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This paper describes some approaches toward the templated synthesis of rotaxanes incorporating strapped
metalloporphyrin moieties as the shuttle unit, with the thread component containing both a neutral diimide
“station” and a functionalized pyridine moiety, the latter acting not only as a template but also as a
second binding motif. In the first instance, the use of appropriately 3,5-difunctionalized pyridine esters
and naphthoquinol-strapped rhodium(IIl) chloride porphyrins in a stoppering approach to rotaxanes
produced only unlinked components: the flexibility of the strap allowed sufficient room for the potential
thread unit to bind on the same face of the porphyrin as the strap, while not being interlocked through
it. An alternative strategy involving a 1,3-dipolar cycloaddition reaction (a “click” reaction) between
azides and alkynes, producing triazole linkers in the thread component of rotaxanes, was more successful.
Both porphyrinic (zinc, free base, and rhodium(IIl) derivatives) and crown ether rotaxanes were successfully
produced, with multifunctional (triazole and naphthodiimide) thread units. The potential for molecular
motion through the use of stimuli such as acid, solvent, and competing ligands was investigated, with
limited success. The same cycloaddition methodology was extended to pyridine-templated analogues of
the thread components in the Rh(II)-strapped porphyrins, but again, only unlinked thread and porphyrin
shuttle units were produced.

Introduction

Although many types of supramolecular entities, such as
molecular arrays,’ knots,> cages,” and helicates,> can be
incorporated into both simple dynamic systems, and even more

advanced supramolecular devices such as molecular muscles*>
6,7 . i3 “« : ”
and molecular elevators,™’ the potential of utilizing “switchable
catenanes and rotaxanes is well-recognized. Incorporation of
two or more nondegenerate binding sites in either catenanes or
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rotaxanes can afford the possibility of controlled motion through
either translocation (shuttling) of the macrocyclic ring in
rotaxanes or pirouetting or co-rotation of the rings in catenane
or rotaxanes. To this end, multiple functionalities have been
incorporated into rotaxanes and catenanes, and examples of
switching between the various co-conformations via chemical,?
electrochemical,>®? and photochemical5 61011 means have been
reported.

As the complexity of these systems increases, efficient
templating to achieve reasonable yields during their synthesis
becomes crucial. Thus we have become interested in using
rhodium(III)- and ruthenium(Il)-strapped porphyrins as effective
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templates for a new range of catenanes and rotaxanes.'> The
incorporation of metalloporphyrins as addressable components
in a variety of assemblies, particularly, catenanes and rotaxanes,
is well-established,'®'*~'” and the rich coordination chemistry
of the porphyrin ring has been invoked frequently in templat-
ing'® and self-assembly"'® roles for the ordered construction
of complex systems.

The coordination properties of simpler, unstrapped ruthenium
and rhodium porphyrins have been well-documented,**** and
these properties have been used as an advantage in the templated
assembly of a variety of supramolecular systems.'’*"**2¢ In
each case, the metals are six-coordinate, the fifth ligand being
typically CO for Ru(Il) and halide (X™) for Rh(III), and any
added nitrogen base L forms stable species [RuP(CO)L] or
[RhP(X)L]. In most instances, these systems have incorporated
facially symmetrical porphyrins where ligand binding site
discrimination has not been an issue.?'*>%’

We have produced multiporphyrin supramolecular systems
using both thermodynamic (metal-ion coordination) and kinetic
(covalently attached) principles in both solution studies'*'®®
and in systems tethered to solid supports.”® For reversibly
assembled rotaxanes, facially symmetrical ruthenium and rhod-
ium porphyrins have functioned as stopper groups. For more
advanced systems, we have used a variety of facially differenti-
ated strapped porphyrins for the assembly of a wide range of
catenanes, pseudorotaxanes, and rotaxanes.'®!>16-30-33
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FIGURE 1. Templated rotaxane formation utilizing strong pyridine/
metalloporphyrin coordination and a neutral naphthodiimide unit. The
pyridine unit must be bound preferentially underneath the strap for
effective templating. Protonation of the pyridine, addition of exogenous
competing ligand L', or removal of the metal ion are several of many
factors that can be used to reversibly “drive” the rotaxane, causing
translational motion of the entrapped macrocycle.

We have addressed the problem of ligand site discrimination
in the binding of a variety of pyridine-based ligands to
ruthenium(I) and rhodium(IIl) derivatives of these types of
strapped porphyrins.** Here it was found that the CO ligand in
Ru(II) porphyrins and the X ligand in rhodium(III) porphyrins
are surprisingly labile and can coordinate either underneath the
strap (inside the cavity) of the strapped porphyrins or on the
opposite side (outside). The change in site preference and
migration of these counter species can be observed in real time
over a period of hours or days,> and it was found that there
was a subtle thermodynamic balance in the site preference of
both the counter ligand (CO or halide) and the chosen pyridine
ligands. Thus it was concluded that judicious choice of both
strapped porphyrin and ligand(s) is necessary for the construction
of more complex supramolecular systems incorporating these
design principles.

In our original strategy, we intended to use the templating
effect resulting from strong coordination of an appropriately
substituted pyridine-based component to produce nonsymmetri-
cal, dual-functionalized, multistation rotaxanes which could be
addressed or driven by several different stimuli or inputs, as
described in Figure 1.

In this paper, we describe in detail our approaches to the
assembly of porphyrin-based rotaxanes based on these principles
and the extension of the concepts for an alternative approach
to multistation rotaxanes. The various structural components
incorporated in this strategy are shown in Figure 2.
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FIGURE 2. Structural components used in this study.

Results and Discussion

Pyridine Ligand Templating. Since preliminary studies into
the binding of difunctionalized pyridine esters, such as those
depicted in Figure 2, indicated only very weak coordination to
zinc porphyrins, we favored the use of the stronger Lewis acid
ruthenium(II) or rhodium(IIl) porphyrins for the templated
synthetic strategy via a suitably substituted pyridine thread
precursor. Alternatively, the incorporation of a diimide moiety
as a possible second station could also act as the templating
factor, producing interlocked species, as we have shown
previously in the successful production of diimide-based por-
phyrin catenanes.'®3°

In previous studies, we determined that one of the problems
with using ruthenium- or rhodium-strapped porphyrins, and in
particular the 3,5-disubstituted pyridine ligands chosen for this
investigation, is the tendency of the ligand to migrate to the
“outside” position of the strapped porphyrin rather than bind
underneath its strap.34 Nevertheless, it was shown that, in the
case of the rhodium(III) chloride porphyrin derivative 1 (Scheme
1), the pyridine ligand coordinated “inside” initially, with only
20% conversion to the outside face of the porphyrin after 3
days at room temperature in the weakly coordinating solvent
CDCl3.** This provides a viable synthetic route to rotaxanes
using this porphyrin/ligand combination, although the choice
of reaction conditions is critical to minimize ligand migration;
room temperature (or below), noncoordinating solvents such
as CH)Cl,, and reactions with fast kinetic pathways are
required.

In the first instance, assembly of simple rotaxanes by ligand
templating was attempted by reaction between pyridine ligand
2 and monosebacoyloxy tetratolyl porphyrin 3 in the presence
of the strapped Rh(III) chloride metalloporphyrin 1 (Scheme
1). For further simplicity, a monosubstituted pyridine thread 5§
with one end already porphyrin-stoppered was synthesized via
a diimide-mediated reaction between pyridine diol 2 and the
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SCHEME 1

o

COORDINATED
NOT INTERLOCKED

same sebacoyl porphyrin 3 and subjected to the same reaction
conditions (Scheme 1). Although the reaction between the thread
and stopper units proceeded as expected, no rotaxane was
isolated in either case. The 'H NMR of the major rhodium
porphyrin product showed clear resonances for bound pyridine
protons at 6.23 and 1.83 ppm and the expected integration for
a 1:1 rhodium porphyrin macrocycle plus dumbbell complex.
However, two separate meso proton resonances at 10.30 and
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toluene

COORDINATED
ROTAXANE

9.95 ppm, as well as split hexyl and methyl side chains peaks,
were evident, which is not expected in a symmetrical rotaxane.
Furthermore, only one set of peaks for the strapped porphyrin
naphthalene aromatic protons (7.07, 6.31, and 5.48 ppm) was
evident. This pattern in the strapped porphyrin signals is not
consistent with a rotaxane structure, but rather with one in which
the central pyridine is coordinated on the same side of the
porphyrin as the strap, but where the thread is not interlocked

J. Org. Chem. Vol. 73, No. 9, 2008 3339
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through the cavity (Scheme 1); a similar situation was observed
in previous studies involving coordination of bulky ligands to
these strapped porphyrins.**

Repeated chromatography of this rhodium porphyrin mixture
resulted in slow leaching of the dumbbell from the strapped
porphyrin, as expected for a non-interlocked complex as the
coordinated pyridine thread is slowly replaced by coordinating
solvent (methanol in this case). Indeed, a spectrum identical to
the isolated product could be obtained by simple mixing of the
isolated thread unit 6 with the strapped rhodium porphyrin 1.
Thus it appears that this templating scheme is thwarted by the
flexibility of the strap, despite the apparent success of the
pyridine component coordinating to the required inside face of
the porphyrin.

Rotaxanes via “Click” Reactions. Thus we abandoned this
synthetic strategy for an alternative in which a potentially
coordinating unit is produced during the stoppering reaction.
One such possibility is provided by an example of a so-called
“click” reaction,® namely, the Cu(I)-catalyzed Huisgen 1,3-
dipolar cycloaddition between alkynes and azides to give 1,2,3-
triazoles. This reaction is gaining some currency in the synthesis
of supramolecular systems principally because of its mild
conditions which favor complexation, preorganization, or tem-
plating and result in higher yields of assembled species.>>

However, in our systems, another advantage of using this
particular click reaction is that it provides a potential alternative
binding site that is introduced directly by the coupling procedure;
the triazole unit that is produced could act as a ligand for the
metalloporphyrin. So, for example, using a neutral diimide
thread component, the triazole formed via the reaction can act
as a second functionality or “station” in the final product;
multistation rotaxanes and catenanes can thus be easily acces-
sible. (Although this assumes, and we expect, that the 1,2,3-
triazole moiety will act as a ligand to a variety of metallopor-
phyrins, to the best of our knowledge, no previous investigation
into the binding of these types of triazoles to metalloporphyrins
has been reported.) Shuttling to the diimide might be effected
in protonating conditions, by metal-ion removal/replacement or
by the presence of a competing ligand (Figure 3). This reaction
also may provide mild enough conditions to obtain rhodium
chloride rotaxanes or catenanes using pyridine templating,
analogous to the concepts and processes discussed above.
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4218-4220. (k) Braunschweig, A. B.; Dichtel, W. R.; Miljanic, O. S.; Olson,
M. A.; Spruell, J. M.; Khan, S. L.; Heath, J. R.; Stoddart, J. F. Chem. Asian J.
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2006, 47, 4907-4909.

(37) Aucagne, V.; Hanni, K. D.; Leigh, D. A.; Lusby, P. J.; Walker, D. B.
J. Am. Chem. Soc. 2006, 128, 2186-2187.
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FIGURE 3. Templated formation and dynamics utilizing a click
reaction to produce a triazole/metalloporphyrin/naphthodiimide two-
station rotaxane. An alternative, but entirely analogous, strategy would
involve reaction of a doubly functionalized bisazide diimide with two
equivalent acetylinic stopper units. Stimuli for “driving” the rotaxane
are as indicated in Figure 1.

Thus it was envisioned that the reaction of an azide-
functionalized diimide such as 7 with an alkyne stopper unit 8
in the presence of zinc-strapped porphyrin 9 could yield a two-
station rotaxane analogous to that depicted in Figure 3 (Scheme
2). Control experiments in the absence of the strapped porphyrin
using the Cu(l) salt Cu(MeCN)4BF4 (0.1 equiv per alkyne unit
8) in dry degassed toluene containing excess base (N,N-di-
isopropylethylamine, DIPEA, 2 equiv) resulted in the formation
of dumbbell 10 in 90% yield (Scheme 2).

However, the parallel reaction in the presence of zinc-strapped
porphyrin 9 produced no rotaxane; only dumbbell 10 and
recovered porphyrin 9 were isolated from the reaction mixture.
This could be explained by the fact that the binding of the
structurally similar dihydroxy diimide precursor to 7 (viz. 11)
was shown to be very weak (0.1 M™1). Nevertheless, catenanes
incorporating the diimide moiety 12 (Scheme 3), with shorter
propynyl substituents in place of the long ethyleneoxy chains,
have been made with these strapped porphyrins in up to 60%
yields.*® Although 12 is only sparingly soluble in a variety of
suitable solvents, a measurement of its binding constant was
carried out by the dilution method (see Supporting Information)
and was found to be 800 M~!. (It is likely that this enhanced
binding of 12 compared to that of 11 is due to a combination
of both the insolubility of the diimide and the possibility of a
C—H-++0 interaction between the relatively acidic hydrogens
of the diimide alkyne and the oxygens in the strap of the

(39) Zhang, Q.; Hamilton, D. G.; Feeder, N.; Teat, S. J.; Goodman, J. M.;
Sanders, J. K. M. New J. Chem. 1999, 23, 897-903.
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porphyrin.*® This could account for the fact that catenane
reactions using ligand 12 were successful yet rotaxane attempts
using diimide 7 were not.)

Thus an attempt was made to create alternative rotaxane 17
using diimide alkyne 12 and blocker azide thread 13. In this
case, three parallel reactions were carried out, one containing
just the two components 12 and 13, a second with the addition
of 1 equiv of crown 14, which not only helps solubilize the
diimide but also templates the reaction in favor of the (non-
porphyrinic) rotaxane 16, and third, in the presence of the
strapped zinc porphyrin 9. All other reaction conditions were
maintained the same in each case.

Due to the lack of solubility of the diimide, the system without
added crown did not reach completion for 8 days, although it
did successfully produce good yields of the dumbbell 15 (80%).
However, in the reaction in the presence of 1 equiv of crown
14, not only was the reaction complete after 3 days (assisted
by the solubilization of the diimide alkyne 12) but the mild
reaction conditions resulted in the expected dumbbell 15 (46%
yield) in addition to good yields of crown rotaxane 16 (43%)
(Scheme 3).

The ESI-MS analysis of the crown rotaxane 16 gave peaks
at m/z 2253.1 [M + Na]*, 2237.1 [M + Na]*, 2215.1 [M +
H]*, and 1129.8 [M/2 + Na]™, with very little fragmentation
between MT and M/2" peaks, a feature characteristic of
interlocked molecules (see Supporting Information, Figure S3).*

"H NMR analysis of the crown rotaxane 16 compared to the
dumbbell 15 revealed the expected significant upfield shifts in
both the naphthodiimide and crown proton resonances (Figure

4). The resonance of the diimide proton a is shifted upfield from
8.74 ppm in the dumbbell 15 to 8.31 ppm in the rotaxane 16 as
a result of shielding by the crown. The extent of this shift is
comparable to other systems in which this crown is bound
around a naphthodiimide thread unit.'****' Similarly, the crown
peaks (a, f3, v) have also been shifted upfield, appearing at 6.77,
6.26, and 5.90 ppm in the bound rotaxane as compared to their
typically unbound positions of 7.79, 7.19, and 6.53 ppm,
consistent with a cofacial arrangement of crown and diimide
aromatic rings. The peak due to the triazole proton ¢, which is
adjacent to the naphthodiimide, also had a small upfield shift
of 0.1 ppm, while slight downfield shifts of the b and 1" peaks
are consistent with edge-to-edge deshielding between the triazole
and crown rings. In similar diimide—crown catenanes, of Sand-
ers,”® the protons contiguous to the naphthodiimide moiety
showed shielding shifts of around 0.3 ppm and appeared as an
AB system. The different splitting pattern and extent of shielding
in 16 can be explained by the greater conformational freedom
associated with rotaxanes as compared to their typically more
restricted catenane counterparts.

NOESY experiments showed clear correlations between the
diimide protons a and the protons in the crown ethoxy units
(see Supporting Information, Figures S26 and S27; the crown
ethoxy proton peaks (1—8) overlap significantly in the "H NMR
spectra, thus the exact protons resulting in the close contact
NOE to the diimide proton a cannot be specified), while weaker
NOEs were also detected between the naphthodiimide protons
and the most upfield crown aromatic proton (). (This is often
not seen in pseudorotaxane systems involving naphthocrowns

(40) Johnston, A. G.; Leigh, D. A.; Nezhat, L.; Smart, J. P.; Deegan, M. D.
Angew. Chem., Int. Ed. Engl. 1995, 3411, 1212-1216.

(41) Hamilton, D. G.; Davies, J. E.; Prodi, L.; Sanders, J. K. M. Chem.—Eur.
J. 1998, 4, 608-620.

J. Org. Chem. Vol. 73, No. 9, 2008 3341



JOCFeatured Article

Mullen and Gunter

SCHEME 3
Q O
2 @ O O/_\O/_\N3 + N g N s
O H/o Q © N H
12
18 o
S ¥ 5 o d
',
56(0 —C}j
LA
14 Cu(MeCN),BF,
1< ¥ ; ' : PIPEA,
O N @ N Qe O 9
(@] - (@] \_/O\_/O @ O
15 123 4 f
46 % ¢
+ t
o—‘
@ O O/_\O/—\ o) ~ O'é
( o
[o DS 03
o @ ¢ )
<—00‘>
16
43 %
15 +
55 %

and naphthodiimides; however, due to the permanent interlock-
ing in the rotaxane, close contacts are now more confined and
thus detectable.)

In the UV spectrum of the crown rotaxane, there is a charge
transfer band at 500 nm (¢ 745 M~! cm™!) (see Supporting
Information, Figure S28), similar to those observed in related
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crown—diimide catenane systems which have charge transfer
bands between 480 and 530 nm with typical extinction coef-
ficients of 350—880 M~ cm~1.*?

(42) Hamilton, D. G.; Montalti, M.; Prodi, L.; Fontani, M.; Zanello, P.;
Sanders, J. K. M. Chem.—Eur. J. 2000, 6, 608-617.
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In the third experiment, in the presence of the zinc-strapped
porphyrin 9, after 3 days, both dumbbell 15 (55%) and the
porphyrin rotaxane 17 (20%) were isolated (Scheme 3). To date,
this is the first successful production of a strapped porphyrin—di-
imide rotaxane in reasonable yields. Furthermore, the strapped
porphyrin starting material that was not entrapped during
rotaxane synthesis was recovered intact (75%); although we
made no attempts to optimize this reaction, presumably the
yields of rotaxane can be enhanced by the use of (recoverable)
excess strapped zinc porphyrin.

The ESI-MS analysis of the porphyrin rotaxane 17 gave peaks
at m/z 2916 [M + H]" and 1459 [M/2 + H]", with again very
little fragmentation between M™ and M/2% peaks (see Support-
ing Information, Figure S29).%°

'H, COSY, and NOESY NMR studies were used to charac-
terize the zinc porphyrin rotaxane 17 (Figure 5 and Figure S30
in Supporting Information). The diimide resonance a was shifted
significantly upfield relative to its position in the uncomplexed
dumbbell component (Ad —2.31 ppm) due to strong shielding
by the porphyrin ring. The resonance of triazole protons b at
7.79 ppm was shifted only slightly upfield (Ad 0.08 ppm),
indicating that the triazole is not coordinated to the zinc. This
indicates a weaker coordinate covalent binding of the triazole
to the zinc than the noncovalent interactions responsible for the
binding of the diimide under the naphthoquinol strap of the
porphyrin.

Shifts of the naphthoquinol proton peaks (y, 5, o moving
from 7.10, 6.39, and 5.38 ppm to 5.87, 5.23, and 4.66 ppm,
respectively) and that of the meso protons (A0 —0.36 ppm) are
consistent with a structure in which the diimide is located
cofacially between the porphyrin and the naphthoquinol aromatic
rings. Additionally, the peaks for the porphyrin methylene
protons h4 are diastereotopically split, which is to be expected
in a structure in which the facial differentiation of the porphyrin
is enhanced. Conversely, the resonances for the ethylene protons
in the strap of the porphyrin are all shifted downfield, especially
protons 18 and 19 (A6 —1.18 and 1.32 ppm, respectively) and
those above and below these positions to a lesser extent, again
confirming a cofacial arrangement of the diimide and porphyrin.

Variable temperature 'H NMR measurements down to
—40 °C revealed no significant changes in the meso diimide a
or triazole b proton resonances, indicating that the diimide
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remains bound at lower temperatures and is not displaced by
competitive triazole coordination to the zinc.

Rh(III) Porphyrin Rotaxanes. Such a biased preference for
diimide binding over zinc—triazole coordination frustrates the
use of this system as a switchable two-station rotaxane.
However, by replacement of zinc by a rhodium(III) ion in the
strapped porphyrin then, due to its higher affinity for nitrogen
ligands, triazole coordination is expected to be more competitive,
allowing for switching to the diimide in protonating (or other)
conditions. Before proceeding to the corresponding rhodium(III)
analogue of the zinc rotaxane 17, however, some knowledge
of possible triazole coordination to rhodium(III) porphyrins was
a prerequisite.

Although we could find no literature reports on 1,2,3-triazole
metalloporphyrin coordination, there have been examples of the
potential of click triazoles to act as ligands in other transition
metal complexes.*®** It has been shown that in coordination of
1,2,3-triazoles to platinum and palladium metal centers the
coordination strength is dependent on their 1- and 4-substituents
and typically is comparable to that of simple pyridine-based
ligands.**

Thus as a simple model for rhodium(IIl) porphyrin—triazole
coordination, the monotriazole thread, 18, was synthesized from
stopper alkyne 8 and stopper azide 13 via the standard click
methodology previously discussed.

'H NMR spectra revealed that addition of 1 equiv of rhodium
porphyrin 19 to 18 resulted in the complex 19018 (see
Supporting Information, Figure S35), showing significant upfield
shifts in the resonance of the triazole proton b from 7.81 to
5.51 ppm, with that of proton c shifting from 5.13 to 0.27 ppm,
indicative of strong triazole coordination to the rhodium
porphyrin. In addition to this, the resonances of the stopper
aromatic protons d and d' were also shifted upfield from 6.76
ppm in the monotriazole thread 18 to 6.45 (proton d) and 5.32
ppm (proton d') in 19018 due to shielding by the adjacent
porphyrin, which was also responsible for upfield shifts in the
signals of the adjacent ethoxy protons (1'—4'). Spectra of a
mixture of dumbbell 15 with 2 equiv of iodo-rhodium(III)
tetratolyl porphyrin 19 (1 equiv for each triazole) also revealed
strong triazole coordination.

Despite these control experiments with monotriazole thread
18 and dumbbell 15 clearly showing triazole coordination to
rhodium porphyrins, in the proposed rhodium analogue of the
zinc porphyrin rotaxane 17, only one rhodium porphyrin for
two possible coordinating triazole entities is present. A more
realistic model, although more complicated, is one in which
only 1 equiv of rhodium tetratolyl porphyrin 19 is added to the
bistriazole dumbbell 15 (19015, Figure 6).

'"H NMR analysis of such a mixture revealed that, at 30 °C,
many of the proton signals for the thread, diimide, and triazole
protons were broadened and undetectable, presumably as a result
of fast exchange between possible coordinated species. At —20 °C,
however, the broadness had resolved and multiple peaks for each
of the components were observed (Figure 7). As expected the
system was complicated, and signals for three distinct coordination

(43) (a) Chang, K.-C.; Su, I.-H.; Lee, G.-H.; Chung, W.-S. Tetrahedron Lett.
2007, 48, 7274-7278. (b) David, O.; Maisonneuve, S.; Xie, J. Tetrahedron Lett.
2007, 48, 6527-6530. (c) Chang, K.-C.; Su, I.-H.; Senthilvelan, A.; Chung, W.-
S. Org. Lett. 2007, 9, 3363-3366. (d) Li, Y.; Huffman, J. C.; Flood, A. H. Chem.
Commun. 2007, 2692-2694. (e) Bronisz, R. Inorg. Chem. 2005, 44, 4463-4465.

(44) Suijkerbuijk, B. M. J. M.; Aerts, B. N. H.; Dijkstra, H. P.; Lutz, M.;
Spek, A. L.; van Koten, G.; Gebbink, R. J. M. K. J. Chem. Soc., Dalton Trans.
2007, 1273-1276.
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FIGURE 5. '"H NMR spectra of the strapped porphyrin 9 (top) compared to the porphyrin rotaxane 17 (bottom). Numbering and lettering refer to

those in Scheme 3.

species were observed, resulting from a statistical mixture contain-
ing uncoordinated (15), mono- (19015), and di- (2.19D15)
coordinated dumbbell. These could be separated by rationalization
of their shifts and by 2-D experiments.

Of particular interest is the monocoordinated species 19015,
as in a rthodium rotaxane no unbound or dicoordinated species
is expected. This component of the spectrum of the mixture
shows complete asymmetry as expected, and at —20 °C, clear
peaks for bound (5.40 ppm) and unbound (7.89 ppm) triazole
proton b and bound (0.53 ppm) and unbound (5.34 ppm) NCH,
triazole protons c are evident. In addition to this, and because
of the asymmetry, the resonances of the diimide protons a are
shifted upfield and split into two doublets at 8.52 and 8.31 ppm
due to shielding by the porphyrin, as are the resonances of the
stopper aromatic protons at 6.78 and 6.54 ppm and the ethoxy
protons (1'—4") in the thread. This asymmetric pattern could
now be used as a model to decipher the '"H NMR spectrum of
the proposed rhodium analogue of rotaxane 17.

Before rhodium could be inserted into the porphyrin rotaxane,
the zinc was removed by washing with dilute HCI. "H NMR
analysis of the free base rotaxane 20 (Scheme 3) showed that
the rotaxane remained intact. In this free base derivative, the
diimide remained bound, as evidenced by the upfield position
of the diimide (6.36 ppm) and naphthoquinol (5.88, 5.29, and
4.68 ppm) resonances. Indeed, no significant changes in the
NMR chemical shift patterns were observed compared to the
zinc-strapped porphyrin rotaxane 17 except for the presence of
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the porphyrin NH peaks at —4.27 ppm in 20. These resonances
are significantly more upfield than in typical free base porphy-
rins, which normally appear around —2 to —3 ppm,®'** which
is further evidence of the diimide being bound in the cavity of
the strapped porphyrin in a cofacial arrangement.

Insertion of rthodium into the rotaxane was achieved according
to usual procedures®® to afford the rhodium iodide rotaxane 21
in 40% yield. It appeared that some of the rotaxane material
was destroyed during the rhodium insertion, but nevertheless,
reasonable quantities of rhodium rotaxane were obtained.

The ESI-MS analysis of the rhodium porphyrin rotaxane 21
showed a major m/z peak at 3082 representing the [M + H]*"
species, with the iodide ligand remaining coordinated to the
rhodium metal. Minor peaks at 2954 for the [M — I]* and 2986
for the [(M — I) + Na]t were also present (see Supporting
Information, Figure S31).

At room temperature, the peaks observed in the 'H NMR
spectrum of 21 were broad, indicative of fast exchanging
processes. However, at —20 °C, the spectrum had resolved
considerably, and two sets of peaks for many of the porphyrin
and thread protons were apparent (see Figure 8).

This asymmetry is due to the rhodium porphyrin binding of
only one of the two triazole entities present in the thread and is
similar to that seen in the monotetratolyl rhodium coordination
to dumbbell 15 (viz. 19015) discussed above. At —20 °C, clear
peaks for bound (5.02 ppm) and unbound (7.97 ppm) triazole
proton b and bound (0.11 ppm) and unbound (5.43 ppm)
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FIGURE 6. Triazole-coordinated Rh(IIT) porphyrin species discussed in the text. Labelling refers to the NMR spectra illustrated in Figures 5—8.

NCH,—triazole protons c are evident. The 1:1 ratio confirms
that the porphyrin is coordinated to only one of the triazole
units of the thread and that the broadness at higher temperatures
is probably due to a shuttling process between the two triazoles.
Furthermore, the diimide proton resonance a is split into two
doublets at 8.31 and 7.88 ppm, as are the stopper aromatic
resonances d at 6.62 (end closest to the porphyrin) and 6.82
ppm (furthest from the porphyrin) as a result of the induced
asymmetry.

The induced C, symmetry is also reflected in paired porphyrin
resonances. Thus the peaks for the porphyrin meso protons and

the methyl and hexyl protons are split into two at —20 °C.
However, no asymmetry in the side aromatic protons of the
porphyrin or the naphthoquinol aromatic protons in the por-
phyrin strap is observed, indicating that these are reflected in
the perpendicular mirror plane. NOESY experiments clearly
show close contacts between the naphthoquinol and the bound
triazole peak, confirming coordination of the triazole and that
the diimide moiety is thus displaced from the cavity (see
Supporting Information, Figures S33 and S34).

Attempted Shuttling Processes. Having fully characterized
the rhodium rotaxane 21 and established that the preferred

J. Org. Chem. Vol. 73, No. 9, 2008 3345
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Figure 6.

conformation is with coordinated triazole rather than bound diimide tigated. A set of conditions under which the triazole coordination
(quite the opposite of that observed for the zinc derivative), various can be interrupted to allow the diimide to bind inside the cavity is
methods for initiating a reversible switching process were inves- required for a controlled translational movement.

3346 J. Org. Chem. Vol. 73, No. 9, 2008



Toward Multistation Rotaxanes

i eff q n t
[
j
a 13
m
o
d g 9
p LY
t
a 7 ho
e
ho
f
d
e
U» ]/
T T T T T T T
5 4 3 2 1

@

it ke VY Mo
T
ppm

FIGURE 9. 'H NMR spectra of a mixture of dumbbell 15 + 2 equiv
of rhodium porphyrin 19 + pyridine 22 (top), and a mixture of rhodium
rotaxane 21 plus pyridine ligand 22 (bottom).

T T T
10 9 8 7 6

Competitive binding by a potentially coordinating solvent
provided one such possibility. However, addition of deuterated
methanol or acetone resulted in no significant change in the
porphyrin rotaxane, 'TH NMR spectra indicating that the triazole
remained fully coordinated in these solvents. (Lack of solubility
precluded use of other common potentially coordinating deu-
terated solvents.)

An alternative is the use of acid to protonate the triazole and
hence prevent its coordination to the metal ion. However, control
experiments on 19018 established that, even in the presence
of up to 30 equiv of TFA in a CDCl; solution, the coordinated
triazole is not displaced.

Competitive ligand binding by stronger pyridine-based ligands
was a third option. We could demonstrate that the pyridine
ligand 22 was able to effectively and rapidly displace the
triazole-coordinated dumbbell from a mixture of dumbbell 15
and 2 equiv of thodium iodide tetratolyl porphyrin 19.

o
MeO

p O

= OMe
o

N

[o]

|
22

Addition of the pyridine ligand 22 resulted in the immediate
decomplexation and rupture of the triazole—rhodium bond as
evidenced by the appearance in the 'H NMR spectrum of
unbound dumbbell resonances (Figure 9). At the same time,
new resonances for coordinated ligand 22 appeared at 7.15 and
1.86 ppm, which is characteristic of coordination of this ligand
to rhodium porphyrins.**

However, upon addition of this ligand to a solution of the
rotaxane 21, no evidence for the disruption of the binding of
the triazole to the rhodium porphyrin was observed, even at
high or low temperatures. It is evident that in this case the
effective intramolecular binding mode of the triazole in the
rotaxane structure of 21 out-competes the exogenous ligand 22.

However, when the stronger ligand pyridine itself was used
in a competition experiment with the rotaxane, the proton spectra
showed a new doublet appearing at 0.34 ppm, which displayed
characteristic pyridine COSY patterns coupling to protons at
3.76 and 4.40 ppm. This strongly suggested that the pyridine
had successfully displaced the coordinated triazole; however,
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variable temperature studies showed that, as the temperature
decreased, the pyridine proton resonance shifted upfield. This
is not characteristic behavior of pyridine binding to rhodium
porphyrins, which is typically in slow exchange, and therefore
temperature changes normally result in changes in peak intensity
and not shifts in the peak position. In addition to this, no typical
unbound triazole peaks were evident in the 'H NMR spectrum,
indicating either that the triazole moiety was still coordinated
to the rhodium porphyrin or that it was not coordinated but still
under the strap of the porphyrin. Similarly, no characteristic
bound diimide peak was observed as might be expected if the
pyridine was coordinated to the outside face of the porphyrin,
which would allow diimide to bind in the cavity of the strapped
porphyrin.

Clearly, the system was far from straightforward, and it was
thought that, as in previous studies, the spectra may resolve
over time as exchange of the pyridine ligand from inside to
outside coordination modes may occur.>* Unfortunately, over
time, it appeared that the rotaxane was decomposing, as TLC
analysis showed that the rotaxane had degraded into multiple
porphyrin and nonporphyrin entities. This behavior was unex-
pected, as previous binding studies of rhodium porphyrin—pyri-
dine complexes showed no such decomposition.** Nevertheless,
this precluded a full investigation of the process, and unfortu-
nately, it also suggests that the use of this rhodium porphyrin,
despite showing promise, may not produce a stable rotaxane
that is capable of controlled and reversible switching, at least
with this combination of components.

Pyridine-Templated Rotaxanes via Click Methodology.
Since the diimide/triazole combination in the thread was not
conducive to a simple switching process, the click methodology
was adapted to produce a pyridine/triazole thread alternative,
based on the templating concepts described in the first sections
of this paper. The pyridine azide 23 provided a suitable template.

Huisgen 1,3-dipolar cycloaddition between 23 and stop-
per alkyne 8 produced dumbbell 24 in reasonable yield
(Scheme 4).

When the reaction was repeated in the presence of rhodium
chloride strapped porphyrin 1 (as discussed previously, this
particular rhodium porphyrin derivative was chosen, as deriva-
tives of pyridine thread 23 have shown preferential inside
coordination, which persists for up to 3 days at ambient
temperature), the '"H NMR spectrum of the major rhodium
porphyrin product showed clear resonances for bound pyridine
protons at 6.09 and 1.74 ppm and the expected integration for
a 1:1 complex between rhodium porphyrin macrocycle 1 and
pyridine dumbbell 24. However split meso proton resonances
at 10.29 and 9.88 ppm, as well as dual hexyl and methyl side
chain peaks, and a single set of peaks for the strapped porphyrin
naphthalene aromatic protons (7.01, 6.18, and 5.25 ppm) are
not consistent with a rotaxane structure, but rather with one in
which the central pyridine is coordinated on the same side of
the porphyrin as the strap, but is not interlocked through it, as
seen in the first section of this paper in the attempted rotaxane
formation via acid chloride reactions.

Furthermore, addition of pyridine to this complex showed
complete dissociation of the dumbbell 24 from the rhodium
porphyrin due to competitive binding of the stronger ligand to
the rhodium porphyrin. This indicates that the two components
are indeed not mechanically linked as a rotaxane, but that the
product is simply a strongly coordinatively bound complex.
Indeed, the two components (the free dumbbell 24 and the
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rhodium—pyridine complex) could be separated by preparative
TLC in the presence of coordinating solvents, confirming that
this mixture was not rotaxane. Thus, as for the acid chloride
reactions, folding of the flexible strap of the porphyrin has
effectively confounded the production of interlocked molecules
by these templating strategies.

Conclusions

Unfortunately, the pyridine-directed template synthesis of
supramolecular systems incorporating strapped porphyrin mac-
rocycles has proved problematic. Despite optimizing conditions
such that the ligands were bound preferentially inside the strap
of the porphyrin, attempts to produce rotaxanes using a variety
of reaction conditions were unsuccessful. Frustratingly, all
attempts thus far at rotaxane formation using the pyridine
templating resulted in the folding of the strap of the porphyrin
so that no interlocked species were formed.

An alternative approach making use of the Cu(I)-catalyzed
Huisgen 1,3-dipolar cycloaddition reaction (click chemistry) was
successful in the production of triazole/diimide rotaxanes in
relatively good yields. Of particular relevance is the strapped
porphyrin rotaxane 17, which is the first successful synthesis
of a rotaxane incorporating this host and a diimide guest. In
the zinc derivative of this rotaxane, the diimide unit is
preferentially bound underneath the strap of the porphyrin.
Conversely, for the corresponding rhodium(III) iodide analogue,
the triazole entities are coordinated to the Rh(III) ion underneath
the strap, and the diimide was displaced from the cavity.
Unfortunately, this is not reversible, and no conditions were
found that could create controlled, reversible “switching” for
this rotaxane.

Nevertheless, the results presented here have demonstrated
the potential of this type of click chemistry for the templated
synthesis of a variety of rotaxanes or other interlocked mol-
ecules. Despite the drawbacks encountered in this work for the
use of ligand templating methodologies for the production of
interlocked metalloporphyrin supramolecular systems, we be-
lieve that, with appropriate adjustments to the templating ligand,
the metal ion, and the superstructured porphyrin, the strategy
can be successful and will be the subject of ongoing research.
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Experimental Section

General. The synthesis of the unstrapped rhodium(Ill) iodide
porphyrin 19 and the zinc and rhodium(III) chloride naphthoquinol
strapped porphyrins (9 and 1, respectively) has been previously
reported.***334> The pyridine thread 2,** crown 14,*' and diimide
12*¢ were synthesized according to literature procedures. The
stopper alkyne 8 was synthesized according to published procedures
by Leigh.?’

3-(2-(2-(2-Hydroxyethoxy)ethoxy)ethyl) 5-(2-(2-(10-0x0-10-
(3-(10,15,20-tri-p-tolylporphyrin-5-yl) phenoxydecanoyloxy)ethoxy)-
ethyl)pyridine-3,5-dicarboxylate (5). Sebacic acid tetratolyl por-
phyrin 3*7 (210 mg, 0.25 mmol) was dissolved in excess oxalyl
chloride (5 mL), and the mixture was stirred at room temperature
under N, for 2 h. The reaction mixture was then pumped dry,
solubilized in CHCI; (1 mL), and pumped dry. This procedure was
repeated four times to remove all excess oxalyl chloride. The
produced acid chloride porphyrin 4 (quantitative yield) in dry CHCl;
(10 mL) was then added dropwise over 30 min to a solution of
excess pyridine thread 2 (600 mg, 1.38 mmol) in dry CHCI; (30
mL). The reaction mixture was then stirred at room temperature
under N, for 48 h. After this time, the mixture was diluted with
CHCl; (30 mL) and washed with NaHCO; (saturated aqueous, 20
mL) and H,O (20 mL). The crude product was purified by
chromatotron (2 mm silica plate) using CH,Cl,/5%MeOH as the
eluent before final crystallization from CH,Cl,/MeOH to yield the
pure product 5 as a purple solid (175 mg, 56%): mp 128—130 °C;
m/z (ESI-MS) [M +H]" 1270.5764 C76HgoNsO 3 (caled 1270.5674);
'H NMR (300 MHz, CDCl3) 6 9.39 (2H, s, py ortho H), 8.88 (9H,
m, Ar—H, py para H), 8.11 (TH, m, Ar—H), 7.99 (1H, s, Ar—H),
7.76 (1H, t, J = 7 Hz, Ar—H), 7.56 (7H, m, Ar—H), 4.51—4.55
(4H, m, OCHp), 4.18—4.21 (2H, m, OCH,), 3.82—3.84 (4H, m,
OCHy), 3.58—3.71 (14H, m, OCHy), 2.73 (9H, s, CH3), 2.64—2.68
(2H, m, CHy), 2.27—2.32 (2H, m, CH»), 1.81 (2H, m, CH,), 1.61
(2H, m, CH,), 1.33—1.41 (8H, m, CHy), —2.76 (2H, s, NH); 13C
NMR (75 MHz, CDCls) 6 173.7, 172.4, 164.4, 154.3, 149.3, 144.7,
139.2,138.2,137.4,134.5, 132.1, 131.2, 127.9, 127.4, 126.0, 120.9,
120.5, 120.3, 118.3, 72.5, 70.7, 70.6, 70.4, 69.3, 69.0, 64.8, 63.2,

(45) Wayland, B. B.; van Voorhees, S. L.; Wilker, C. Inorg. Chem. 1986,
25, 4039-4042.

(46) Hamilton, D. G.; Feeder, N.; Teat, S. J.; Sanders, J. K. M. New J. Chem.
1998, 1019-1021.

(47) Johnstone, K. D. Self-Assembling Porphyrin Supramolecules. PhD
Thesis, University of New England, Armidale, 2004.

(48) Ashton, P. R.; Ballardini, R.; Balzani, V.; Belohradsky, M.; Gandolfi,
M. T.; Philp, D.; Prodi, L.; Raymo, F. M.; Reddington, M. V.; Spencer, N.;
Stoddart, J. F.; Venturi, M.; Williams, D. J. J. Am. Chem. Soc. 1996, 118, 4931—
4951.
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61.8, 45.8,34.5, 34.1, 29.1, 24.9, 21.5; UV (A, nm (¢ M~ cm™"),
CH,Cly) 419 (3.70 x 10%), 515 (1.74 x 10%), 551 (8.77 x 10%),
591 (5.44 x 10%), 646 (4.38 x 10%).

2,7-Bis (2- (2- (2- (2-azidoethoxy) ethoxy) ethoxy) ethyl)benzo-
[Imn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (7). 2,7-Bis(2-
(2-(2-(2-(4-toluenesulfonyl)ethoxy)ethoxy)ethoxy)ethyl)benzo[/mn]-
[3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone™ (1.12 g, 1.21 mmol)
and NaNj; (1.56 g, 24.0 mmol) were suspended in dry, degassed
DMF (30 mL). The mixture was stirred under N, at room
temperature for 4 days before being diluted with H,O (100 mL)
and extracted with CH,Cl, (3 x 60 mL). The organic layers were
combined and washed with brine (100 mL) and dried over
anhydrous Na,SOs, and the solvent was removed in vacuo. The
compound was purified by chromatotron (2 mm silica plate) using
5% MeOH/CH,Cl, as the eluent to give the pure product as an
orange solid (671 mg, 83%): mp 57—59 °C; m/z (ESI-MS) [M +
Na]™ 691.2422 C30H36NgOoNa (caled 691.2452); '"H NMR (300
MHz, CDCl;) 6 8.59 (4H, s, NDI-H), 4.34—4.37 (4H, m, OCH»),
3.76—3.79 (4H, m, OCH,), 3.63—3.64 (4H, m, OCH,), 3.53—3.58
(16H, m, OCH,), 3.26—3.29 (4H, m, N3CH,); '*C NMR (75 MHz,
CDCly) 6 162.6, 130.8, 126.4, 70.6, 70.5, 70.0, 69.9, 67.7, 50.6,
39.5.

2,7-Bis (2- (2-(2-(2-(4-((4-(tris(4-tert-butylphenyl)methyl)-
phenoxy)methyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)-
ethyl)benzo[/mn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetra-
one (10). Naphthodiimide azide 7 (13 mg, 0.02 mmol), 4.4',
4" -((4-(prop-2-ynyloxy)phenyl)methanetriyl)tris(tert-butylben-
zene) 8° (23 mg, 0.04 mmol), N,N-diisopropylethylamine (DIPEA,
6 mg, 0.05 mmol), and Cu(MeCN),BF, (2 mg, 0.006 mmol) were
dissolved in dry degassed toluene (5 mL), and the mixture was
stirred under N, for 4 days. The reaction mixture was then diluted
with H,O (20 mL) and extracted with CH,Cl, (30 mL). The organic
layer was dried over anhydrous Na,SO,4, and the solvent was
removed. The product was purified by chromatotron (2 mm silica
plate) using CH,Cl,/3% MeOH as the eluent and then crystallized
from CH,Cl,/MeOH to give the pure product as a pale yellow solid
(31 mg, 90%): mp 197—198 °C; m/z (ESI-MS) [M + H]"
1753.9776 C10H20NgO15 (caled 1753.9730); 'TH NMR (300 MHz,
CDCl;) 6 8.73 (4H, s, NDI-H), 7.84 (2H, s, triazole H), 7.19—7.31
(16H, m, Ar—H), 7.09—7.16 (12H, m, Ar—H) 6.88 (4H, d,J =6
Hz, OAr-H), 5.19 (4H, s, OCH,—triazole), 4.54—4.57 (4H, m,
CH,—triazole), 4.46—4.48 (4H, m, NDI-CH,), 3.83—3.90 (8H, m,
OCH,), 3.69—3.72 (4H, m, OCH,), 3.57—3.61 (12H, m, OCH,),
1.33 (54H, s, t-Bu); '3C NMR (75 MHz, CDCIl3) 6 162.8, 156.2,
148.4, 144.1, 140.1, 132.3, 131.0, 130.7, 126.6, 124.0, 123.9, 113.3,
70.6, 70.5, 70.1, 69.4, 67.8, 63.1, 62.0, 50.3, 39.6, 34.3, 31.4.

4.4' 4" -((4-(2-(2-Azidoethoxy)ethoxy)phenyl)methanetriyl)tris-
(tert-butylbenzene) (13). 4,4' 4" -((4-(2-(2-(4-Toluenesulfonyloxy)-
ethoxy)ethoxy)phenyl)methanetriyl)tris(tert-butylbenzene)*® (0.99
g, 1.32 mmol) and NaNj (0.86 g, 13.2 mmol) were suspended in
dry, degassed DMF (10 mL). The mixture was stirred under N, at
room temperature for 3 days before being diluted with HO (50
mL) and extracted with CH,Cl, (3 x 50 mL). The organic layers
were combined and washed with brine (50 mL) and dried over
anhydrous Na,SOy, and the solvent was removed in vacuo. The
compound was purified by chromatotron (2 mm silica plate) using
20% hexane/CH,Cl, as the eluent to give the pure product as a
white solid (513 mg, 63%): mp 208—210 °C; m/z (FAB-MS) [M
+ H]* 617.3991 C4;H5:N30, (caled 617.3981); 'H NMR (300 MHz,
CDCly) 6 7.25—7.28 (6H, m, Ar—H), 7.10—7.13 (8H, m, Ar—H),
6.82 (2H, d, J = 6 Hz, OAr-H), 4.14—4.17 (2H, m, OCH,),
3.87—3.90 (2H, m, OCH,), 3.76—3.79 (2H, m, OCH,), 3.42—3.45
(2H, m, N3;CH,), 1.34 (27H, s, -Bu); '3C NMR (75 MHz, CDCls)
0 156.5, 148.3, 144.2,139.9, 132.4, 130.8, 124.1, 113.2, 70.3, 69.9,
67.3, 63.1, 50.8, 34.4, 31.5.

(49) Hansen, J. G.; Feeder, N.; Hamilton, D. G.; Gunter, M. J.; Becher, J.;
Sanders, J. K. M. Org. Lett. 2000, 2, 449-452.
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2,7-Bis((1-(2-(2-(4-(tris(4-tert-butylphenyl)methyl)phenoxy)-
ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)methyl)benzo[lmn][3,8]-
phenanthroline-1,3,6,8(2H,7H)-tetraone (15). 2,7-Di(prop-2-
ynyl)benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone 12*°
(8 mg, 0.025 mmol), 4,4',4" -((4-(2-(2-azidoethoxy)ethoxy)phenyl)
methanetriyl)tris(tert-butylbenzene) 13 (30 mg, 0.05 mmol), DIPEA
(6 mg, 0.05 mmol), and Cu(MeCN);BF, (2 mg, 0.006 mmol) were
dissolved in dry degassed toluene (5 mL), and the mixture was
stirred under N, for 8 days. The reaction mixture was then diluted
with H,O (20 mL) and extracted with CH,Cl, (30 mL). The organic
layer was dried over anhydrous Na,SOs4, and the solvent was
removed. The product was purified by crystallization from CH,Cl,/
MeOH to give the pure product as a pale yellow solid (32 mg,
80%): mp 204—207 °C; m/z (ESI-MS) [M + H]* 1577.8690
Ci02H13NgOg (caled 1577.8681); '"H NMR (300 MHz, CDCl3) 6
8.74 (4H, s, a), 7.87 (2H, s, b), 7.24—7.29 (12H, m, g), 7.09—7.16
(16H, m, e,f) 6.80 (4H, d, J = 6 Hz, d), 5.50 (4H, s, ¢), 4.52—4.55
(4H, m, 1'), 4.07—4.10 (4H, m, 4'), 3.91-3.95 (4H, m, 2'),
3.79—3.81 (4H, m, 2"), 1.32 (54H, s, t); 3C NMR (75 MHz, CDCl5)
0 162.4, 156.4, 148.4, 144.1, 142.7, 140.1, 132.3, 131.2, 130.7,
126.8, 136.6, 124.5, 124.1, 113.1, 69.9, 69.6, 67.1, 63.1, 50.3, 35.6,
34.3, 31.4.

Crown Rotaxane (16). 2,7-Di(prop-2-ynyl)benzo[/mn][3,8]phen-
anthroline-1,3,6,8(2H,7H)-tetraone 12*® (8 mg, 0.025 mmol),
4.4' 4" -((4-(2-(2-azidoethoxy)ethoxy)phenyl)methanetriyl)tris(terz-
butylbenzene) 13 (30 mg, 0.05 mmol), dinaphtho-38-crown-10 14
(16 mg, 0.025 mmol), and DIPEA (6 mg, 0.05 mmol) were
dissolved in dry degassed toluene (5 mL), and the mixture was
stirred under N for 1 h to allow solubilization of the diimide. After
this time, Cu(MeCN),BF, (2 mg, 0.006 mmol) was added, and the
mixture was stirred at room temperature under N, for 3 days. The
reaction mixture was then diluted with HO (20 mL) and extracted
with CH,Cl, (30 mL). The organic layer was dried over anhydrous
Na,SOs, and the solvent was removed. The product was purified
by chromatotron (2 mm silica plate) using 5% MeOH/CH,Cl, as
the eluent, yielding dumbbell 15 (18 mg, 46%) and crown rotaxane
products. The crown rotaxane was then crystallized from EtOAC/
hexane to give the pure crown rotaxane as a pale pink solid (22
mg, 43%); mp 181—184 °C; m/z (ESI-MS) [M + H]* 2214.1600
Ci38H157NgO15 (caled 2214.1616); 'H NMR (300 MHz, CDCl3) 6
8.31 (4H, s, a), 8.08 (2H, s, b), 7.24—7.29 (12H, m, g), 7.08—7.11
(16H, m, e, f), 6.76—6.79 (8H, d, / = 6 Hz, d, y), 6.26 (4H, t, J =
8 Hz, ), 5.90 (4H, d, J = 6 Hz, o), 5.41 (4H, s, ¢), 4.64—4.67
(4H, m, 1'), 3.99—4.07 (16H, m, OCH,), 3.87—3.92 (24H, m,
OCH,), 3.78—3.81 (4H, m, OCHy), 1.32 (54H, s, t); '3C NMR (75
MHz, CDCl3) 6 162.6, 156.3, 152.9, 148.4, 144.1, 143.2, 140.0,
132.3,130.7, 125.5, 125.0, 124.7, 124.0, 123.5, 114.1, 113.1, 103.5,
77.2,71.4,71.2,69.9, 69.8, 67.3, 67.1, 63.1, 50.4, 34.6, 34.3, 31.4;
UV (A, nm (¢ M~! cm™!), CH,Cl,) 500 (745).

Zinc Porphyrin Rotaxane (17). 2,7-Di(prop-2-ynyl)benzo[/mn]-
[3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone 12*¢ (8 mg, 0.025
mmol), 4,4' 4" -((4-(2-(2-azidoethoxy)ethoxy)phenyl)methanetriyl)-
tris(tert-butylbenzene) 13 (30 mg, 0.05 mmol), strapped porphyrin
9 (33 mg, 0.025 mmol), and DIPEA (6 mg, 0.05 mmol) were
dissolved in dry degassed toluene (5 mL), and the mixture was
stirred under N, for 1 h to allow solubilization of the diimide. After
this time, Cu(MeCN)4BF, (2 mg, 0.006 mmol) was added, and the
mixture was stirred at room temperature under N, for 3 days. The
reaction mixture was then diluted with HO (20 mL) and extracted
with CH,Cl, (30 mL). The organic layer was dried over anhydrous
Na,SOy4, and the solvent was removed. The product was purified
by chromatotron (2 mm silica plate) using 2% MeOH/CH,Cl, as
the eluent, yielding dumbbell 15 (21 mg, 55%) and porphyrin
rotaxane products. The porphyrin rotaxane was then crystallized
from EtOAC/hexane to give the pure porphyrin rotaxane 17 as a
purple solid (11 mg, 20%): mp 145—148 °C; m/z (ESI-MS) [M]*
2913.5612 C184H216N120162n (calcd 29135749), 1I’I NMR (300
MHz, CDCl;) 6 9.78 (2H, s, meso), 7.78 (2H, s, b), 7.70 2H, t, J
=7 Hz, 13), 7.36 (2H, d, J = 8 Hz, 14), 7.25—7.29 (16H, m, e,
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g), 7.09—7.16 (14H, m, f, 12), 6.94 2H, t, J = 6 Hz, 11), 6.74
(4H, d, J = 6 Hz, d), 6.42 (4H, s, a), 5.86 (2H, d, J = 6 Hz, y),
5.25 (2H, t, J = 8 Hz, ), 5.12 (4H, s, ¢), 4.87 (4H, m, 16), 4.66
(2H, d,J= 6 Hz, o), 4.46 (4H, m, 1"), 4.22 (4H, m, 17), 4.08 (4H,
m, h4), 3.95 (4H, m, 4'), 3.80—3.85 (12H, m, h4, 19, 2'), 3.72
(4H, m, 18), 3.62 (4H, m, 3'), 3.54 (4H, m, 20), 3.29 (4H, m, 21),
2.58 (12H, s, 7), 2.14 (8H, m, hS5), 1.76 (8H, m, h6), 1.45—1.57
(16H, m, h7, h8), 1.34 (54H, s, t), 0.92 (12H, m, h9); 3C NMR
(75 MHz, CDCl3) 6 159.9, 157.8, 156.3, 151.9, 148.4, 148.1, 145.5,
144.1, 143.1, 142.8, 140.0, 137.9, 135.9, 132.8, 132.3, 130.7, 129.5,
126.9, 125.6, 124.1, 123.7, 122.6, 120.8, 120.6, 119.7, 115.4, 113.0,
110.7, 102.9, 96.2, 71.1, 70.3, 69.7, 69.6, 67.6, 67.1, 65.6, 63.1,
50.2, 34.3, 33.4, 32.0, 31.4, 30.1, 27.0, 22.7, 14.2; UV (4, nm (¢
M~ em™!), CHyCly) 417 (2.48 x 10°%), 537 (1.57 x 10%), 570 (9.76
x 10%).
1-(2-(2-(4-(Tris(4-tert-butylphenyl)methyl)phenoxy)ethoxy)-
ethyl)-4-((4-(tris(4-fert-butylphenyl)methyl)phenoxy)methyl)-1H-
1,2,3-triazole (18). 4.,4'.4"-((4-(Prop-2-ynyloxy)phenyl)methane-
triyl)tris(zert-butylbenzene) 8°’ (20 mg, 0.04 mmol), 4,4’ 4" -((4-
(2-(2-azidoethoxy)ethoxy)phenyl)methanetriyl)tris(zert-
butylbenzene) 13 (23 mg, 0.04 mmol), DIPEA (5 mg, 0.04 mmol),
and Cu(MeCN)sBF, (1.2 mg, 0.004 mmol) were dissolved in dry
degassed toluene (5 mL), and the mixture was stirred under N, for
4 days. The reaction mixture was then diluted with HO (20 mL)
and extracted with CH,Cl, (30 mL). The organic layer was dried
over anhydrous Na,SOy, and the solvent was removed. The product
was purified by chromatotron (2 mm silica plate) using CH,Cl, as
the eluent to give the pure product 18 as a white solid (30 mg,
71%): mp 264—265 °C; m/z (ESI-MS) [M + H]* 1160.7576
Cg1HogN305 (caled 1160.7608); 'H NMR (300 MHz, CDCl3) 6 7.81
(1H, s, triazole), 7.21—7.24 (12H, m, Ar—H), 7.04—7.09 (16H, m,
Ar—H), 6.73—6.80 (4H, m, OAr-H), 5.13 (2H, s, OCH,—triazole),
4.56—4.60 (2H, m, OCH,), 4.03—4.06 (2H, m, OCH,), 3.94—3.97
(2H, m, OCH,), 3.78—3.81 (2H, m, OCH,), 1.30 (54H, s, t); 13C
NMR (75 MHz, CDCls) 6 156.3, 156.1, 148.3, 144.1, 140.1, 132.3,
130.7, 126.7, 113.3, 113.0, 69.9, 69.6, 67.0, 63.1, 61.9, 34.3, 31.4.
Rhodium Porphyrin Rotaxane (21). Free base porphyrin
rotaxane 20 (13 mg, 0.005 mmol), anhydrous sodium acetate (4
mg, 0.05 mmol), and [Rh(CO),Cl], (3 mg, 0.008 mmol) were
dissolved in dry degassed DCM, and the reaction mixture was
stirred at room temperature under N, for 5 h. Solid I, (4 mg, 0.02
mmol) was then added, and the mixture was stirred under N,
overnight at room temperature. The solution was then diluted with
CH,ClI, (30 mL) and washed with saturated Kl,q) (20 mL) and H,O
(3 x 20 mL). The organic layer was dried over anhydrous Na,SOy4
and the solvent removed in vacuo. The product was purified by
preparative TLC (2 mm silica plate) using 2% MeOH/CH,Cl, as
the eluent. The product was then crystallized from EtOAC/hexane to
give the pure porphyrin rotaxane 21 as a red solid (5 mg, 40%): mp
151—152 °C; m/z (ESI-MS) [M + H]" 3080.4540 C;g4H,17N1,016RhI
(caled 3080.4635); '"H NMR (300 MHz, CDCl; at —20 °C) 6 10.30
(1H, s, 1), 10.21 (1H, s, 1), 8.30 (2H, d, J = 8 Hz, a), 7.97 (1H,
s, b), 7.86—7.90 (4H, m, a’, 11), 7.70 2H, t, J = 7 Hz, 12), 7.36
(2H, t, J = 8 Hz, 13), 7.23—7.29 (16H, m, e, g), 7.07—7.15 (14H,
m, f, 12), 6.81 (2H, d, J = 6 Hz, d), 6.63 (2H, d, J = 6 Hz, d'),
6.57 (2H, d, J = 6 Hz, y), 6.01—6.04 (4H, m, 3, o), 5.43 (2H, s,
¢), 5.02 (1H, s, b'), 4.56 (2H, m, 1"), 3.50—4.21 (24H, m, 16, 17,
20, 21, h4, h4"), 3.40 (4H, m, 2', 3"), 3.20 (4H, m, 19), 2.90—3.11
(4H, m, 4", 3"), 2.78 (4H, m, 18), 2.50 (16H, m, 7, 1", 2"), 2.23
(8H, m, h5, h5"), 1.44—1.87 (20H, m, h6, h6', h7, h7', h8), 1.30
(54H, s, t, t'), 0.89—1.00 (10H, m, h9, h8"), 0.37 (6H, m, h9"),
0.11 (2H, s, ¢"); 13C NMR (75 MHz, CDCl;) 6 158.3, 156.3, 153.5,
148.4, 144.1, 143.6, 140.0, 136.3, 133.3, 132.3, 132.0, 130.7, 130.2,
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129.7,125.4,124.0, 121.6, 114.9, 113.5, 113.3, 113.0, 105.6, 98.1,
70.5,70.2, 69.5, 68.7, 68.0, 67.9, 66.9, 63.1, 34.3, 33.9, 32.1, 31.4,
30.1, 30.0, 29.8, 27.1, 22.7, 14.9, 14.1; UV (A, nm (¢ M~ ! cm™),
CH,Cly) 423 (1.40 x 10°), 534 (1.94 x 10%), 564 (9.41 x 10%).

Bis(2-(2-(2-azidoethoxy)ethoxy)ethyl) pyridine-3,5-dicarboxy-
late (23). Bis(2-(2-(2-hydroxyethoxy)ethoxy)ethyl) pyridine-3,5-
dicarboxylate 2 (1.2 g, 2.74 mmol) and Et;N (650 uL) were
dissolved in dry CHCl; (40 mL) under N, and stirred in an ice/salt
bath. 4-Toluenesulfonyl chloride (1.06 g, 5.6 mmol) and Et;N (475
uL) in dry CHCl; were added dropwise over 30 min. The mixture
was then refluxed under N, for 7 days before being diluted with
cold water (100 mL). The organic layer was separated, washed with
H,0 (100 mL), and dried over anhydrous Na,SOy4, and the solvent
was removed. The crude tosylate was then added to a suspension
of NaNj in dry, degassed DMF (20 mL) and stirred at room
temperature under N, for a further 4 days. The reaction mixture
was again diluted with H,O (100 mL) and extracted with CH,Cl,
(3 x 50 mL). The organic layers were combined and then washed
with brine (50 mL) and dried over anhydrous Na,SO., and the
solvent was removed in vacuo. The product was purified by
chromatotron (2 mm silica plate) using 2% MeOH/CH,Cl, as the
eluent to give the pure product as yellow oil (180 mg, 13%): m/z
(FAB-MS) [M + H]* 482.2012 Cj9H»sN;Og (calcd 482.1999); 'H
NMR (300 MHz, CDCl3) 6 9.39 (2H, s, py ortho-H), 8.89 (1H, s,
py para-H), 4.54—4.57 (4H, m, OCH,), 3.86—3.89 (4H, m, OCH,),
3.67—3.71 (12H, m, OCH,), 3.36—3.40 (4H, m, N3CH,); '*C NMR
(75 MHz, CDCl;) 6 164.4, 154.3, 138.2, 126.0, 77.2, 70.7, 70.1,
69.1, 64.8, 50.7.

Bis(2-(2-(2-(4-((4-(tris(4-tert-butylphenyl)methyl)phenoxy)-
methyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethyl)pyridine-
3,5-dicarboxylate (24). Propargyl ether 8*7 (27 mg, 0.05 mmol),
pyridine-3,5-dicarboxylic acid bis-(2-(2-(2-azidoethoxy)-ethoxy)-
ethyl) ester 23 (12 mg, 0.025 mmol), DIPEA (6 mg, 0.05 mmol),
and Cu(MeCN),BF, (2 mg, 0.005 mmol) were dissolved in dry
degassed toluene (5 mL), and the mixture was stirred under N, for
2 days. The reaction mixture was then diluted with H,O (20 mL)
and extracted with CH,Cl, (30 mL). The organic layer was then
dried over anhydrous Na,SO,, and the solvent was removed. The
product was purified by preparative TLC (2 mm silica plate) using
2% MeOH/CH,Cl, as the eluent followed by recrystallization from
EtOAc/hexane to give the pure product 24 as a white solid (25
mg, 70%): mp 207—209 °C; m/z (ESI-MS) [M + H]* 1566.9073
C99H120N7010 (calcd 15669097), 'H NMR (300 MHZ, CDC13) o
9.40 (2H, s, py ortho-H), 8.89 (1H, s, py para-H), 7.80 (2H, s,
triazole), 7.23—7.26 (12H, m, Ar—H), 7.10—7.13 (16H, m, Ar—H),
6.87 (4H, d, J = 6 Hz, OAr-H), 5.19 (4H, s, OCH,—triazole),
4.51—4.57 (8H, m, OCH,), 3.89—3.92 (4H, m, OCH,), 3.78—3.81
(4H, m, OCH,), 3.64 (8H, m, OCH,), 1.32 (54H, s, t); 3C NMR
(75 MHz, CDCl3) 6 164.3, 156.2, 154.3, 148.4, 144.2, 140.2, 132.3,
130.7, 124.0, 123.8, 113.3, 70.6, 69.5, 69.0, 64.7, 63.1, 62.0, 50.3,
34.3, 31.4.
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