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Molecules such as rotaxanes and catenanes that are non-
covalently interlocked by mechanical bonds between two or
more molecular components are of current interest. Their
synthesis is usually based on some kind of template assistence
such as the preorganization of building blocks by metal
coordination, hydrophobic and donor-acceptor interactions,
or hydrogen bonding.[1] Here we report on a new synthesis of
rotaxanes based on the action of a supramolecular nucleo-
phile, which is formed from the molecular recognition of an
anionic stopper by a tetralactam wheel.

Some examples of recognition of anions by neutral organic
ligands have been reported, and mostly feature several amide,
sulfonamide, or urea groups as the hydrogen bond donors.[2]

Macrocyclic lactams such as 1, which have often been used in
rotaxane and catenane syntheses,[1d] contain several aromatic
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amide groups, the NH protons of which point toward the
macrocycle center, as revealed by several X-ray structures.[3]

Tetralactam 1 a[4] (see Scheme 1) binds secondary amides in
CD2Cl2 where it clearly serves as a hydrogen-bond donor.[5]

Semirotaxane complexes with in situ formed amide semi-
axles[6] are most likely the decisive precursors[1d] in the
corresponding rotaxane and catenane syntheses. We set out
to elicit if anions that act as hydrogen-bond acceptors could
also be bound in a similar way even if it can be ruled out on
steric grounds that both isophthalic amide residues simulta-
neously contact one and the same anion.

Indeed, NMR experiments with tetrabutylammonium salts
of halides and some oxoanions in CD2Cl2 show the strong
downfield shifts of the NH protons typical for hydrogen
bonding; the ªinnerº (H-2) protons of the isophthalic acid
moieties of 1 a are likewise affected but to a somewhat lesser
extent.[7] Job plots confirm a 1:1 stoichiometry of the com-
plexes.[8] In some cases the binding is too tight for an
accurate determination of the association constants (probably
>105mÿ1) so that a 4:1 mixture of CD2Cl2 and CD3OD had to

be used for the titrations to reduce the affinities.[9] Mono-
sulfonamide trilactam 1 b also serves as host, but the binding
strength is considerably weaker, especially for halides. The
anion binding properties are summarized in Table 1.

These results encouraged us to investigate the affinity of the
macrocycles for organic anions that might serve as nucleo-
philes in SN reactions, to evaluate their possible application in
rotaxane syntheses. In fact, as revealed by NMR spectroscopy
under typical synthetic conditions (5 mm tetralactam 1 a,
CD2Cl2), phenolates, thiophenolates, and sulfonamide anions
are bound close to quantitatively.[10] Even if the association is
remarkably strong, it was not clear, however, if a complex of a
macrolactam such as 1 a with, for example, a phenolate
stopper or a phenolate axle center piece would be a suitable
template for a threading-type phenyl ether rotaxane synthesis,
since these anions would probably be positioned ªon topº of
the wheel rather than thread through it under formation of a
prerotaxane. The reaction of p-tritylphenolate 2 a, dibromide
3,[11] and wheel 1 a, nevertheless, produced the rotaxane 5 a in
the surprisingly high yield of 95 % (Scheme 1). This is

Table 1. Association constants Ka [mÿ1] (error �15 %) of the macrocycles 1a and 1 b with anions[a] determined by NMR titration at room temperature in
CD2Cl2.

Ligand Solvent Fÿ Clÿ Brÿ Iÿ AcOÿ NO3
ÿ H2PO4

ÿ

1a CD2Cl2 200 ±[b] ±[b] ±[b] 1.8� 105 ±[b] ±[b]

1a CD2Cl2/CD3OD (4/1) ±[c] 330 420 ±[d] 120 250 ±[d]

1b CD2Cl2 ±[c] 290 290 50 1.5� 104 60 2.4� 103

[a] The anions were added as tetrabutylammonium salts. [b] Ka is too high to be determined by NMR spectroscopy. [c] No binding detected. [d] Same order
of magnitude as Clÿ and Brÿ, but the shift values are small and the calculated values neither precise nor accurate.

Scheme 1. High-yielding anionic template synthesis of rotaxanes 5 with bis(phenyl ether) axles where phenolate ± wheel complexes [1 a ´ 2] act as
supramolecular nucleophiles for the reaction with semiaxles 4.
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probably the highest yield reported so far for this kind of
synthesis. We assume that in a first step the dibromide 3 reacts
with the stopper ± wheel complex [1a ´ 2a] to form the semi-
axle 4 a and probably causes subsequent dissociation of the
resulting semirotaxane complex.[12] Free 4 a then reacts with a
second phenolate ± lactam complex [1a ´ 2a]Ðwhich acts as a
supramolecular nucleophileÐto furnish the rotaxane 5 a.[13]

To the best of our knowledge this is the first case of a
rotaxane synthesis based on the assistence of an anionic
template. The yield of rotaxane 5 b with 3,5-di-tert-butyl-
phenolate 2 b as the stopper component was 57 %.[14] With this
smaller stopper the rotaxane is only metastable, that is, during
the course of the synthesis at room temperature the axle
slowly slips from the wheel and breaks the mechanical bond so
that the free components remain. The process of decay can be
monitored by NMR spectroscopy by the growth of signals of
the free components. About 10 % of dethreading is observed
during 48 h at room temperature in CDCl3.[15]

To sum up, lactam macrocycles exhibit strong affinities for
small inorganic anions as well as organic anions in nonpolar
solvents. Based on the latter we were able to introduce a new
anionic template synthesis of rotaxanes with high yield, which
possibly also opens the way for the formation of other types of
mechanically interlocked molecules such as catenanes and
knots. We are currently investigating the scope of application
for other organic anions such as thiophenolates, sulfonami-
dates, and carboxylates as well as carbanions.[16]

Experimental Section

5a : A mixture of 1a[4] (48.1 mg, 0.05 mmol), p-tritylphenol H-2 a (33.6 mg,
0.1 mmol, Lancaster), and dibromide 3[11] (18.4 mg, 0.05 mmol) in CH2Cl2

(10 mL) was stirred with solid K2CO3 (25 mg) for 7 d at room temperature.
The solid was removed by filtration, and the organic solution washed with
water and dried over MgSO4. Column chromatography on silica gel with
CH2Cl2/ethyl acetate (30/1) yielded 5a (89 mg, 0.048 mmol, 95 %) as a
white powder. M.p. 175 ± 177 8C; 1H NMR (250 MHz, CDCl3): d� 1.34 (s,
9H, tBu-CH3), 1.56, 1.68, and 2.34 (b, 4 H, 8 H, and 8 H, respectively,
cyclohexanediyl CH2), 1.93 (s, 24H, aryl CH3), 2.49 (s, 4 H, C2H4), 4.52 (s,
4H, OCH2), 6.49 and 6.90 (AA'BB', 8 H, J� 8.7 Hz, phenoxy H-2/6 and
H-3/5, respectively), 6.51 and 6.66 (AA'BB', 8H, J� 7.9 Hz, p-xylylene),
7.02 (s, 8H, amidophenyl), 7.1 ± 7.25 (m, 30H, trityl), 7.43 (s, 1 H,
isophthaloyl H-2), 7.60 (t, 1H, J� 7.7 Hz, isophthaloyl H-5), 7.65 (s, 1H,
isophthaloyl H-2), 8.12 (d, 2 H, J� 7.7 Hz, isophthaloyl H-4/6), 8.16 (s, 2H,
5-tBu-isophthaloyl H-4/6); 13C NMR (62.9 MHz, CDCl3): d� 18.83 (aryl
CH3), 23.00 (cyclohexanediyl CH2), 26.34 (cyclohexanediyl CH2), 31.16 (5-
tBu-isophthaloyl CH3), 35.31 (5-tBu-isophthaloyl Cq), 35.78 (cyclohexane-
diyl CH2), 37.45 (C2H4), 45.41 (cyclohexanediyl Cq), 64.28 (Ph3C), 69.86
(OCH2), 113.27 (CH), 121.37 (CH), 125.97 (CH), 126.32 (Cq), 126.92 (CH),
127.48 (CH), 127.66 (CH), 128.10 (CH), 129.27 (CH), 130.36 (Cq), 130.91
(Cq), 131.01 (CH), 131.11 (Cq), 132.02 (CH), 132.36 (CH), 134.32 (Cq),
134.57 (Cq), 134.77 (Cq), 140.05 (Cq), 140.94 (Cq), 146.79 (Cq), 148.82 (Cq),
156.28 (Cq), 165.01 (CO), 165.45 (CO); MALDI-MS: m/z : 1863.2 [M�].

5b : As above but 3,5-di-tert-butylphenol H-2 b (Aldrich) was used as the
stopper, 0.1 equivalents dibenzo[18]crown-6 were added to the mixture,
stirring was continued for 3 d, and the chromatography eluent was
petroleum ether (40 ± 60)/ethyl acetate (15/1). The yield was 57%.
M.p. 206 ± 208 8C; 1H NMR (250 MHz, CDCl3): d� 1.23 (s, 36 H, 3,5-di-
tBu-phenyl CH3), 1.38 (s, 9 H, isophthaloyl-tBu CH3), 1.56, 1.68, and 2.35
(b, 4 H, 8 H, and 8 H, cyclohexanediyl CH2), 1.94 and 1.95 (2 s, 12 H each,
aryl CH3), 2.45 (s, 4 H, C2H4), 4.58 (s, 4 H, OCH2), 6.45 and 6.60 (AA'BB',
8H, J� 7.9 Hz, p-xylylene H), 6.66 (s, 4H, phenoxy H-2/6), 7.04 ± 7.08 (m,
10H, phenoxy H-4 and amidophenyl), 7.58 (s, 1 H, isophthaloyl H-2), 7.62 (t,
1H, J� 7.7 Hz, isophthaloyl H-5), 7.74 (s, 1 H, isophthaloyl H-2), 8.16 (d,
2H, J� 7.7 Hz, isophthaloyl H-4/6), 8.21 (s, 2H, 5-tBu-isophthaloyl H-4/6);

13C NMR (62.9 MHz, CDCl3): d� 18.78 (aryl CH3), 22.97 (cyclohexanediyl
CH2), 26.32 (cyclohexanediyl CH2), 31.14 (tBu-isophthaloyl CH3), 31.33
(stopper-tBu CH3), 34.93 (stopper-tBu Cq), 35.30 (tBu-isophthaloyl Cq),
35.66 (cyclohexanediyl CH2), 37.56 (C2H4), 45.29 (cyclohexanediyl Cq),
69.96 (OCH2), 108.77 (stopper CH), 115.74 (stopper CH), 121.46 (CH),
124.17 (CH), 126.21 (CH), 126.78 (CH), 127.93 (CH), 128.62 (CH), 129.41
(CH), 130.34 (CH), 130.98 (Cq), 131.12 (Cq), 132.10 (CH), 134.38 (Cq),
134.48 (Cq), 134.66 (Cq), 134.78 (Cq), 140.80 (Cq), 148.62 (Cq), 148.74 (Cq),
152.60 (Cq), 154.16 (Cq), 157.92 (Cq), 164.96 (CO), 165.37 (CO); FAB-MS:
m/z : 1580.1 [MH�].
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Organophosphorus compounds are used in plasticizers,
pharmaceuticals, pesticides, and warfare agents. Owing to
their wide application, a variety of mass spectrometric
techniques have been suggested for their identification[1] and
used to study their gas-phase reactivity.[2] Phosphanylium ions
(phosphenium ions, RÿP�ÿR), for example, participate in
reactions that include insertion, proton transfer, hydride
abstraction, electron transfer, cluster formation,[2±4] and
[4�2�] cycloaddition.[5] However, most gas-phase ion chem-
ical studies of organophosphorus esters have been limited to
characterization of molecular ions and reactions of the ions
with their neutral precursors.[1, 4, 6] Methanol, formaldehyde,
and alkene eliminations are commonly observed fragmenta-
tion processes. The generation and reaction of phosphorus-
containing distonic ions has also received attention.[6a, 7]

Aiming to explore the chemistry of phosphoryl-containing
cations, and ultimately contribute to increased understanding
of the mechanism of hydrolysis of oxyphosphoranes[8] and
related phosphoryl-transfer reactions in biomolecules,[9] we
report here on the reactions of the phosphonium ions
CH3P(O)OCH3

� and CH3OP(O)OCH3
�. Alkyl-substituted

1,3-dioxolanes are chosen as the neutral reactants because of
their reactivity with the analogous acylium ions.[10, 11]

In solution, acyl transfer is a well-documented method of
converting aldehydes and ketones into acetals and ketals and
so protecting or, in the case of transacetalization, transferring
the carbonyl group. Eberlin et al. discovered and elucidated
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