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Solid-phase synthesis is an attractive method for the con-
struction of complex linear oligomers, such as peptides and
oligonucleotides, because it provides complete control of the
oligomer length and sequence while avoiding the need for
purification after every growth step.l"! This strategy has been
exploited to synthesize m-conjugated oligomers for optoelec-
tronic applications, such as oligo(phenylene ethynylene)s
(OPEs),>* oligothiophenes,™*! and oligo(phenylene triacety-
lene)s.”? Solid-phase synthesis is also a promising strategy for
the synthesis of monodisperse oligomeric “insulated molec-
ular wires”.®l Recently we have developed the synthesis of
polyrotaxane-type insulated molecular wires by threading
cyclodextrin (CD) macrocycles onto a conjugated polymer
chain to achieve supramolecular control of the chemical
stability, photoluminescence, and electroluminescence effi-
ciency.*? Herein we report the first solid-phase synthesis of
rotaxanes of this type. We have investigated the solid-phase
synthesis of two [2]rotaxanes, 1Ca-CD and 2Ca-CD, and a
[3]rotaxane, 3C(a-CD),. Although rotaxanes were synthe-
sized on the solid phase by Harrison and Harrison in 1967,
there have been few subsequent reports of solid-phase
rotaxane synthesis,'"'? and cyclodextrin rotaxanes™ have
not been previously prepared on a solid phase.

Our approach to the synthesis of conjugated polyrot-
axanes uses the hydrophobic effect to drive the threading of
cyclodextrin macrocycles onto a growing polymer chain, and
thus requires aqueous conditions.® The challenge in trans-
lating this chemistry onto a solid support is to find a support
that is compatible with the aqueous cyclodextrin-threading
process. We chose controlled-pore glass because it has large
rigid pores which should provide a suitable environment for
aqueous host—guest chemistry, in contrast to solvent-swollen
gels, which tend to exclude high-molecular-weight solutes,
such as cyclodextrins.'"! Aminopropylsilylated controlled-
pore glass was functionalized with a 5-iodoisophthalic acid
stopper and an ester linker as shown in Scheme 1.

We first synthesized rotaxane 1Ca-CD using a “protected-
alkyne route” via alkyne 8 (Scheme 2). This chemistry
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Scheme 1. Functionalization of aminopropylsilylated controlled-pore
glass with the 5-iodoisophthalic acid stopper and a cleavable ester
linker. Reagents: a) HBTU, DMAP, iPr,NEt, DMF; b) TsOH, MeOH,
CH,Cl,; c) pyBOP, iPr,NEt, DMF.[™!
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Scheme 2. Synthesis of rotaxane 1Ca-CD. Both routes gave the
rotaxane when carried out in solution (R=H), but failed on the solid
phase (R=CPG). Reagents: a) [Pd,(dba);], PPh;, Cul, DMF, Et;N;

b) solution phase: NaOH, H,O; solid phase: Na,CO;, MeOH; c) a
CD, Pd(OAc),, TPPTS, Cul, H,O, Et;N (followed by LiOH in the case
of 10b); d) I,, MeCN.I"”

proceeds smoothly in solution, but fails on the solid phase
because the terminal alkyne intermediate 6 is unstable when
bound to CPG. Another problem with this route is that Glaser
homo-coupling of alkyne 8 occurs as a minor side reaction
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during Sonogashira cross-coupling. Thus we turned to the
alternative “masked-iodide route” using triazene 9 and aryl
iodide 10 (Scheme 2). In the solution phase, this route gives
clean samples of the rotaxane 1Ca-CD (>90% yield by
HPLC; 11% yield of isolated product).'®! The instability
problem of terminal alkyne 6b is avoided, but we were still
unable to synthesize the rotaxane on the solid phase. In the
absence of a-CD, support-bound aryl iodide 10b reacts
cleanly with alkyne 6a under aqueous Sonogashira coupling
conditions identical to those used to prepare 1Ca-CD in
solution to give the dumbbell 1 after cleavage from the
support with lithium hydroxide. However when this reaction
is carried out on the solid phase in the presence of a-CD, no
rotaxane is formed, and dumbbell 1 is still the main product.

After testing a variety of reaction conditions for solid-
phase synthesis of 1Ca-CD without success, we conjectured
that the environment on the surface of the support might be
too crowded to allow threading of the cyclodextrin. To
alleviate this congestion, we tried attaching a larger stopper to
the support in place of iodoisophthalic acid Sa to keep the
OPE chains further apart. Use of the bulky tricarboxylic acid
support-bound stopper 11 enabled the [2]rotaxane 2Ca-CD
to be synthesized on the solid support and allowed us to
extend this chemistry by another iteration to achieve the
solid-phase synthesis of the [3]rotaxane 3C(a-CD),
(Scheme 3). Rotaxanes 2Ca-CD and 3C(a-CD), were also
synthesized by the same routes using solution-phase chemis-
try, giving identical products (2Ca-CD: 97 % conversion by
HPLC, 12% yield of isolated product; 3C(a-CD),: 63 %
conversion by HPLC, 2.4% yield of isolated product). The
efficiency of rotaxane formation on the solid phase is similar
to that in solution (HPLC analysis of solid-phase cleavage
products shows that 2Ca-CD and 3C(a-CD), are formed with
83% and 85% conversion, respectively). The successful
construction of [3]rotaxane 3C(a-CD), by solid-phase syn-
thesis gives us confidence that this strategy could be extended
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to provide access to longer monodisperse insulated molecular
wires.

The presence of two different stoppers in rotaxanes 2Ca-
CD and 3C(a-CD), means that these compounds could exist
as several stereoisomers with different threading orientations.
Both rotaxanes are formed predominantly as one isomer, in
solution and on the solid phase, with the wide 2,3-rims of the
cyclodextrins pointing towards the large tetraarylmethane
stopper. In NMR spectroscopic investigations of [2]rotaxane
2Ca-CD, NOEs were observed from the CD resonance H3 at
the wide rim to aromatic protons b, c, d, e, and f, while proton
HS5 correlates with protons d, e, f, and g (see Figure 1 and
Scheme 3 for atom-labeling scheme). Interestingly, protons
H6 and H6' at the narrow rim correlate strongly with protons
e and g, but only weakly with proton f, implying that the a-CD
is in fast exchange between two locations over the two alkyne
units, spending little time on the central phenylene unit.

The two anomeric resonances (H1, and H1; of CD, and
CDyg, respectively, Figure 1) of 3C(a-CD), are well resolved,
making it possible to assign most of the resonances of each
cyclodextrin via spin diffusion. The NOESY spectrum of
3C(0-CD), (Figure 1a) shows a remarkably selective set of
correlations: b-H3,; c-H3,; d-H3,, H5,; e-HS5,, H6,, HO' 45
g-H3g; h—-H3;, HSg; and i-HSg, H6, H6',. This simple pattern
of interactions and the absence of any significant NOE from
either cyclodextrin to proton f implies that the two cyclo-
dextrins have well defined locations over the outer two alkyne
units, as seen in the energy-minimized structure (Fig-
ure 1b).'1 At first sight it seems surprising that the two
cyclodextrin units in the [3]rotaxane 3C(a-CD), are localized
on the end alkyne units without visiting the central alkyne,
whereas in the [2]rotaxane 2Ca-CD the cyclodextrin hops
between both alkynes. The explanation is simply that the
length of an OPE repeat unit (6.9 A) is less than the length of
a cyclodextrin (8.2 A),"¥ so that if the two a-CDs were to sit
over adjacent alkynes, one of them would be pushed over a
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Scheme 3. Solution-phase and solid-phase synthesis of rotaxanes 2Ca-CD and 3C (a-CD),. Reagents and conditions: a) Solution phase: MeOH,
H,SO,; solid phase: CPG-OH, pyBOP, iPr,NEt; b) 5, [Pd,(dba);], PPh;, Cul, Et;N; c) I,; d) Solution phase: ester hydrolysis with LiOH, then 6a, a-
CD, Pd(OAc),, TPPTS, Cul, Na,COs, H,0; solid phase: 6a, a-CD, Pd(OAc),, TPPTS, Cul, Na,CO;, H,0, then LiOH.I"!
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Figure 1. a) Partial NOESY spectrum of 3C (a-CD), ([Dg]DMSO, 298 K,
500 MHz). Cross-peaks to protons on the two cyclodextrin units (A
and B) are shown in red and blue, respectively; resonances a—i are
assigned to the aromatic protons as shown in Scheme 3. b) Calculated
structure of 3C (a-CD), showing the van der Waals surface of 3 and
the solvent-accessible surface of the a-CDs (1.4-A probe radius)."”!

bulky phenylene residue.'® This is the first cyclodextrin
[3]rotaxane to be formed selectively as the head-to-tail
isomer;"” previous examples have been synthesized as tail-
to-tail isomers (with both 6-rims at the center),”®?! or as
mixtures of stereoisomers.?>? This work represents the first
solid-phase synthesis of a cyclodextrin rotaxane, the first
solid-phase synthesis of any [3]rotaxane, and the first
stereoselective synthesis of a cyclodextrin [3]rotaxane with a
head-to-tail stereochemistry (with the 2,3-rims of both CDs
pointing in the same direction). Use of the large tripodal
anchor 11 as a grafting point during solid-phase synthesis is
critical for avoiding crowding on the solid support, and will
enable the final insulated molecular wires to be anchored to
TiO, semiconductor nanoparticles.”! The general synthetic
strategy used to construct [3]rotaxane 3C(a-CD), by repeated
coupling with masked aryl iodide monomers is not limited to
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Sonogashira coupling but could be combined with Suzuki
coupling or Heck coupling to generate most varieties of -
conjugated oligomer. This methodology should be applicable
to the construction of diverse insulated molecular wires, with
precisely defined sequences, lengths, and end groups.
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