A rotaxane of a 1,1’'-disubstituted ferrocene and pB-cyclodextrin
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The synthesis is reported of the first rotaxane involving a bound
ferrocenyl moiety and p-cyclodextrin; cyclodextrin groups are
used as stoppers; intermediate 1:1 adduct formation in dg-
THF was monitored by HR-DOSY methods (K; =25 mM,
293 K) and the product rotaxane, isolated in 11% yield, has
been characterised by NMR, CD and MALDI-TOF MS.

The inclusion of ferrocene by B-cyclodextrin was first
described in 1975, and although the 1 : 1 complex is relatively
weak (K =50 M~! (DMSO, 298 K)), it has been shown to
facilitate electron transfer to suitable guest substrates, for
example in the oxidation of NADH.? A conjugate of per-O-
acetyl ferrocene linked in the 6-position to ferrocene carbox-
ylic acid, has also been reported to catalyse the oxidation of
benzyl alcohol to benzaldehyde in acetonitrile solution, a reac-
tion which was postulated to occur via electron transfer from
the ferrocenium cation to the co-complexed aryl guest.?
Recently, we have described the use of per-O-alkylated cyclo-
dextrins in a variety of electroanalytical applications with thin
film devices, in which the lipophilic cyclodextrin serves to
mediate transport of the analyte at the interface and through
the film.* In enzyme-relay electrodes for acetylcholine, involv-
ing the use of acetylcholine esterase and 1,1’-bis(methoxy-
methyl)ferrocene as a charge relay, it was suggested that the
very low limits of detection observed (<1073 M) were a
direct consequence of the presence of the lipophilic per-O-
ethyl-B-cyclodextrin, which served to aid transport not only of
the enzyme substrate but also of the ferrocenyl charge relay.’
As a result of this work, we set out to examine complexes of
per-O-methyl- and per-O-ethyl-B-cyclodextrin with ferrocene
derivatives, and examine some conjugates linked via the
primary face to an electron rich ferrocenyl group using an
amide bond.

Support for the binding of ferrocene by per-O-methyl- and
per-O-ethyl-B-cyclodextrin was gained from electrospray mass
spectrometry and high resolution diffusion ordered 'H NMR
(HR-DOSY) experiments.® Previously, pulsed field gradient
spin echo (PGSE) methods have been used to measure such
diffusion coefficients, and hence allow evaluation of host—guest
binding affinities.” Binding constants were assessed by mea-
suring the diffusion coefficient for the host and guest separa-
tely and for known concentrations of the guest in the presence
of the host cyclodextrin (500 MHz, 293 K), i.e. under fast
exchange conditions.® The binding affinity for each guest was
estimated to be 20 (+10) (ferrocene) and 160 (+30) M ™!
(CD,0D, 295 K) for the corresponding cobaltocenium
complex with per-O-ethyl-B-cyclodextrin. Similar values (30
and 190 M~ ! respectively) were measured with per-O-methyl-
B-cyclodextrin as the host, and positive ion ESMS spectra
(MeOH) confirmed the presence of a 1:1 complex in each
case, with stronger molecular ions observed for the cationic
guests. In the case of 1,1-bis(hydroxymethyl)ferrocene and
per-O-methyl-B-cyclodextrin, the 1:1 adduct had a binding
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constant of 40 (+8) M~ (ie. Ky = 25 mM, 293 K, d¢-THF)
in the relatively non-polar solvent THF (Fig. 1).

For the synthesis of the ferrocene—cyclodextrin conjugate,
mono-6-amino-per-O-methyl-B-cyclodextrin, la and the
per-O-ethyl analogue 1b were used as suitable precursors.
Reaction with chloroacetyl chloride (Et;N/CH,Cl,/ — 10°C)
yielded the corresponding a-halogenoamides 2a and 2b and
alkylation with 1,1’-bis(hydroxymethyl)ferrocene (excess NaH,
THF, —70°C to 20°C) afforded a mixture of two main pro-
ducts, in each case. Separation of the per-O-methylated reac-
tion mixture by reverse-phase preparative HPLC
(MeOH/H,O0) afforded a 3:1 (cyclodextrin/ferrocene) adduct
(11% isolated yield, mp 108-110°C) and a 2:1 conjugate
(19%, mp 95-98°C) as determined by 'H NMR integration
and microanalysis. Examination of the separated products by
MALDI-TOF mass spectrometry revealed a molecular ion at
4623 and a daughter ion at 3176 for the 3 : 1 adduct; no other
peaks were observed in the region 3176-4600. A parent ion at
3173 was observed for the 2:1 conjugate, with several frag-
ments discerned at masses of less than 2500.8 Such behaviour
suggested that the 2 : 1 compound may be the simple ether 4a,
while the 3:1 adduct could be the rotaxane 3a, formed via
inclusion of the ferrocenyl moiety prior to ether bond forma-
tion, in which two further cyclodextrin moieties serve as
‘stoppers’.

Support for this premise was provided by detailed NMR
analysis: only one !*C resonance was evident for the second-
ary amide carbonyl group in 3a (6 172.1, CD,0OD, 125.7
MHz). The 'H NMR resonances of the ferrocenyl protons
were rather broad in CD;OD so the compounds were also
examined in CDCl;. 'H NMR studies on 3a in CDCl,
revealed three amide NH protons around 6 6.90: for 4a only 2
amide protons were revealed at ¢ 6.75 (CDCl,). The ferrocenyl
ring protons and FcCH,O protons resonated as three slightly
broadened singlets for 4a at § 4.17, 4.22 and 4.35 respectively,
each integrating to four protons. With the rotaxane, 3a, a
sharper but more complex multiplet pattern was observed in
this solvent: 3 distinct resonances were observed for the
FcCH,O protons at § ca. 4.35, while the cyclopentadienyl
protons resonated as a complex multiplet centered around ¢
4.2. The local environmental differences experienced by the
ferrocenyl protons adjacent to the primary or secondary
cyclodextrin faces render the CH Cp ring protons diastereo-
topic and presumably give rise to the observed shift non-
equivalence. A 'H NMR ROESY experiment (500 MHz, 293
K, 1 s mixing time, CD;OD) revealed cross peaks not only
between the ferrocenyl ring CH protons at 6 4.32 (B to the
CH,, O substituent) and the internal H® resonance of the cyclo-
dextrin at 6 3.64 but also between the ferrocenyl CH,O reso-
nance at 6 442 and a cyclodextrin resonance at & 3.95
(probably H® or H®). Taken together such data are inconsis-
tent with the only feasible alternate structure for 3a wherein
amide N-alkylation occurs giving a tertiary amide. The pres-
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Fig. 1 HR-DOSY 'H NMR spectrum obtained using the ‘bppse’ pulse sequence® showing the diffusion-ordered spectrum for a 1 : 1 mixture of
per-O-methyl-B-cyclodextrin and 1,1’-bis(hydroxymethyl)ferrocene (10 mM, dg-THF, 295 K, 500 MHz). Under the same conditions, the unbound
ferrocenyl derivative gave D values of 14.1 and 13.6 x 10~ ¢ cm? s~ ! for the FcCH,O and each ring CH resonance.

(OR); (OR), ((I)Rh (OR), ence of the NHCOCH,OH functionality in the rotaxane was

inferred from MS and !3C data (e.g. absence of additional
CH,Cl resonance at § ca. 41 in 13C and in 'H NMR at § 4.1),
and is presumably formed by hydrolysis of the o-
halogenamide during product isolation.
Further support for the rotaxane structure was provided by
o circular dichroism studies. The chiral B-cyclodextrin cavity
OR has previously been shown to induce weak, negative CD
(OR)s N cl ) ) .
H bands in bound aryl guests.?:® Indeed in the complexation of
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Me 2 aR=Me . . .
Et b A = Et negative induced CD (ICD) was observed, supporting an

(OR),

(RO)g
(OR),

N

H

0

(RO);
(RO);

a R=Me
b R=FEt

(OR);
(OR);

(RO), o}

(RO);

¥

266 New J. Chem., 2000, 24, 265-268



Concentration/mM

0.05

Ae/M1 em™!
[—]
=

-0.01

-0.05
300 350 400 450 500 550 600

Wavelength/nm

Fig. 2 Circular dichroism spectra for 3a in methanol highlighting the
ferrocenyl chromophore (298 K) at 0.25, 0.75 and 2.0 mM concentra-
tion.

orientation of the ferrocenyl guest in which the Cp-Fe-Cp
axis is parallel to the central axis of the cavity.? A negative
induced CD band at 460 nm was observed for 3a in methanol
whose intensity (Ae = —0.03 M~! cm~!) was independent of
sample concentration (0.25 to 2 mM) (Fig. 2). In the concen-
tration range 0.5 to 10 mM, an induced CD was not discerned
for the intermolecular association of a 1:1 mixture of
1,1’-bis(methoxymethyl)ferrocene with per-O-methyl-B-cyclo-
dextrin in methanol, nor for 4a itself: ferrocenyl binding is
presumably too weak under these conditions to give an
observable CD signal.

Some preliminary electrochemical experiments have been
carried out with 3a in EtOH or MeCN solution. Reversible
oxidation in MeCN solution at a glassy carbon electrode
occurred at +224 mV (vs. SCE, 0.1 M NEt,Cl) generating
a ferrocenium cation characterised in situ spectro-
electrochemically by formation of a characteristically intense
charge-transfer band at 620 nm. The observed redox couple is
anodically shifted by 63 mV compared to 1,1’-bis(methoxy-
methyl)ferrocene and is also shifted with respect to 4a (E,,, =
+175 mV). The rotaxane 3a was stable in solution (CD;0D,
MeCN) for prolonged periods, whereas the 2:1 adduct 4a
was observed (*H NMR) to degrade slowly, both in solution
and on storage in air.

This work highlights the opportunities that are available for
rotaxane formation of 1,1’-disubstituted ferrocenyl derivatives,
with modified cyclodextrins. Further studies are in progress to
define the scope and utility of rotaxanes 3a and 3b'° and
related ferrocenyl-cyclodextrin conjugates for a range of elec-
troanalytical applications.

Experimental

Synthesis of 3a and 4a

1,1’-Bis(hydroxymethyl)ferrocene (0.10 g, 0.40 mmol) was dis-
solved in anhydrous tetrahydrofuran (10 cm®) under argon
and chilled to —70°C. Sodium hydride (0.30 g, 12.5 mmol)
was added and the solution allowed to warm to room tem-
perature and stirred for 1 hour. The solution was chilled to
—70°C and mono-6-(chloromethylcarbamoyl)-6-deoxy-per-O-

methyl-B-cyclodextrin (1.36 g, 0.91 mmol) in anhydrous tetra-
hydrofuran (8 cm?®) added. The solution was allowed to warm
to room temperature and stirred under argon for 3 days.
Solvent was removed under reduced pressure and the residual
solid purified by preparative HPLC (Hypersil semi-prep.
column, 95% MeOH/5% H,O) to give the rotaxane 3a (0.16
g, 0.034 mmol, 11%, ¢, = 11.2 min) and 4a (0.24 g, 0.076 mmol,
19%, t, = 5.7 min) as pale yellow solids.

3a: mp: 108-110°C; R,=0.73 (10% MeOH/90%
CH,Cl,, silica); m/z (MALDI-TOF+, linear): 4623
(Cy04H35,FeN;O, o5 requires 4628). Found: C, 51.9; H, 7.42;
N, 0.88. C,0,H;35,FeN;0,yg*4H,0 requires C, 52.1; H, 7.12;
N, 0.89%. d4(CDCl;): 6.93 (1H, br t, NHCO), 6.88 (2H, br t,
NHCO), 5.23-5.10 (21H, m, C(1)-H), 4.38, 437, 4.35 (4H,
s+q, Fc-CH'HO), 424 (4H, m, Fc-H?), 422 +4.17
(2H + 2H, m + m, Fc-H?3), 4.05-3.20 (316 H, m, of which 3.63,
3.49 and 3.37 are for OCH;). v,,, (MeOH): 433 nm (¢ 229
M tcm™Y).

4a: mp: 95-98°C; R;=0.73 (10% MeOH/90%
CH,Cl,, silica); m/z (MALDI-TOF+, linear): 3173
(C140H,30FeN,0,, requires 3156). Found: C, 50.3; H, 7.52;
N, 1.23. C,,,H,3oFeN,0,,:8H,0 requires C, 50.7; H, 7.71;
N, 0.84%. d4(CDCl,): 6.75 (2H, br t, NHCO), 5.20-5.12 (14H,
m, C(1)-H), 4.35 (4H, s, Fc-CH,0), 4.22 (4H, br s, Fc-H?), 4.17
(4H, s, Fc-H?), 3.97-3.10 (212H, m, of which 3.65, 3.50 and
3.40 are for OCH ).

Compounds 3b and 4b were prepared analogously in a
combined yield of 64%.
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