), 72.4 (Ar-
sOCH,), 68.14, 68.11 (Ar,0CH,), 61.3 (CO,CH,), 30.4—28.6 (17
signals), 26.12, 26.09, 26.01, 19.51, 19.47, and 19.37 (CH,), 16.1
(ArCH3), 14.3 (CH,CH3). C339H4640,5 (4777.426): caled. C 85.19,
H 9.79; found C 85.06, H 9.83.

Mixture of Precatenane 7c¢ and Dumbbell 8c: CuCl (643 g,
65.0 mmol) and CuCl, (1.12 g, 8.3 mmol) were added to pyridine
(1 L) and the resulting suspension was heated to 50 °C for 30 min
to dissolve most of the copper salts. After the mixture had cooled
to room temperature, a solution of 6c¢ (763 mg, 0.16 mmol) in pyri-

3418 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

dine (75 mL) was added by syringe pump over 30 h. After the reac-
tion mixture had been stirred for an additional 90 h, pyridine was
removed (45 °C bath temperature, 10 mbar) and the residue was
suspended in CH,Cl,. The suspension was cooled with a dry ice —
acetone bath and sufficient cold HCI (5 N) was added to dissolve
all of the copper salts. The aqueous phase was extracted with
CH,Cl,, and the combined organic phases were washed with HCI
(2 N) and dried (MgSO,). The solvent was removed under reduced
pressure. Flash chromatography (petroleum ether/CH,Cl,, 1:1 v/v)
gave a mixture (ca. 2:1) of 7¢ and 8¢ (627 mg, 82%) as a pale yellow
solid. The material was freeze-dried from benzene to remove re-
sidual solvent. '"H NMR: § = 7.86 (broadened s, 4 H, H, of 7c¢),
7.85 (s, 4 H, H, of 8¢), 7.57, 7.56 (two halves of two AA'XX', 8
H, H,-2,-6), 7.402, 7.396 (two halves of two AA’XX', 8 H, H,),
7.313, 7.307 (two halves of two AA'XX', 8 H, H), 7.37 and 7.28
(broadened, 8 H each, Hg), [The overall integration of signals be-
tween 7.42 and 7.25 gives the correct value. Distribution of signal
intensity has been made in accordance to the proposed structure.],
7.03 (s, 8 H, Hj), 6.89, 6.88 (two halves of two AA'XX', 8 H, H,-
3,-5),4.31(q, J = 7.1 Hz, 4 H, CO,CH,), 3.98 (t, / = 6.5Hz, 8 H,
Ar,OCH,), 3.70 (t, J = 6.6 Hz, 8 H, Ar;OCH>), 2.39 and 2.34 (2
t, J = 6.8 Hz, 8 H each, CH,C=C), 2.20 (s, 24 H, ArCH;), 1.78
(m, 16 H, OCH,CH,), 1.55 (m, 16 H, CH,CH,C=C), 1.31 (t, J =
7.1 Hz, 6 H, CH,CH;), 1.5—1.2 (m, 304 H, CH,). 3C NMR: § =
165.3 (COy), 159.3 (C,-4), 155.8 (Cs-4), 147.5 (COs), 147.2 (C,-
4), 135.6, 135.4 (Cg-1, C,-3,-5), 133.2 (C,-2,-6), 132.2 (CH,), 131.9
(CHs), 131.67 (broadened, with shoulder at 8 = 131.70 ppm, Cg-
3,-5, C4-2,-6), 131.5 (CH,), 130.9 (Cs-3.-5), 129.2 (C,-1), 128.6
(broad, Cg-2,-6), 125.2 (C,-1 or C,-4), 123.3 (broad, Cg-4), 120.6
(Cs-4 or C,-1), 119.1 (Cs-1), 1153 (C,-1), 114.7 (C,-3,-5), 93.6
(CH,C=CAr,), 908 (C=CAr,), 89.0 (CH,C=CAr;), 883
(ArgC=C), 82.0 (C=C—-C=(), 80.4 and 80.3 (CH,C=C(), 75.2
(C=C-C=C), 72.4 (Ar;0CH,), 68.1 (Ar,0CH,), 61.3 (CO,CH.),
30.4—28.6 (12 signals), 26.1, 26.02, 25.99, 19.5, and 19.4 (CH,),
16.1 (ArCH3), 14.3 (CH,CH3). C339Hy6,0,5 (4777.410): caled. C
85.23, H 9.75; found C 85.08, H 10.00.

Mixture of Catenane 9c¢ and Ring 1c: nBuyNF in THF (1 M,
1.15mL, 1.15 mmol) was added to a solution of a mixture (ca. 2:1)
of 7¢ and 8¢ (540 mg, 0.113 mmol) in THF (6 mL). The solution
immediately became fluorescent green. After the reaction mixture
had been stirred for 15 h at 50 °C, it was cooled with an ice bath
and HCI (2 N, 2 mL) was added, whereupon the solution became
pale yellow and a precipitate formed. After addition of ethanol
(20 mL), the precipitate was isolated, washed with HCI (2 N) and
finally with ethanol, and dried to give a mixture (ca. 1:1 mol ratio)
of 9¢ and 1¢ (525 mg, 98%) as a beige-colored solid. The '"H NMR
signals are assigned to 9¢ and 1¢ according to the signal intensity
and in agreement with the known data of ring 1¢.24 'H NMR
spectroscopic data of 9¢: 6 = 7.98 (s, 4 H, H,,), 7.60, 7.52 (AA'XX",
8 H each, Hp), 7.455 (half of AA’XX’, 8 H, H,-2,-6), 7.398 and
7.310 (AA'XX’, 8 H each, H,), 7.03 (s, 8 H, Hs), 6.85 (half of
AA'XX', 8 H, H,-3,-5), 5.76 (s, 2 H, OH), 4.361 (q, J = 7.1 Hz, 4
H, CO,CH,), 3.95 (t, J = 6.5Hz, 8 H, Ar,0CH,), 3.69 (t, J =
6.6 Hz, 8 H, ArsOCH,), 2.39 and 2.34 (2 t, J = 6.8 Hz, 8 H each,
CH,C=C), 2.20 (s, 24 H, ArCH;), 1.76 (m, 16 H, OCH,CH,), 1.56
(m, 16 H, CH,CH,C=C), 1.37 (t, J = 7.1 Hz, 6 H, CH,CH,),
1.5—1.2 (m, 304 H, CH,).

Catenane 10c and Ring 11¢:*! K,CO;5 (58 mg, 0.42 mmol) and
methyl iodide (0.12 mL, 1.9 mmol) were added to a solution of a
mixture (ca. 1:1) of 9¢ and 1c (515 mg, 0.22 mmol of OH groups)
in THF (SmL) and DMF (4 mL). The suspension was kept at
45—48 °C for 13 h. After cooling with an ice bath, HCI (5 N) was
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added cautiously (gas evolution!). After addition of water, the pre-
cipitate was isolated, washed successively with HCI (5 N), water,
and ethanol, and dried. Flash chromatography (petroleum ether/
CH,Cl,, 10:7.5 — 1:1 v/v) gave as the first fraction ring 1lc
(161 mg, 31%) as a colorless solid and as the second fraction ca-
tenane 10c (320 mg, 62%) as a colorless solid. The products were
freeze-dried using benzene.

Analytical Data of Ring 11¢: T,_s,o = 73.4 °C. '"H NMR: § =
8.03 (s, 2 H, H,), 7.58 (apparent s, 8 H, Hp), 7.47 (half of AA’XX’,
4 H, H,-2,-6), 7.40 and 7.31 (AA'XX’, 4 H each, H;), 7.04 (s, 4 H,
Hs), 6.86 (half of AA'XX’, 4 H, H,-3,-5), 438 (q, J/ = 7.1 Hz, 2
H, CO,CH,), 3.96 (t, J = 6.5Hz, 4 H, Ar,0CH,), 3.70 (t, J =
6.6 Hz, 4 H, Ar;OCH,), 3.19 (s, 3 H, OCHs;), 2.39 and 2.35 (2 t,
J = 6.8 Hz, 4 H each, CH,C=C), 2.20 (s, 12 H, ArCH3), 1.75 (m,
8 H, OCH,CH,), 1.55 (m, 8 H, CH,CH,C=C), 1.38 (t, / = 7.1 Hz,
3 H, CH,CH3), 1.5-1.2 (m, 152 H, CH,). 3C NMR: § = 166.0
(COy), 159.3 (C,-4), 158.8 (C,-4), 155.8 (Cs-4), 137.2, 135.2 (Cg-1,
Cy-3.-5), 133.1 (C,-2,-6), 132.3 (CH,), 132.0 (CHj), 131.7 (Cy-2.-
6), 131.5 (CH,), 131.4 (Cg-3.-5), 130.9 (Cs-3.-5), 129.2 (Cg-2,-6),
126.5 (Cy-1), 125.2 (C.-1 or Cy-4), 123.0 (Cp-4), 120.6 (C;-4 or C,-
1), 119.0 (Cs-1), 115.0 (C,-1), 114.6 (C,-3.-5), 93.6 (CH,C=CAr,),
90.3 (C=CAr,), 89.0 (CH,C=CAr;), 87.8 (ArgC=C), 82.0
(C=C—-C=(), 80.4 and 80.3 (CH,C=C(), 75.2 (C=C—-C=C), 724
(ArsOCH,), 68.1 (Ar,0OCH,), 61.1 (CO,CH,), 60.6 (OCHs),
30.4—28.6 (10 signals), 26.1, 26.0, 19.5, and 19.4 (CH,), 16.1
(ArCH3;), 14.4 (CH,CH3). C,70H23407 (2389.735): caled. C 85.44,
H 9.87; found C 85.45, H 10.07. FD-MS: m/z (%) = 2390.2 (100)
[M*], 1196.7 (86%) [M>*], 796.6 (24) [M3*].

Analytical Data of Catenane 10c: 7. g, = 70.6 °C. 'H NMR:
8 = 8.03 (s, 4 H, H,), 7.57 (apparent s, 16 H, Hg), 7.45 (half of
AA'XX', 8 H, H,-2,-6), 7.40 and 7.31 (AA'XX', 8 H each, H,),
7.03 (s, 8 H, Hy), 6.85 (half of AA’XX’, 8 H, H,-3,-5), 438 (q, J =
7.1 Hz, 4 H, CO,CH,), 3.95 (t, J = 6.5 Hz, 8 H, Ar,OCH>), 3.69
(t, J = 6.6 Hz, 8 H, ArsOCH,), 3.19 (s, 6 H, OCH3), 2.38 and 2.34
(2t,J = 6.8 Hz, 8 H each, CH,C=C), 2.19 (s, 24 H, ArCHs3), 1.75
(m, 16 H, OCH,CH,), 1.54 (m, 16 H, CH,CH,C=C), 1.38 (t, J =
7.1 Hz, 6 H, CH,CH3), 1.5—1.2 (m, 304 H, CH,). 3C NMR: § =
166.0 (COy), 159.3 (C,-4), 158.8 (C,-4), 155.8 (Cs-4), 137.2, 135.2
(Cp-1, Cy-3.-5), 133.1 (C,-2,-6), 132.2 (CH,), 131.9 (CHy), 131.7
(Cy-2,-6), 131.5 (CH,), 131.4 (Cg-3.-5), 130.9 (C;-3,-5), 129.2 (Cp-
2,-6), 126.5 (C,-1), 125.2 (C¢-1 or C.-4), 123.0 (Cg-4), 120.6 (C.-4
or C,-1), 119.0 (Cs-1), 115.0 (C,-1), 1146 (C,-3,-5), 93.6
(CH,C=CAr;), 90.3 (C=CAr,), 89.0 (CH,C=CAr;), 87.8
(ArgC=C), 82.0 (C=C—-C=C(), 804 and 80.2 (CH,C=C(C), 75.2
(C=C-C=0C), 72.4 (Ar;0CH,), 68.1 (Ar,0CH,), 61.1 (CO,CH,),
60.6 (OCHj;), 30.4—28.6 (10 signals), 26.1, 26.0, 19.5, and 19.4
(CH,), 16.1 (ArCHs3), 14.4 (CH,CHj). Cs40Hy63014 (4779.470):
caled. C 85.44, H 9.87; found C 85.80, H 10.20. MALDI-TOF
(dithranol, KO,CCF3): m/z = 4818.9 [M + K™], 4780 (very low
intensity) [M*].

Dumbbell 8c: Macrocycle 1¢ (146.5 mg, 0.062 mmol) was added to
a suspension of sodium hydride (60% suspension in mineral oil,
3.4 mg, 0.09 mmol) in THF (3 mL). After the gas evolution had
ceased, chloroformate 2¢ (150.5 mg, 0.062 mmol) was added, fol-
lowed by addition of THF (1 mL) to wash down the chloroformate
that had become stuck on the flask’s wall. The solution slowly be-
came turbid. After 22 h of stirring at room temperature, the reac-
tion mixture was cooled with an ice bath. HCI (2 N) and then water
was added. The yellow precipitate was isolated, and washed with
water and finally with ethanol. Flash chromatography (petroleum
ether/CH,Cl,, 1.5:1 v/v to elute starting compounds, then petro-
leum ether/CH,Cl,, 1:1 — 1:1.2 v/v to elute the product) gave 8c
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(237 mg, 80%) as a pale yellow solid. 7,_,;. = 70.8 °C. 'H NMR:
8 =7.86(s,4 H, Hy), 7.56 (half of AA'XX", 8 H, H,-2,-6), 7.40 and
7.31 (AA'XX’, 8 H each, H,), 7.38 and 7.28 (slightly broadened, 8
H each, Hp), 7.04 (s, 8 H, H;), 6.88 (half of AA'XX’, 8 H, H,-3,-
5), 431 (q, J = 7.1 Hz, 4 H, CO,CH,), 3.98 (t, / = 6.5Hz, 8 H,
Ar,OCH>), 3.70 (t, J = 6.6 Hz, 8 H, ArsOCH,), 2.39 and 2.35 (2
t, J = 6.8 Hz, 8 H each, CH,C=C), 2.20 (s, 24 H, ArCH>), 1.78
(m, 16 H, OCH,CH,), 1.55 (m, 16 H, CH,CH,C=C), 1.31 (t, J =
7.1 Hz, 6 H, CH,CH3), 1.5—1.2 (m, 304 H, CH,). *C NMR: § =
165.3 (COy), 159.3 (C,-4), 155.8 (Cs-4), 147.6 (CO;), 147.1 (C,-
4), 135.2, 135.3 (Cp-1, C,-3,-5), 133.2 (C,-2,-6), 132.2 (CH,), 131.9
(CHjs), 131.65 (broadened, with shoulder at 8 = 131.70 ppm, Cg-
3,-5, Cy-2,-6), 131.5 (CH,), 130.9 (Cs-3,-5), 129.2 (C,-1), 128.6 (Cg-
2,-6), 125.2 (C;-1 or C,-4), 123.3 (Cp-4), 120.6 (C,-4 or C,-1), 119.0
(Cs-1), 115.3 (C,-1), 114.6 (C,-3,-5), 93.6 (CH,C=CAr,), 90.8
(C=CAr,), 89.0 (CH,C=CAr;), 882 (ArgC=C), 819
(C=C—-C=(), 80.4 and 80.2 (CH,C=C(), 75.2 (C=C-C=C), 72.4
(Ar;OCH,), 68.1 (Ar,0CH,), 61.2 (CO,CH,), 30.3—28.6 (10 sig-
nals), 26.1, 26.0, 19.5, and 19.3 (CH,), 16.1 (ArCHjy), 14.3
(CH,CHs;). C339H46,0,5 (4777.410): caled. C 85.23, H 9.75; found
C 85.27, H 9.80.

The Supporting Information (see footnote on the first page of this
article) shows the apparatus for working with phosgene and the 'H
NMR spectra of compounds 1a, 2b, 2¢, 9a, 10c¢, and 11c.
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