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Template-Directed Syntheses, Spectroscopic Properties, and Electrochemical
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Catenanes composed of two, three, five, or seven interlocked
macrocycles have been synthesized in yields ranging from 1
to 30%. Their template-directed syntheses rely on a series
of cooperative noncovalent bonding interactions between n-
electron rich 1,5-dioxynaphthalene ring systems and n-elec-
tron deficient bipyridinium units which are incorporated
within the macrocyclic components. The interlocked struc-
ture associated with one of the [3]catenanes was demon-
strated unequivocally by single crystal X-ray analysis which
also revealed the formation of polar stacks stabilized by in-
termolecular [n[If] interactions. The number of interlocked
components of each catenane was determined by liquid sec-
ondary ion, matrix-assisted laser desorption ionization/time-

of-flight, and/or electrospray mass spectrometries. The ab-
sorption spectra, emission spectra, and electrochemical prop-
erties of the macrocyclic components and of the catenanes
have been investigated. Two kinds of charge-transfer absorp-
tion bands (intramolecular in the cyclophanes containing
electron-donor and electron-acceptor units, intercomponent
in the catenanes) have been found. Such charge-transfer ex-
cited states are responsible for the quenching of the poten-
tially fluorescence units of the cyclophanes, and of the crown
ethers in the catenanes. Charge-transfer electronic interac-
tions are also evidenced by the electrochemical behavior.
Correlations among the redox potentials of the various com-
pounds are reported and discussed.

Introduction

The tetracationic cyclophanes 14*—3*" incorporatel!l
(Figure 1) complementary m-electron deficient and m-elec-
tron rich recognition sites. As a result of [rlI] stacking
interactions, these self-complementary® molecules can re-
cognize one or more identical copies of themselves to self-
assemble into well-defined supramolecular arrays in the
solid statel!l and on solid surfaces.[*l In addition, they can
bind!"-*! m-electron rich guests inside their cavities, once
again, as a result of [nIf] stacking interactions which can
be supplemented by [C-HIOD] and [C-HIIR] interac-
tions.7! This recognition motif has been employed to syn-
thesizel>®! three [3]catenanest each incorporating the tetra-

IF Part 56: R. Ballardini, V. Balzani, W. Dehaen, A. E. Dell’Erba,
F. M. Raymo, J. F. Stoddart, M. Venturi, Eur. J Org Chem.
2000, 591-602.

[l School of Chemistry, University of Birmingham,

Edgbaston, Birmingham, B15 2TT (UK)

] Dipartimento di Chimica “G. Ciamician”,
Universita di Bologna,
via Selmi 2, 40126 Bologna (Italy)

Fax: (internat.) +39-051/209-9456
E-mail: vbalzani@ciam.unibo.it

[l Department of Chemistry and Biochemistry,
University of California, Los Angeles,

405 Hilgard Avenue, Los Angeles, CA 90095-1569 (USA)
Fax: (internat.) +1-310/206-1843
E-mail: stoddart@chem.ucla.edu

4" Department of Chemistry, Imperial College,
South Kensington, London, SW7 2AY (UK)
Fax: (internat.) +44-171/594-5835

Eur. J. Org. Chem. 2000, 11211130

0 WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

cationic cyclophane 2** and two identical dioxyarene-based
macrocyclic polyethers. In order to explore further the abil-
ity of these self-complementary cyclophanes to form [r]cat-
enanes, we have envisaged the possibility of interlocking the
tetracationic cyclophanes 14*-3*" with the macrocyclic po-
lyethers 4, 5, and 6 incorporating!'”! (Figure 1) two, three,
and four 1,5-dioxynaphthalene recognition sites.''l Here,
we report (i) the template-directed syntheses of three [2]ca-
tenanes, five [3]catenanes, one [5]catenane, and one [7]ca-
tenane incorporating the macrocyclic components illus-
trated in Figure 1, (ii) the X-ray crystal structure of a [3]ca-
tenane incorporating the tetracationic cyclophane 3** and
two macrocyclic polyethers 4, (iii) the liquid secondary ion,
the matrix-assisted laser desorption ionization/time-of-
flight, and the electrospray mass spectrometric investi-
gations of all ten catenanes, (iv) the absorption spectra of
the cyclophanes 24" and 3*", the macrocyclic polyethers 5
and 6, and four of the [3]catenanes, (v) the fluorescence
spectra of the macrocyclic polyethers 5 and 6, and (vi) the
electrochemical properties of the cyclophanes 2** and 3**,
the macrocyclic polyether 6, and four of the [3]catenanes.

Results and Discussion

Synthesis
Reaction of the dibromides 7, 8, and 9 with the corres-
ponding  bis(hexafluorophosphate)  salts 10 [(2 PFy,
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Figure 1. The bipyridinium-based tetracationic cyclophanes
1[4 PF¢, 2 (% PF,, and 3 [(# PF¢, and the 1,5-dioxynaphthalene-
based macrocyclic polyethers 4-6

11 [2 PFg, and 12 [2 PFg, respectively, in the presence of
the macrocyclic polyether 4 afforded!'” (Scheme 1) the
[3]catenanes 16 [4 PF4 (1%), 17 4 PF4 (30%), and
18 (4 PF (4%), respectively, after precipitation with an ex-
cess of NH4PF. In the case of the m-phenylene-containing
compounds 7 and 10 [2 PFg, the [2]catenane 13 [4 PF4 was
also isolated in a yield of 6%. Reaction of the dibromides 7
and 8 with the corresponding bis(hexafluorophosphate)
salts 10 [2 PF, and 11 [2 PFg, respectively, in the presence
of the larger macrocyclic polyether 5 afforded (Scheme 2)
the [2]catenane 19 (¥ PFs (26%) and the [3]catenane
22 [ PF¢ (21%), respectively. Reaction of the dibromide 8
with 11 [2 PFy in the presence of the even larger macro-
cyclic polyether 6 afforded (Scheme 3) the [2]catenane
23 (4 PF¢, the [3]catenane 24 [4 PF4, the [5]catenane

1122

ok =<
7 8 9 i
A B (o] =
102PFg  11s2PFg  122PF; /©\__V_ g
N -O-=—1 s
% o 0h 8-
® =-|:|:l- c
Ix} o./

1) DMF /12 kbar /20°C/5d

A

3'4PF6 6% 4'4PF5 O'% 5’4PF6 %

M) i) i)

i B S

184PF;  [4% ]

2) NH4PFg / Hp0

[y]

1674PFs  [1%] 17+4PF;  [30%]

Scheme 1. The template-directed syntheses of the [2]catenane
13 [# PF4 and of the [3]catenanes 16 (¥ PF4, 17 (¥ PF4, and
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Scheme 2. The template-directed syntheses of the [2]catenane
19 (4 PF¢ and of the [3]catenane 22 [# PF¢
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Scheme 3. The template-directed syntheses of the [2]catenane
23 [4 PFg, the [3]catenanes 24 [4 PF, the [S]catenane 25 [B PF,
and the [7]catenane 26 [2 PF,

25 [B PF, and the [7]catenanel’3! 26 (112 PF, in yields of 3,
14, 4, and 2%, respectively.

X-Ray Crystallography

The X-ray analysis of the [3]catenane 18 [# PF4 confirms
(Figure 2) the interlocked structure of this molecule. The
overall molecular symmetry approximates to C,, with the
two-fold axis passing through the center of the tetracationic
cyclophane and normal to its mean plane. However, this
axis is not coincident with the crystallographic b axis. The

Figure 2. Ball-and-stick representation of the geometry adopted by
the [3]catenane 18** in the solid state

Eur. J. Org. Chem. 2000, 1121—1130

structure is stabilized by [rlit] stacking between the bipyri-
dinium units and the sandwiching 1,5-dioxynaphthalene
ring systems and between the pair of “inside” 1,5-dioxyn-
aphthalene ring systems. The interplanar separations range
between 3.30 and 3.52 A, the largest separation being be-
tween the pair of “inside” 1,5-dioxynaphthalane ring sys-
tems. The tetracationic cyclophane has a twisted conforma-
tion with the [NIIN] axes of the two bipyridinium units
inclined by 32°. The principal orientations of the 1,5-dioxy-
naphthalene ring systems in each macrocyclic polyether are
not superimposable, as is also the case for the pair of “in-
side” 1,5-dioxynaphthalene ring systems. There is evidence
for “pedaling” of one of the “alongside” 1,5-dioxynaph-
thalene ring systems. The ratio between the occupancies of
the two orientations is ca. 60:40 and the major occupancy
is the one illustrated in Figure 2. Although there is evidence
for intracatenane [C-H[D] hydrogen bonds, we have not
analyzed them in detail as a result of the limited accuracy
of the structure. On the other hand, [C-HII#] interactions
between the “inside” 1,5-dioxynaphthalene ring systems
and their counterparts in the tetracationic cyclophane ap-
pear to be absent. Glide-related molecules form polar
[ABAB] stacks (Figure 3) with a mean interplanar separa-
tion between adjacent “alongside” 1,5-dioxynaphthalene
ring systems of ca. 3.76 A. There are no stacking interac-
tions involving the 1,5-dioxynaphthalene ring systems of
the tetracationic cyclophane.

Fi%ure 3. One of the polar stacks formed by the the [3]catenane
18** in the solid state
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Mass Spectrometry

The [2]catenanes and the [3]catenanes were characterized
(Table 1) by liquid secondary ion mass spectrometry
(LSIMS). In all instances, the spectra revealed peaks at mi/z
values for [M — PF¢]*, [M — 2 PF¢]*, and [M - 3 PF¢]*,
corresponding to the losses of one, two, and three hexa-
fluorophosphate counterions, respectively. For the [3]ca-
tenanes 16 (4 PFs and 24 [4 PF,, peaks at m/z values for
[M — 4 PFg4]*, corresponding to the loss of four hexafluoro-
phosphate counterions were also observed. The spectra of
the [3]catenane 18 [4 PF4 and of the [2]catenane 19 [# PFq
revealed additionally peaks at m/z values for [M]* corres-
ponding to the molecular ions.

The [2]catenane 23 [# PF¢ and the [3]catenane 24 [# PF¢
were also analyzed by matrix-assisted laser desorption ion-
ization/time-of-flight ~ mass  spectrometry (MALDI-
TOFMS). For the [2]catenane 23 [# PF4, peaks at m/z
values of 2201, 2057, and 1913 for [M — 2 PF¢", [M —
3 PF¢]", and [M — 4 PF¢]*, corresponding to the losses of
two, three, and four hexafluorophosphate counterions, re-
spectively, were observed. The spectrum of the [3]catenane
24 [4 PF¢ revealed peaks at m/z values of 3335 and 3191
for [M — 3 PF¢]* and [M - 4 PF¢]", corresponding to the
losses of three and four hexafluorophosphate counterions,
respectively.

The [S]catenane 258 PFs and the [7]catenane
26 (12 PF4 were characterized by electrospray mass spectro-
metry (ESMS). For comparison, the [2]catenane 23 [# PF
and the [3]catenane 24 [# PF¢, which incorporated the same
macrocyclic components of 25 [B PFy and 26 (112 PFy, were
also investigated by ESMS. The spectra revealed peaks at
m/z values corresponding to singly and multiply charged
ions derived from the consecutive losses of one to three
hexafluorophosphate counterions for 23 [# PF¢, two to four
hexafluorophosphate counterions for 24 [#4 PF¢, three to
eight hexafluorophosphate counterions for 25 [8 PFg, and
four to ten hexafluorophosphate counterions for
26 (12 PFg. For the [3]catenane 24 [# PF,4, peaks at m/z
values of 2868, 2680, and 2367 for [4 M — 5 PF¢]’", [3 M —
4 PF¢*", and [2 M — 3 PF¢]*" corresponding to tetrameric,
trimeric, and dimeric species, respectively, were also ob-
served.

Absorption and Emission Properties

Figure 4 shows the compounds whose absorption and
emission spectra have been examined. In addition to new
compounds, for comparison purposes, we have also taken
into consideration results on the previously reported!'¥
macrocyclic polyether 4, as well as examined the previously
described!">161 macrocyclic polyether 5, cyclophane 274",
[3]catenane 29**, and [3]catenane 284" . The absorption and
emission properties of all the compounds investigated are
summarized in Table 2.

Macrocyclic Polyethers: The absorption and fluorescence
spectra of the macrocyclic polyethers 4, 5, and 6 (see, e.g.,
Figure 5) show the well-known bands for their 1,5-dioxy-
naphthalene chromophoric units.'44! In all cases, the absorp-
tion maximum, emission maximum, fluorescence quantum
yield, and excited state lifetime are practically the same as
in 1,5-dimethoxynaphthalene (Table 2).

Cyclophanes: Cyclophanes 24" and 3*" are interesting
species since they contain both electron-donor and electron-
acceptor units. Besides the bands related to the separated
chromophoric units, their absorption spectra (Figure 6)
show low-intensity, broad bands in the 350-450 nm region
that can be assigned to charge-transfer (CT) transitions
from the electron-rich dioxybenzene or dioxynaphthalene
units to the electron-deficient bipyridinium units. This band
is also present in cyclophane 274*. The maximum of the
CT band moves to higher energies along the series 3**, 24",
274% (Table 2; Figure 6, inset), in agreement with the
decreasing electron donor power, as measured by the
oxidation potentials of 1,5-dimethoxynaphthalene, 1,4-
dimethoxybenzene, and biphenyl.!1 A more elaborated dis-
cussion is not possible because of the different flexibility of
the three cyclophanes. The fluorescence of the dioxynaph-
thalene, dioxybenzene, and biphenylene units cannot be ob-
served because of the presence of the low energy CT levels.

[3]Catenanes: The absorption spectra of the [3]catenanes
are characterized by the presence of a moderately intense,
broad band in the 500-600 nm region (Table 2; Figure 6,
inset) which can be attributed to the intercomponent CT
transitions between the electron-rich units of the two mac-
rocyclic polyethers and the electron-deficient bipyridinium
units of the cyclophane. The intramolecular CT bands of

Table 1. Liquid secondary ion mass spectrometric (LSIMS) data for the [2]catenanes 13 [# PF,, 19 04 PF, and 23 (4 PF¢ and for the
[3]catenanes 16 [# PFg, 17 (¥ PFq, 18 [# PFy, 22 [4 PF,, and 24 [# PF,. The spectra were recorded on a VG ZabSpec mass spectrometer
using 3-nitrobenzyl alcohol as matrix. The measured masses correspond to the centroids of unresolved isotopic distributions.

Catenane M]* M - PFq]* [M - 2 PFq]* [M - 3 PFq]* [M - 4 PFq]*
13 (4 PF, fal 1711 1566 1421 fa)

16 4 PF, fa] 2349 2204 2059 1913

17 &4 PF, (2] 2347 2202 2057 [2]

18 (4 PF, 2594 2449 2304 2159 [a]

19 4 PF, 2175 2030 1885 1739 [2)

22 4 PF, fal 2983 2838 2693 [a]

23 [4 PF, fa] 2349 2204 2059 [2]

24 T4 PF, fal 3621 3477 3332 3186

[a] Not observed.
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Figure 4. Representation of the macrocyclic polyether, cyclophanes, and catenanes whose absorption spectra, luminescence properties,

and electrochemical behavior have been discussed
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Figure 5. Absorption (left) and fluorescence (right) spectra of mac-
rocyclic polyether 6 in MeCN at 298 K. The fluorescence spectrum
was obtained with 295 nm excitation

the cyclophanes cannot be seen, presumably because they
are hidden by the tail of the perturbed macrocyclic poly-
ether bands. It should be noted that the maximum of the
intercomponent CT band lies at shorter wavelength in the
case of the catenanes involving macrocyclic polyethers 5,
suggesting that the donor-acceptor interaction is disfavored
by the geometry of this polyether.

Electrochemistry

The electrochemical data obtained for the compounds in-
vestigated are summarized in Table 2. The reference elec-
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" |
804 /2 10004 AT
- el |l :
: L mol”em™ ||
‘EE, 604/ ! so0 11| 27
S ] 4.\ “ / ’ 4+
g / 3. z 3%
-
S~
I
(=]
-
x
w

Figure 6. Absorption spectra (MeCN, 298 K) of cyclophanes 24",
34%, and 274", and of [3]catenane 174*. The inset shows a magni-
fication of the charge-transfer bands

troactive groups are the electron-deficient 1,1’-dimethyl-
4.4’ -bipyridinium dication which undergoes!!®! two, fully re-
versible one electron-reduction processes at —0.43 and —0.84
V, and the electron-rich 1,5-dimethoxynaphthalene and 1,4-
dimethoxybenzene compounds which undergo!!® a poorly
reversible one-electron oxidation at +1.11 and +1.31 V, re-
spectively. Such processes are also found in the derivatives
of these parent compounds, but at potential values that de-
pend on the nature of the substituents and on structural
factors. For example, cyclobis(paraquat-p-phenylene) un-
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Table 2. Absorption, fluorescence, and electrochemical data (MeCN, 298 K)

Compound Absorption Fluorescence Electrochemistryl2]
Amax € Amax!®] @le] T Reduction Oxidation
(nm) M !em 1) (nm) (ns)
1,5-dimethoxynaphthaleneld] 295 8500 328 0.38 7.5 — +1.11Lel
41t 295 17600 346 0.26 7.2 — +1.05le]; +1.150¢]
5 295 26700 346 0.34 6.8 — +0.98leg); +1.15le8);
+1.25(e.8]
6 295 33200 346 0.30 7.1 — +0.98lel; +1.10le.0]
4 259 43200 — — — -0.35 (2); -0.80 (2) +1.51 (2)
"
2 337 360
4 265 48800 — — — -0.33 (2); -0.75 (2) +1.36l¢]
.
3 390 340
260 83000 — — — —0.31 (2)legl; —0.72 (2)le} —
274+
340 3000
4 - 273 29300 — — — -0.57 (2); -0.97 (2) . +1.08lel; 41.35lel;
" ﬁ
17 561 1100 +1.54le]
4 280 58300 — — — -0.48 (2); -0.87 (2) +1.120e]; =41.30e];
.
= 535 1100 +1.530e]
283 62400 — — — -0.50 (2); -0.89 (2) +1.06lel; +1.18[¢;
243 549 1400 +1.5300)
N 154 i ﬂ 273 50500 — — — ~0.55 (2); —0.98 (2) +1.071el; +1.34[¢]
"
: 564 1900
" 266 83000 — — — -0.55 (Qli}; —0.90 (2)l1] +1.08lel; +1.34[¢]
2 +
8 558 1300
" 275 80000 — — — -0.45 (2)lel; —0.82 (2)lel +1.070e8l; +1.12fe.8];
+
» 540 1100 +1.23Me.gl; 41.51e8l

[a] Argon purged solution, TBAPFg as supporting electrolyte, glassy carbon as working electrode; Ej/ in V vs SCE, unless otherwise noted; for reversible
processes, the number of exchanged electrons is indicated in parentheses. [P Ao, = 295 nm. [¢) Measured on very dilute solutions using naphthalene in
degassed cyclohexane as a standard ($=0.23; see Ref. 22). [9] Model compound. [¢] Poorly reversible process; potential value estimated from DPV peaks. (]
In agreement with the results reported in Ref. 14. [&] Data from Ref. 15. [M] Very broad DPV peak. [i1In agreement with the results reported in Ref. 16.

dergoes!!®! two bielectron reduction processes at —0.29 and
-0.71 V.

Macrocyclic Polyethers: The macrocyclic polyether 4
shows (Table 2) two distinct oxidation processes. The first
process occurs at a potential slightly less positive than that
of 1,5-dimethoxynaphthalene and it can be assigned to the
oxidation of one of the two 1,5-dioxynaphthalene units
which, since the macrocyclic polyether is very flexible, can

1126

be stabilized by a donor-acceptor interaction with the not
yet oxidized unit. As a consequence, oxidation of the se-
cond 1,5-dioxynaphthalene unit is displaced to a more pos-
itive potential (it should also be considered that second ox-
idation is disfavored by electrostatic repulsion). The macro-
cyclic polyether 5, which contains three equivalent 1,5-di-
oxynaphthalene units, shows three distinct oxidation
processes. The first process occurs at a less positive value

Eur. J. Org. Chem. 2000, 11211130
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than that of 1,5-dimethoxynaphthalene and also of 4, which
has been accounted for by the formation in 5 of a stabilized
structure where the oxidized unit is sandwiched between the
two non-oxidized ones. The second process occurs at the
same potential as for 4, suggesting that, in the dioxidized
species, the macrocyclic polyether has a geometry that does
not allow electronic interactions between the unoxidized
and oxidized units. The third oxidation process is, as ex-
pected, strongly displaced to more positive potentials. The
macrocyclic polyether 6, which contains four equivalent 1,5-
dioxynaphthalene units, shows only two oxidation pro-
cesses, the second of which corresponds to a very broad
DPYV peak. Since these processes are poorly reversible, it is
not possible to say how many electrons are involved. It
seems likely that each process corresponds to the oxidation
of a couple of units.

Cyclophanes: Cyclophanes 2**, 3**, and 274", which
contain two bipyridinium-type units, exhibit two bielec-
tronic reduction processes. Both processes move to slightly
less negative potentials along the series 24", 3**, and 274"
(Table 2). Discussion of this trend is made difficult because
these compounds do not constitute a homogeneous family.
For example, since the 1,5-dioxynaphthalene units con-
tained in 3** would be better electron donors than the 1,4-
dioxybenzene units contained in 24 (see also the relative
position of the intramolecular CT bands, Figure 6, inset),
one would expect that the bipyridinium units of 3*" were
reduced at more negative potentials than those of 2** be-
cause of a stronger intramolecular CT interaction. The re-
sult obtained, however, shows that other factors (e.g., geo-
metrical constraints) must be involved. It should be noted
that oxidation of the dioxybenzene and dioxynaphthalene
units of the cyclophanes occurs at much higher potentials
than for 1,4-dimethoxybenzene and 1,5-dimethoxynaph-
thalene — or for macrocyclic polyethers like 4 and its dime-
thoxybenzene analoguel'®] — because of the electron donor-
acceptor interaction with the bipyridinium units. The po-
tential values for such oxidation processes are very similar
to those observed for these units when they occupy an
“alongside” position in [2]catenanes.['*>!8] No oxidation
process can be observed for 274" because biphenyl un-
dergoes oxidation at very positive potentials.[!”]

[3]Catenanes: The redox patterns of the [3]catenanes are
very complex, as expected for systems containing many in-
teracting electroactive units. On the oxidation side, it is not
possible to establish the number of electrons exchanged in
the various processes because of their poor reversibility.
Therefore, we would only like to draw attention to the fact
that, in all compounds, there is a first oxidation process
around +1.1 V, which is an unusually low potential value
for a CT-interacting dioxynaphthalene unit. We suggest that
such a process involves oxidation of an “inside” dioxynaph-
thalene unit which can then be stabilized by CT interaction
with the other dioxynaphthalene unit facing it. The second
oxidation process, taking place around +1.3 V for 174*,
224* 18%*, and 28*", is most probably associated with ox-
idation of “alongside” dioxynaphthalene units. The third
oxidation process around +1.5 V, observed for 174", 224"

Eur. J. Org. Chem. 2000, 1121—1130

and 24**, could involve the dioxybenzene units that are pre-
sent in such compounds. The second oxidation process at
+1.18 V for 24*" is most likely associated with oxidation
of the almost non-interacting dioxynaphthalene units of the
very large macrocyclic polyether 6. The oxidation processes
that follow the first one in the case of 29*" are difficult to
assign. As far as reduction is concerned, the results ob-
tained are much more reliable because of the full reversibil-
ity of the observed processes and are also much easier to
rationalize because of the fewer units involved. First of all,
it should be pointed out that, for each compound, only two
distinct bielectronic processes are observed. This observa-
tion establishes that the two bipyridinium units are more or
less equivalent, both in the original compounds and in their
two- and four-electron reduced forms, suggesting that the
compounds exhibit highly symmetric structures, probably
not unlike those shown in the cartoons illustrated in Fig-
ure 4.

2% O
174 ﬂ@:’ﬂ

=G 11111

—-04

—-0.6
V vs SCE

=08 -1.0

Figure 7. Correlation diagram for the reduction processes of some
of the examined compounds

The data collected in Table 2 and schematically repres-
ented in Figure 7 for cyclophanes 2** and 3*" and their
[3]catenanes allow us to draw several important conclu-
sions.

(a) Catenation causes the displacement of the reduction
processes toward more negative potentials, as expected be-
cause of the intercomponent CT interaction. The first re-
duction process is more affected than the second one be-
cause of the lower acceptor power of the reduced bipyridin-
um units.

(b) For the catenanes derived from cyclophane 24, 174"
shows the strongest displacement of the reduction pro-
cesses, presumably because the small size of the macrocyclic
polyether 4 favors donor/acceptor interactions.

(¢) In the same family, the reduction potential is slightly
more negative for 24*" than for 22**, indicating that the
larger, symmetric, and more flexible macrocyclic polyether
6 is more prone than the smaller, non-symmetric, and less
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flexible macrocyclic polyether 5 to undergo CT interactions
with the bipyridinium units of cyclophane 24",

(d) Comparison between catenanes 174" and 18*F,
which contain the same macrocyclic polyether 4 together
with the cyclophanes 2** and 3*", respectively, shows that
the second process is noticeably more displaced toward
negative potentials in the case of 18**. The reason for this
observation is most likely related to the bulkiness of the
dioxynaphthalene groups which can favor structures where
the monoreduced acceptor units of the cyclophane can still
interact intimately with the donor units of the crowns.

(e) For catenanes 28*" and 29*", which contain the
cyclophane 274", the observed trend is the same as that
shown by 174* and 22*" (point b above).

Conclusion

Tetracationic cyclophanes, composed of two bipyridin-
ium units separated by dioxyarene-based spacers, can be in-
corporated into mechanically-interlocked molecules with
the assistance of 1,5-dioxynaphthalene-based macrocyclic
polyether templates. This template-directed synthetic ap-
proach has been employed to self-assemble [#]catenanes, in-
corporating from two up to seven macrocyclic components.
The number of interlocked macrocycles within each ca-
tenane can be determined by mass spectrometry, using a
variety of ionization techniques — namely, liquid secondary
ion, matrix-assisted laser desorption ionization, and/or elec-
trospray. It is interesting to note that the high molecular
weight [5]- and [7]catenanes could only be analyzed by elec-
trospray mass spectrometry. The interlocked structure of
one of the [3]catenanes was characterized also by single
crystal X-ray analysis which revealed the formation of infi-
nite polar stacks in the solid state.

The absorption spectra of the tetracationic cyclophanes
incorporating both electron-donor and electron-acceptor
units exhibit intramolecular CT absorption bands, whereas
in the [3]catenanes that contain these tetracationic cyclo-
phanes interlocked with two macrocyclic polyethers bearing
two, three, or four dioxynaphthalene-type units, inter-
component CT bands can be observed. The low energy CT
excited states are responsible for the lack of fluorescence for
cyclophanes and catenanes. The electrochemical behavior of
the cyclophanes, macrocyclic polyethers, and catenanes is
very complicated because of the presence of many, mutually
interacting, electroactive units. In the catenanes, the reduc-
tion processes occur at more negative potentials than in the
case of the free tetracationic cyclophanes. These changes
are a result of the intracatenane CT interactions and their
magnitude is related to the sizes and flexibilities of the inter-
locked macrocycles.

Experimental Section

General Methods: Chemicals were purchased from Aldrich and
used as received. Solvents were dried according to literature proced-
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ures.'”l The compounds 4-12 [2 PF, and 17 # PF were prepared
as described!->1% previously in the literature. — Reactions were car-
ried out in Teflon vessels using a custom-built ultrahigh pressure
reactor manufactured by PSIKA Pressure Systems Limited of
Glossop, UK. — Thin layer chromatography (TLC) was carried out
on aluminum sheets coated with silica-gel 60 (Merck 5554). Col-
umn chromatography was performed on silica-gel 60 (Merck 9385,
230-400 mesh). — Melting points were determined on an Electro-
thermal 9200 melting point apparatus and are uncorrected. — Li-
quid secondary ion mass spectrometry (LSIMS) was performed on
a VG Zabspec instrument using 3-nitrobenzyl alcohol as matrix.
Matrix-assisted laser desorption ionization/time-of-flight mass
spectrometry (MALDI-TOFMS) was performed on a Kratos
Kompact MALDI-III instrument, using either gentisic acid as mat-
rix. Electrospray mass spectra (ESMS) were measured on a VG
Prospec mass spectrometer. — 'H- and '3C-NMR spectra were re-
corded on Bruker AC300 or AMX400 spectrometers. — Elemental
analyses were performed by Quantitative Technologies Inc.

Photophysical and Electrochemical Experiments: The equipment
and procedures used for absorption, luminescence, and electro-
chemical measurements have been previously reported.?”) The
standard used for luminescence quantum yield measurements was
naphthalene in degassed cyclohexane (® = 0.23).2!] For the elec-
trochemical experiments described in this work, it should be noted
that the concentration of the electroactive species was of the order
of 10* mol L' while 0.05 mol L' tetraethylammonium hexa-
fluorophosphate was added as supporting electrolyte, and ferrocene
was used as internal reference.??! Cyclic voltammograms (CV) were
obtained at sweep rates of 10, 20, 50, 100, 200, 500, and 1000 mV
s'! whereas differential pulse voltammograms (DPV) were per-
formed with scan rates of 20 or 4 mV s'!, a pulse height of 75 or
10 mV, and a duration of 40 ms. For reversible processes the same
halfwave potential values were obtained from the DPV peaks and
from an average of the cathodic and anodic cyclic voltammetric
peaks. The potential values for not fully-reversible processes were
estimated from the DPV peaks. The experimental error on the po-
tential values for reversible and not fully-reversible processes was
estimated to be + 5 and + 10 mV, respectively.

[2]Catenane 13 [4 PF¢ and [3]Catenane 16 [4 PF¢: A solution of 4
(74.4 mg, 0.12mmol), 7 (29.8 mg, 0.09 mmol), and 10 [2 PF,
(36.0 mg, 0.05 mmol) in DMF (15 mL) was subjected to a pressure
of 12 kbar for 5 d at 20 °C. The solvent was distilled off under
reduced pressure and the residue was purified by column chromato-
graphy [SiO,: MeOH/2 M NH,4Cl,i/MeNO, (7:2:1)] to afford two
products which were dissolved in H,O. The precipitates, obtained
after the addition of NH4PF,, were filtered off and dried to afford
the [2]catenane 13 4 PF4 (5.5mg, 6%) and the [3]catenane
16 T4 PF; (0.7 mg, 1%) as red solids. — 13 (4 PFq: LSIMS: m/z =
1711 [M — PF4]*, 1566 [M — 2 PF¢]", 1421 [M — 3 PF4]*. — 'H-
NMR [300 MHz, (CD3),CO, 298 K]: 6 = 9.13 (8 H, bs), 7.85 (8 H,
bs), 7.35 (2 H, t, J = 8.0 Hz), 7.25-7.20 (4 H, m), 7.03 2 H, t, J =
2.3 Hz), 6.95-6.60 (12 H, m), 5.45-5.40 (8 H, m), 4.80-4.75 (8 H,
m), 4.15-4.10 (8 H, m), 3.98-3.90 (16 H, m), 3.85-3.80 (8 H, m). —
16 (4 PF4: LSIMS: m/z = 2349 [M — PF4]", 2204 [M - 2 PF]*,
2059 [M — 3 PF¢]*, 1913 [M — 4 PF4]*.

[3]Catenane 18 [4 PF4: A solution of 4 (101.0 mg, 0.16 mmol), 9
(30.3 mg, 0.08 mmol), and 12 [2 PFys (54.4 mg, 0.07 mmol) in
DMF (15 mL) was subjected to a pressure of 12 kbars for 5 d at
20 °C. The solvent was distilled off under reduced pressure and the
residue was purified by column chromatography [SiO,: MeOH/2 m
NH,4Cl,,/MeNO, (7:2:1)] to afford a purple solid which was dis-
solved in H,O. The precipitate, obtained after the addition of
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NH4PF,, was filtered off and dried to afford the [3]catenane
18 (¥ PF4 (7.0 mg, 4%) as a purple solid. — 18 [# PF4: LSIMS:
mlz = 2594 [M]", 2449 [M — PF¢]", 2304 [M — 2 PF¢]*, 2159 [M —
3 PF¢]*. — '"H NMR [400 MHz, (CD;),CO, 233 K]: § = 8.82 (4 H,
d,J=63Hz),8.74(4H,d, J=6.5Hz),8.09 (4 H,d, J = 8.4 Hz),
759 @4H,t,J=82Hz),7.25@H,d,J=57Hz),7.13-7.10 (8 H,
m), 6.96 (4 H, t, J = 8.0 Hz), 6.60 (4 H, d, J = 5.3 Hz), 6.31 (4 H,
d, J = 7.6 Hz), 5.76-5.69 (8 H, m), 5.44 (4 H, d, J = 7.5 Hz), 5.19
(4H,t,J =124Hz),5034H,t,J =11.1Hz),481 4H,d,J =
9.5 Hz), 4.50 (4 H, d, J = 8.1 Hz), 4.00-3.49 (64 H, m). — '*C NMR
(101 MHz, CD;CN, 348 K): 6 = 154.7, 153.8, 145.9, 144.4, 127.6,

126.6, 126.6, 126.1, 124.5, 116.6, 115.0, 107.2, 1059, 72.7,
72.4, 71.5, 69.3, 68.3, 62.8. - Crystal data:
[C120H132N4024][p}:6]4 [2.5 MeCN D_Izo, M = 27148, mono-

clinic, space group C2/c (no. 15), a = 39.341(5), b = 24.897(1), ¢ =
31.028(5) A, B = 107.37(1)°, ¥ = 29005(6) A3, Z = 8, p, = 1.243 g
cm 3, w(Cug,) = 13.1 ecm™!, F(000) = 11304, T = 203 K; brown
tabular prisms, 0.57 X 0.43 X 0.30 mm, Siemens P4 rotating anode
diffractometer, graphite-monochromated Cuy, radiation, w-scans,
16024 independent reflections. The structure was solved by direct
methods and the major occupancy non-hydrogen atoms of the
[3]catenane and of the hexafluorophosphate counterions were re-
fined anisotropically (the others isotropically) using blocked full
matrix least-squares based on F? to give R, = 0.260, wR, = 0.580
for 6212 independent observed reflections [|F,| > 4c(|F,)|), 20 =
105°] and 1595 parameters. The very high value of R, is a result of
a combination of very weak data from a partially crazed crystal
and the significant disorder associated with the hexafluorophos-
phate counterions (which are distributed over six partial occupancy
sites) and with the included solvent molecules. However, the geo-
metry of the [3]catenane is generally well resolved though here is
evidence for “pedaling” of one of the “alongside” 1,5-dioxynaph-
thalene ring systems (two discrete orientations for this unit were
identified and refined). Crystallographic data (excluding structure
factors) for the structure reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as supplement-
ary publication no. CCDC-134656.

[2]Catenane 19 [4 PF4: A solution of 5 (110.0 mg, 0.12 mmol), 7
(26.4 mg, 0.08 mmol), and 10 2 PF4 (36.0 mg, 0.05 mmol) in
DMF (15 mL) was subjected to a pressure of 12 kbars for 5 d at
20 °C. The solvent was distilled off under reduced pressure and the
residue was purified by column chromatography [SiO,: MeOH/2M
NH,Cl,o/MeNO, (7:2:1)] to afford a purple solid which was dis-
solved in H,O. The precipitate, obtained after the addition of
NH4PF¢, was filtered off and dried to afford the [2]catenane
19 4 PF4 (25.1 mg, 26%) as a red solid. — 19 4 PF4: LSIMS:
miz = 2175 [M]*, 2030 [M — PF¢]", 1885 [M — 2 PF¢]*, 1739 [M —
3 PF¢]". — '"H NMR [400 MHz, (CD3),CO, 304 K]: § = 9.05 (8 H,
d,J=7.0Hz),7.75(8 H,d,J =7.0Hz),7.26 (6 H, d, J = 8.5 Hz),
7.24 2H, t, J = 8.6Hz), 697 (6 H, t, J = 8.0 Hz), 6.81 2 H, t,
J =23Hz), 6.69 (6 H, d, J = 7.7Hz), 6.64 (4H, dd, J = 8.4 Hz,
J =24Hz), 525 8H, t, J = 43Hz), 461 8H, t, J = 4.4 Hz),
4.13-4.11 (12 H, m), 3.91-3.89 (12 H, m), 3.81-3.78 (24 H, m). —
13C NMR [400 MHz, (CD3),CO, 304 K]: § = 159.2, 154.4, 147.8,
146.6, 131.3, 126.6, 126.1, 125.8, 114.5, 106.6, 104.7, 71.2, 70.8,
70.2, 68.7, 66.6, 61.8.

[3]Catenane 22 [4 PF4: A solution of 5 (240.0 mg, 0.25 mmol), 8
(33.0mg, 0.10 mmol), and 11 2 PF4 (77.0 mg, 0.10 mmol) in
DMF (15 mL) was subjected to a pressure of 12 kbars for 5 d at
20 °C. The solvent was distilled off under reduced pressure and the
residue was purified by column chromatography [SiO,: MeOH/2 m
NH,Cl,o/MeNO, (7:2:1)] to afford a purple solid which was dis-
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solved in H,O. The precipitate, obtained after the addition of
NH4PF4, was filtered off and dried to afford the [3]catenane
22 [# PF¢ (64.4 mg, 21%) as a purple solid. — 22 [4 PF4: LSIMS:
mlz = 2983 [M — PF4]*, 2838 [M — 2 PF4]*, 2693 [M — 3 PF¢]". -
'H NMR [400 MHz, (CD;),CO, 304K]: &6 = 8.62 (8H, d, J =
7.0 Hz), 7.08 (8 H, s), 7.03 (8 H, d, J = 7.0 Hz), 6.86-6.58 (24 H,
m), 6.42-6.22 (12 H, m), 5.08-5.00 (8 H, m), 4.55-4.49 (8 H, m),
3.98-3.89 (24 H, m), 3.85-3.74 (24 H, m), 3.72-3.64 (48 H, m).

|2]Catenane 23 (4 PF,, |[3]Catenane 24 [# PF4 [S]Catenane
25 [8 PFg, and [7]Catenane 26 (12 PFg: A solution of 6 (141.0 mg,
0.11 mmol), 8 (33.0mg, 0.10 mmol), and 11 [2 PFy (33.2 mg,
0.054 mmol) in DMF (15 mL) was subjected to a pressure of 12
kbars for 5 d at 20 °C. The solvent was distilled off under reduced
pressure and the residue was purified by column chromatography
[SiO,: MeOH/2 m NH4Cl,o/MeNO; (7:2:1)] to afford four products
which were dissolved in H,O. The precipitates, obtained after the
addition of NH4PF, were filtered off and dried to afford the [2]ca-
tenane 23 [4 PF¢ (5.0 mg, 5%), the [3]catenane 24 (¥ PF¢ (22.1 mg,
14%), the [S]catenane 25 [8 PF¢ (10.0 mg, 4%), and the [7]catenane
26 (12 PF¢ (8.3 mg, 2%) as purple solids. — 23 [# PFs: LSIMS:
milz = 2349 [M — PF¢]", 2204 [M — 2 PF¢]*, 2059 [M — 3 PF]*. —
MALDI-TOFMS: m/z = 2201 [M - 2 PF¢]*, 2057 [M - 3 PF¢]*,
1913 [M - 4 PF4]*. — ESMS: m/z = 2348 [M - PF(]", 1102 [M —
2 PF¢?", 686 [M — 3 PFs?*. — 'H NMR [300 MHz, (CD3),CO,
298K]: 6 = 891 (8H, d, J = 6.6 Hz), 7.86 (8 H, d, J = 6.3 Hz),
7.17 8H, d, J = 8.5Hz), 6.87 (8 H, t, J = 8.1 Hz), 6.63 (8 H, s),
6.49 8H, d, J = 7.7Hz), 5.15 (8 H, m), 4.38 (8 H, m), 4.01-3.99
(16 H, m), 3.89-3.87 (16 H, m), 3.80-3.79 (32 H, m). — *C NMR
[101 MHz, (CD3),CO, 298 K]: 8 = 154.7, 153.2, 146.6, 126.9, 126.2,
125.8, 116.0, 114.7, 106.6, 71.5, 71.2, 70.4, 68.8, 67.3, 62.1. —
24 [4 PFs: LSIMS: m/z = 3621 [M — PF4]*, 3477 [M — 2 PF4]*,
3332 [M - 3 PF¢]", 3186 [M — 4 PF¢]". - MALDI-TOFMS: m/z =
3335[M -3 PF4]", 3191 [M - 4 PF¢]". - ESMS: m/z = 2868 [4 M —
5PFePt, 2680 [3M — 4 PF4]*", 2367 [2M — 3 PF¢P*, 1739 [M —
2 PFgP*, 1111 [M — 3 PF¢P**, 797 [M — 4 PFg*". — 'TH NMR
(300 MHz, CD;CN, 344 K): 6 = 8.25 (8 H, d, J = 6.8 Hz), 6.94
(8 H, s), 6.93-6.84 (32 H, m), 6.50 (8 H, d, J = 7.0 Hz), 6.37 (16 H,
d, J = 7.5 Hz), 4.80 (8 H, bs), 4.39 (8 H, bs), 3.94-3.92 (32 H, m),
3.83-3.81 (32 H, m), 3.73-3.71 (64 H, m). — '3C NMR [101 MHz,
(CD3),CO, 304 K]: 6 = 154.3, 153.2, 145.6, 144.3, 126.7, 126.0,
124.3, 115.6, 114.6, 106.0, 71.5, 71.4, 70.5, 68.6, 67.4, 62.2. —
25 [B PF¢: ESMS: m/z = 1941 [M — 3 PF¢*", 1420 [M — 4 PF¢**,
1107 [M — 5PFg’", 898 [M — 6 PF¢]°F, 749 [M — 7 PF4]’", 637
[M - 8 PF¢J*". — '"H NMR (400 MHz, CDsCN, 348 K): § = 8.50—
8.35 (16 H, m), 6.98 (16 H, s), 6.95-6.93 (16 H, m), 6.86 (16 H, t,
J = 7.8Hz), 6.80 (8 H, d, J = 7.0 Hz), 6.75-6.60 (8 H, m), 6.45
(8 H, m), 6.40 (16 H, d, J = 7.6 Hz), 6.18-6.10 (8 H, m), 6.04 (8§ H,
d, J = 7.6 Hz), 4.90 (16 H, bs), 4.43 (16 H, bs), 3.96-3.94 (64 H,
m), 3.83-3.79 (64 H, m), 3.75-3.72 (64 H, m). — 26 (12 PF: ESMS:
miz = 2043 [M — 4 PFg**, 1606 [M — 5 PF¢]5*, 1314 [M — 6 PF]°",
1105 [M — 7PF¢’", 949 [M — 8 PF¢**, 828 [M — 9 PF¢°*, 730
[M — 10 PF]10*.
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(131 The electrospray mass spectrum of the [7]catenane 26 (112 PF,
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