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New tris-benzoyl-, tris-ferrocenoyl- and bis-ferro- 
cenoyl p-tert-butylcalix[5]arene esters have been syn- 
thesised (1-3 respectively) by reaction of the parent 
calixarene with the appropriate acid chloride. X-ray 
crystal structures of all three compounds have been 
determined with the structure of 2 revealing an etha- 
nol guest molecule bound deep in the cavity of the 
calix[5]arene. The electrochemical properties of 2 have 
been extensively investigated using rotating disk elec- 
trode, cyclic and square wave voltammetric tech- 
niques. Electrochemical evidence is presented sug- 
gesting 2 has the capability of detecting neutral polar 
guest molecules, such as dimethylformamide, in 
dichloromethane solutions. 

INTRODUCTION 

Calix[n]arenes are macrocyclic molecules com- 
posed of n phenol rings linked by methylene 
groups'. The chemistry of calix[4,6 and 81arenes 
is well represented in the literature due to the 
ease with which these molecules can be synthe- 

sisedZ4. Calixarenes containing an odd number 
of phenolic groups have proved more difficult to 
produce in large yields5* and therefore their 
chemistries are, as yet, relatively unexplored. 
p-tert-Butylcalix[5]arene possesses a larger phe- 
nolic cavity than p-tert-butylcalix[4]arene and so 
may allow small organic molecules to include 
more deeply within the calixarene This 
has been confirmed by a number of X-ray crystal 
structures of calix[5]arenes containing neutral 
guests."-13 For example the crystal structure of 
p-tert-butylcalix[5]arene shows that the tert-bu- 
tyl groups include in the cavity of an adjacent 
calix[S]arene forming chains of molecules in the 
solid state." 

The recognition and detection of guest species 
by receptors containing a redox- and/or photo- 
active signalling function is an area of intense 
current intere~t'~,'~. The incorporation of a re- 
sponsive group allows the receptor to be used as 
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a sensor for a guest species as binding may per- 
turb the signalling group's photo- or electro- 
chemical properties. Electrochemical sensors for 
charged species have used a variety of redox- 
active signalling groups such as ferrocene,16-20 
cobalt~cenium?'-~~ q ~ i n o n e ? ~ ~ '  anthraquino- 
ne31,32 and nitro aroma ti^^^ species. For a number 
of years we have been pursuing a programme 
aimed at the solution binding and detection of 
neutral guest species by calixarene type recep- 
tors containing redox-active metallocene cen- 
tres.-' We describe here the synthesis and sin- 
gle crystal X-ray structures of new redox-active 
bis- and tris-ferrocenoyl calix[5]arenes (2 and 3) 
and a new tris-benzoyl p-tert-butylcalix[5]arene 
(1) and report electrochemical evidence suggest- 
ing that receptor 2 detects polar neutral guest 
species:' 

EXPERIMENTAL SECTION 

Solvent and Reagent Pre-treatment 

Where necessary, solvents were purified prior to 
use and stored under nitrogen. Ethanol was dis- 
tilled under nitrogen from sodium ethoxide. Tri- 
ethylamine and dichloromethane was distilled 
from CaH,. Unless otherwise stated, commercial 
grade chemicals were used without further pu- 
rification. The following compounds were pre- 
pared by published procedures: p-tert- 
butylcalix[5]arene6 and chlorocarbonylfer- 
r~cene.~,  

Instrumentation 

NMR Spectra were recorded on a Bruker AM 
300 and AM250 spectrometers. Infrared spectra 
were recorded on a Mattson 10410E "Polaris" 
Fourier transform Spectrometer. Electrochemical 
measurements were conducted on a Princeton 
Applied Research Potentiostat/Galvanostat 

Model 273. Fast atom bombardment mass spec- 
tra (FABMS) were carried out at EPSRC Mass 
Spectrometry Service, University of Wales, 
Swansea. All elemental analyses were carried 
out by the Inorganic Chemistry Laboratory Mi- 
croanalysis Service. 

SYNTHESES 

p-tert-Butylcalix[5larene Tris Benzoyl Ester 1 

p-tert-Butylcalix[5]arene6 (0.76 g, 0.94 mmol) was 
dissolved in dry CH,Cl, (50 ml). Benzoyl chlo- 
ride (1.22g, 8.6 mmol) and Et,N (0.88 g, 8.6 
mmol) were added and the flask heated at reflux 
for 48 hours. The solution was then allowed to 
cool and washed with NaOH,,, (100 ml, 1.0 M), 
H2S04,,,, (100 ml, 1.0 M) and finally water (200 
ml). The organic layer was then reduced in 
vacuo and the residue triturated with MeOH (25 
ml). The mixture was then filtered and the prod- 
uct purified by column chromatography on sil- 
ica gel eluting with CH,Cl,/hexane (3:l v/v). 
The fastest moving fraction was collected 
and reduced in vucuo affording the tris ester 
as a white powder (750 mg, 54%). 'H-NMR 
(300 MHz; CDCl,): 6.7-8.2 (br m, 25H, ArH), 5.31 
(s, CH,Cl,), 4.13 (d, 2H, 'J = 15.0 Hz, ArCH,Ar: 
H,,), 3.99 (d, 2H, 'J = 13.9 Hz, ArCH,Ar: H,,), 
3.88 (d, 'J = 15.0 Hz, lH, ArCH,Ar: H,,), 3.49 
(d, 'J = 14.8 Hz, 2H, ArCH,Ar: Heq), 3.41 (d, 3H, 
ArCH2Ar (coincident): Heq), 0.82-1.52 (m, 45H, 

(C=O), 149.70 (Ar), 148.86 (Ar), 148.51 (Ar), 
144.20 (Ar), 143.15 (Ar), 133.80 (ArH), 133.59 
(ArH), 133.16 (Ar), 132.52 (Ar), 131.73 (Ar), 
130.58 (ArH), 130.48 (ArH), 128.93 (ArH), 128.73 
(ArH), 128.31 (Ar), 127.30 (Ar), 126.45 (ArH), 
126.13 (ArH), 125.41 (ArH), 124.85 (ArH), 34.32 
((CH3)3C), 34.04 ((CH3)3C), 31.68 ((CH&C), 
31.18 ((CH,),C), 30.69 (ArCH2Ar). IR-KBr: 1602 
cm-' (Carbonyl stretch). Anal. Cald. for 

(CH,),C). 13C-NMR (75.42 MHz, CD2Cl-J 165.33 

C&82O8.CH,Cl,; c, 76.53; H, 7.01. Found c, 
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77.68; H, 7.51. FAB MS (+ve ion) (mlz) 1124 
(MHf), 1256 (MCs+). 

p-tert-Butylcalix[5larene Tris Ferrocenoyl Ester 
2 

p-tert-Butylcalix[5]arene6 (0.38g, 0.47 mmol) was 
dissolved in dry CH,Cl, (25 ml). Triethylamine 
(distilled) (0.40 g, 3.96 mmol) was added. Chlo- 
rocarb~nylferrocene~~ (0.82 g, 3.3 mmol = 7 
equivalents) was dissolved in CH,Cl, (25 ml) 
and added dropwise to the stirred solution. The 
solution was refluxed overnight and then the 
flask was then allowed to cool. The organic 
phase was then washed with HC1 (100 ml, 1M) 
(quickly) and water (3 X 100 ml) and then dried 
over MgW4 and reduced in ZIUCUO. The mixture 
was initially purified by column chromatogra- 
phy on silica, eluting with CH,Cl,, which pro- 
duced a fast moving fraction containing the 
product. TLC of this fraction in 4 ml petroleum 
ether 40-60: 4 ml CH,Cl,: 0.2 ml acetone showed 
a main orange spot and some weaker W active 
spots which may also have been coloured but 
which were too weak to see without the W 
lamp. This fraction was then purified by column 
chromatography on silica using 18.7 petroleum 
ether 40-60: 18.7 CH,Cl,: 1 acetone (v/v) afford- 
ing an orange powder (O.llg, 16%). 'H-NMR 
(300MHz, CDCl,): 7.44-6.98 (v br. m, 10H, ArH), 
6.06 (br, 2H, FcH), 5.24 (br, 2H, FcH), 4.99 
(br, 2H, FcH), 4.80 (br, 2H, FcH), 4.67 (br, 2H, 
FcH), 4.43 (br s, 5H, free cyclopentadienyl FcH), 
4.30 (approx.) (coincident 2H, FcH and 5H 
ArCH,Ar), 4.21 (br s, 10H, free cyclopentadienyl 
FcH), 3.90 (br, m, lH, CH,), 3.41-3.54 (br, m, 4H, 
CH,), 1.37 (s, 18H, (CH,),C), 1.04 (br, 27H, 
(CH,),C). 13C-NMR (75.42MHz, CD,Cl,): 171.53 
(C = 0), [ 126.75, 127.25, 131.63, 132.06, 132.75, 
143.00, 143.94, 158.37, 158.68, 150.13, (Ar)], 
126.00 (ArH), 125.50 (ArH), 125.00 (ArH), [70.19, 
70.45, 71.36, 71.67, 72.03, 72.42, (FcH)], 

31.18(CH3C), 30.92((CH3)C), 30.66(CH2), 
34.31(CH,C), 34.06(CH,C), 31.51(CH,C), 

30.21(CHZ). IR KBr 1731 cm-' (carbonyl stretch). 
Anal. Cald. for CssH,Fe3O8.CH3CH,OH: C, 
72.39; H, 6.75; Fe, 11.22. Found C, 72.32; H, 6.54; 
Fe, 11.53. FAB MS (+ve ion) (m/z) 1446 (M+) 

p-tert-Butylcalix[5larene Bis Ferrocenoyl Ester 
3 

The reaction was repeated as above. On one oc- 
casion a faster moving fraction than the tris ester 
was observed by chromatography on silica elut- 
ing with dichloromethane. This fraction was iso- 
lated and further purified by column chroma- 
tography on silica using 18.7 petroleum ether: 
18.7 CH,Cl,: 1 acetone (v/v) and was found to 
be p-tert-butylcalix[5]arene bisferrocenoyl ester, 
an orange powder produced in 7% yield (50 

'H-NMR (300MHz, CD,Cl,) 7.22 (br m, 10H, 
ArH), 5.21 (m, 4H, FcH), 4.70 (m, 4H, FcH), 4.44 
(s, 10H, FcH), 4.22 (br m, 5H, CH,), 3.58 (br m, 
5H, CH,), 1.38-1.34 (br m, 45H, (CH,),C). 

130.58, 142.52, 142.60, 145.63, 149.37, 151.04 
(Ar)], [70.09, 70.34, 71.06, 72.39 (Fc)], 33.99 
((CH3)C) 31.62 ((CH3)3C), 31-49 ((CH3)3C), 
31.07(CH2). IR KBr 1733cm-' (carbonyl stretch). 
A satisfactory microanalysis for this material 
could not be obtained. FAB MS (+ve ion) (m/z) 
1235 (M+). 

mg). 

',C-NMR (75.42MH2, CD2C1,) [126.09, 126.90, 

Crystal Structure Determinations 

Crystal Data are given in Table I, together with 
refinement details. Data for all three crystals 
were collected with MoKa radiation using the 
MARresearch Image Plate System. The crystals 
were positioned at 75 mm from the Image Plate. 
95 frames were measured at 2" intervals with a 
counting time of 2 mins. Data analyses were car- 
ried out with the XDS program4,. The structures 
were then solved using direct methods with the 
Shelx86 program4. In 1 there was a solvent eth- 
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TABLE I Crystal data and structure refinement for 1 , 2  and 3 

Compound (1) 

Empirical formula 
Formula weight 
Temperature (K) 
Wavclcngth (A) 
Crystal system 
Space group 

Unit cell dimensions 
(A “1 

Volume A3 
Density (calculated) Mgim3 
Absorption coefficient mm-’ 
F(000) 
Crystal size mm 
Theta range for data collection (“) 

Index ranges 

Reflections collected 
Independent reflections 
Datairestraintsiparameters 
Goodness-of-fit on E2  
Weighting Scheme‘ (a,b) 

Final R indicates 11 > 2u(I)] 

R indicates (all data) 

Largest diff. peak and hole ( e k 3 )  

C79 H87 C12 08.5 
1243.38 
295 (2) 
0.71070 
triclinic 
rr 

a 14.039 (7 )  
b 15.232 (8) 

(Y 109.43 (1) 
P 99.29 (1) 
Y 99.81 (1) 

C 18.511(11) 

3575.7 
1.135 
0.13 
1264 
0.3.5 * 0.25 0.10 
1.70 to 24.84 

Il<=h<=lh, 
-17<=k<=17, 
-21<=1<=21 

11273 
11273 
11273/01785 
1.034 
0.209 2.98 

R1 = 0.082 
wR2 = 0.196 

R 1  = 0.112 
wR2 = 0.296 

0.537, -0.661 

C92 H112 Fe3 014 
1609.36 
293 (2) 
0.7107 
triclinic 
FT 

14.004(6) 
14.482(6) 
22.511(6) 
79.61 (1) 
82.09 (1) 
79.06 (1) 

4384.0 
1.219 
0.548 
1708 
0.25 * 0.25 * 0.15 
1.84 to 24.96 

O<= h<= 16 
-16<=k<=17 
- 23<=1<=23 

13407 
13407 
13407i01977 
1.082 
0.265 15.12 

0.094 
0.174 

0.133 
0.260 

1.43, -1.03 

C77 H83 Fe2 07 
1232.13 
293 (2) 
0.7107 
monoclinic 
P2,ln 

15.600 (7) 
14.006 ( 7 )  
30.899(14) 

94.82 (1) 
(90) 

(9 0) 

6727.1 
1.217 
0.48 
2612 
0.30 * 0.10 * 0.25 
3.03 to 25.98 

- 9<=h<=8 
O< = k< =15 

-30<=1<=29 

10192 
6997 (qnt = 0.0304) 
42631181743 
0.642 
0.39 43.83 

0.065 
0.176 

0.142 
0.236 

0.464, -0.541 

*Weighting Scheme w = l/[u2(Fc>2) t (ap)’ + bP], P = [.MaX(F,,’,O) t 2F,”]/3 

anol molecule with 50% occupancy and a disor- 
dered solvent dichloromethane molecule. ‘Two 
positions with relative occupancies x and .l-x 
were refined for each chlorine atom. Thermal 
parameters for the chlorine atoms were con- 
strained to be equivalent. There were two hydro- 
gen atoms bonded to oxygens at the lower rim 
of the calixarene which were located in a differ- 
ence Fourier map and their parameters were al- 
lowed to refine independently. In 2, two of the 
tert-butyl groups were disordered and both were 
refined in two different orientations so that the 
sum of the occupancies was 1.0. In addition 

there were several molecules of solvent. Two 
ethanol molecules were located and in addition 
there were nine water molecules which were 
given occupancies of either 0.33 or 0.50. In 3, one 
of the tert-butyl was disordered and this was re- 
fined as above. In addition one of the cyclopen- 
tadienyl rings was disordered and two orienta- 
tions of the ring were refined with occupancies 
of x and 1 - x. In neither 2 nor 3 could the hydro- 
gen atoms bonded to oxygen atoms at the lower 
rim be located. In all three structures all non- 
hydrogen atoms in the calix[5]arenes were re- 
fined anisotropically apart from those disor- 
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. \ \ 

OH OH 
OH 

i) 7.0 Chlorocarbonylferrocene 
7.0 Et3N 
CHzCIz 
Reflux 12 hours 

I) 7.0 Benzoyl Chloride 
7.0 EtJN 
CHzCIz 
Reflux 12 hours 

SCHEME 1 
SCHEME 2 

dered atoms which were given isotropic thermal 
parameters. Solvent molecules were also refined 
with isotropic thermal parameters. Hydrogen at- 
oms were included in calculated positions with 
thermal parameters equivalent to 1.2 times the 
atom to which they were bonded. All three 
structures were then refined on F2 using 
She1~1~~.  All calculations were carried out on a 
Silicon Graphics R4000 Workstation at the Uni- 
versity of Reading. Positional coordinates, mo- 
lecular dimensions, thermal parameters and hy- 
drogen atom positions are provided in the sup- 
porting information. 

RESULTS AND DISCUSSION 

The reaction of an excess amount of benzoyl 
chloride with p-tert-butylcalix[5]arene in CH,C12 
and subsequent purfication by column chroma- 
tography gave the new tris-benzoyl p-terf- 
butylcalix[5]arene 1 in 54% yield (Scheme 1). 

The reaction was repeated substituting chloro- 
carbonylferrocene for benzoyl chloride and the 
trisferrocenoyl p-tert-butylcalix[5]arene 2 was 
isolated as an orange powder in 16% yield 
(Scheme 2). Bis-ferrocenoyl-p-tert-butlcalix[5]ar- 
ene 3 was obtained in variable, but always low, 
yields using the same chromatographic separa- 
tion techniques. 

The 1, 3, 4-pattern of substitution is expected 
on steric grounds, as analogous reactions carried 
out on several calix[4]arenes have produced 1,3- 
substituted products37. The low yield of this re- 
action can be attributed to the production of 

other substituted calix[5]arenes. The possibility 
also exists for the formation of substituted 
calix[5]arenes in conformations other than the 
cone. The majority of the reaction mixture forms 
a fraction which has to date proved to be insep- 
arable using various column chromatographic 
techniques. 

Both 2 and 3 display broad 'H NMR spectra in 
CDC1, at room temperature presumably due to 
fluxional processes occurring in the molecules in 
solution. The dynamic properties of 2 were stud- 
ied by variable temperature 'H NMR. 

'H NMR Variable Temperature Studies 

At 292K the majority of the resonances in the 'H 
NMR spectrum of 2, in CD2C1, are broad (Figure 

Compound 3. 
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- 
7.0 6.0 5.0 4.0 3.0 2.0 1.0 

PPM 

FIGURE 1 'H NMR of 2 in CD,CI, at room temperature. 

1). Variable temperature NMR studies of this 
molecule were carried out in d,-toluene (hot) 
and d,-dichloromethane (cold) solutions. 

The ferf-butyl region of the spectrum shows 
two resonances; a sharp singlet at 1.35 pprn 
(18H) and a broad resonance at 1.11 ppm (27H) 
which splits, as the temperature is lowered, into 
two resonances that integrate in the ratio of 2:l 
(Figure 2). The resonances corresponding to the 
ferrocene protons also sharpen as the tempera- 
ture is lowered. This behaviour is due to the dy- 
namic process of the ferrocene substituted phe- 
nol groups rocking in and out of the cavity of 
the calixarene. As they carry bulky substituents 
on the lower rim they are too large to rotate all 
the way through the cavity of the calixarene. The 
broad resonance corresponds to the tert-butyl 
groups of these substituted phenol rings. As the 
temperature is lowered this rocking motion is 
frozen out. The sharp singlet at 1.35 ppm corre- 
sponds to the tert-butyl groups on the free phe- 
nol rings. The free phenol groups are not part of 
a hydrogen bonded array and therefore the OH 
group is free to rotate through the cavity. This 

2.0 1.5 1 .o 0.5 
PPM 

FIGURE 2 Partial NMR spectra of 2 in d,-dichlorornethane 
showing changes in the terf-butyl resonances as the tempera- 
ture is lowered. 

process is fast on the NMR timescale and there- 
fore the tert-butyl groups appear as a sharp sin- 
glet. 

At high temperatures in d,-toluene this rock- 
ing process also becomes fast on the NMR times- 
cale and the broad resonance is resolved again 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
5
0
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1
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into two peaks corresponding to the two chem- 
ically distinct ferf-butyl groups. The ferrocene 
and ArCH,Ar proton resonances also sharpen at 
high temperature allowing assignments to be 
made. The presence of two chemically distinct 
types of ferrocene in the molecule and three 
types of methylene ArCH,Ar group makes this 
region of the spectrum rather complicated. A 
proposed assignment is shown schematically in 
Figure 3. The two types of ferrocene present in 
the molecule have been designated A and 8. The 
free Cp ring of A appears as a singlet at 4.20 
ppm and the two B rings also as a singlet at 4.16 
ppm. The substituted ferrocene rings are in dif- 
ferent environments and so will display different 
splitting patterns. The A ring lies on a mirror 
plane and hence Ha and H, give a simple 
AA'BB' pattern of observed triplets in the ratio 
22. The B rings however lie off this plane and so 
all four protons are inequivalent resulting in a 
more complex pattern. H, and Hf both resonate 
at different frequencies, however H, and He are 
both in very similar environments and hence 
they resonate coincidentally at 4.32 ppm. 

X-ray Structural Investigations 

Crystals of 1 suitable for X-ray crystal structure 
determination were grown by slow evaporation 
from a mixture of dichloromethane/hexane and 
ethanol. Crystals of 2 and 3 were obtained in a 
similar manner from dichloromethane/ethanol 
and dichloromethane/hexane solutions respec- 
tively. The structures of 1, 2 and 3 are shown in 
Figures 4, 5 and 6 respectively and the confor- 
mations are described by torsion angle, least 
squares planes and distances in Table 11. As is 
apparent from the Figures, 2 and 3 have the cone 
conformation which has been found in all the 
calix[5] structures that have so far been structur- 
ally determined but 1 does not, and has a con- 
formation that can be described as a partial cone 
in that one of the five rings (identified as ring 5 
in Figure 4) is rotated through 180" so that the 

oxygen atom is pointing upwards (in the same 
direction as the tert-butyl groups of the other 
four rings) and the ferf-butyl group is pointing 
downwards. This is analogous to the well 
known partial cone conformation of the 
calix[4]arene but has never before been observed 
in calix[5]arenes. 

It is significant that this unique ring is of the 
only two non-substituted rings. This feature is 
also often found in the substituted calix[4]arenes 
with the partial cone conformation and is pre- 
sumably due to the fact that this rotation is only 
possible when the lower rim oxygen atom is un- 
substituted as bulky groups would prohibit ro- 
tation because of steric repulsions. The three 
benzoyl groups on rings 1, 3 and 4 are therefore 
on the lower rim of the calix[5]arene (Figure 4). 
The solvent molecules are present in the lattice 
and are not close to the calix[5]arenes. 

The conformations of 2 and 3 are distorted 
cones as detailed by the dimensions in Table 11; 
thus the five methylene groups are approxi- 
mately co-planar, as indeed are the five oxygen 
atoms at the lower rim of the cone. Because of 
the substituents at the lower rim, the conforma- 
tions are somewhat distorted from the regular 
cone shape although the signs of the torsion an- 
gles around the C(Ar)-C(CH,) bonds are aItema- 
tively + and -, a feature which is characteristic 
of the cone conformation. However the range of 
the absolute angles is far greater (81.9 to 128.6" 
in 2 and 63.7 to 146.6" in 3) compared to that 
found in ~alix[5]arene~~ (87.4 to 101.9'). In the 
latter regular structure the distances between the 
oxygen atoms at the bottom of the cone ranged 
from 2.83 to 2.85A indicative of intramolecular 
hydrogen bonding. 

Not surprisingly the bulky substituents at the 
lower rim of 2 and 3 have broken up the regular 
pattern (Table II). In 2, there are three ferrocenoyl 
groups located in positions 1, 2 and 4, and as a 
result the distances between oxygen atoms at the 
lower rim are all increased to the range 3.29 to 
3.50A. There is an ethanol molecule within the 
cone cavity as shown in Figure 5. The oxygen 
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FcFC Fc 4 Fc 
2 22 2 

I I  2 2  
I I I I  I l l  

P. D. BEER et a/ .  

1 2  2 1  
I I I  

. - .  

U a Methylene CH2 @,y) and ( 8 , ~ )  

0 Methylene CH2 (a) 

5.0 5.6 5.4 5.2 5.0 4.0 4.6 4.4 4.2 4.0 3.8 3.6 3.4 
PPM 

Schematic of Lower Rim 

Hd Hd 

FIGURE 3 Partial NMR spectrum of 2 in d,-toluene at 353K and schemahc shoulng proposed assignment and relative integration 
of peaks 
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FIGURE 4 The structure of (1). Thermal ellipsoids shown at 
30% probability. Hydrogen atoms omitted for clarity. The sol- 
vent molecules are not included. 

atom O(800) of this solvent molecule is lying 
within hydrogen bonding distance of both un- 
substituted oxygen atoms at the bottom of the 
cone [e.g. O(350) 2.81, O(550) 2.82AI. Th’ is con- 
trasts with the usual position of solvent in the 
calix[4]arene cone which is found to be in the 
body of the cone, well above the lower rim. By 
contrast in 3 there are only two substituted fer- 
rocenoyl groups at positions 2 and 5 and there are 
only two close O....O contacts (O(150) .... O(250) 
2.81 and O(350) .... O(450) 2.74A) that are indica- 
tive of intramolecular hydrogen bonding. There 
are no solvent molecules in 3. There is however 
an intramolecular hydrogen bond of 2.73A be- 
tween the carbonyl oxygen atom O(552) and 
O(450). 

The contrast between the partial cone confor- 
mation of 1 and the cone conformations in 2 and 
3 is clearly indicated by the torsion angles and 
the least squares planes in Table 11. Thus in 2 and 
3 the five methylene carbon atoms are approxi- 
mately planar but in 1, C(47) is -2.92A from the 

FIGURE 5 The structure of (2). Thermal ellipsoids shown at 
30% probability. Hydrogen atoms omitted for clarity. Only one 
of the alternative positions for two of the t-butyl goups is 
shown. The position of the included ethanol molecule is shown 
but the other lattice solvent molecules are not shown. 

plane of the other four methylene carbon atoms. 
The C-C(Ar)-C(CH,)-C torsion angles in 1 do not 
follow the alternate sign characteristics found in 
the cone and their values are more disparate. 
However the five oxygen atoms still maintain an 
approximate plane with deviations of <0.80A. In 
2 and 3, the ferrocenoyl groups have the ex- 
pected geometry with Fe-C distances ranging 
from 1.97 to 2.07A. 

Electrochemistry 

The electrochemical properties of 2 were studied 
by both voltammetric and coulometric methods 
using stationary, rotating disk and thin layer 
electrodes. Unfortunately compound 3 could not 
be produced in high enough quantites to carry 
out electrochemical investigations. 
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Compound 2 was also studied by rotating 
disk electrode (RDE) voltammetry. The voltam- 
mograms were recorded at different rotation 
rates and are shown in Figure 8. Plotting the lim- 
iting current against the square root of the rota- 
tion rate resulted in a straight line, indicating the 
overall process is diffusion controlled. 

Using the known relation between the RDEs 
potential and current and taking into account 
the two separate redox processes, the following 
equation can be derived, in which, i is the in- 
stantaneous current, i, is the limiting current, 
and others have their usual physical meanings. 

i', 

exp[(E'" - E)E] n'F + 1 
i =  

i", + 
exp[(E"" - E)-] n"F + 1 

RT 
FIGURE 6 The structure of (3). Thermal ellipsoids shown at 
30% probability. Hydrogen atoms omitted for clarity. Only one 
of the alternative positions for one of the t-butyl groups and 
one of the cp rings is shown. 

Cyclic voltammetry in CH@, (Figure 7) 
shows two oxidation processes-a shoulder at 
Epal = 350mV and a peak at E,, = 470mV. The 
presence of two waves may mean one of two 
things. Firstly, that there are two chemically dis- 
tinct types of ferrocene in the molecule which 
are being oxidised at differing potentials due to 
their different environments or secondly, that the 
oxidation of the initial ferrocene moiety perturbs 
the other two in the molecule which then oxidise 
at a different potential. The second explanation 
is supported by the fact that the ferrocene 
groups in 2 are all linked to the calixarene 
framework by identical ester groups. Thus this 
perturbation should be in accordance with the 
electrostatic interaction between the ferrocenium 
groups. 

It was found by coulometry that at potentials 
higher than the marked position (Figure 7) three 
electrons were transferred to each molecule of 2. 

The results from a non-linear fitting of the volta- 
mmogram recorded at 12lrpm is shown in Fig- 
ure 9. It can be seen that the limiting current of 
the first process (itL) is about half that of the sec- 
ond (?IL). This corresponds to one ferrocene be- 
ing oxidised followed by the other two. The fit- 
ting program also generates values for the half- 
wave potentials of each process. In this case they 
are at E'" = 351.5mV and E"" = 441.8mV. This is 
in good agreement with the values obtained by 
cyclic voltammetry (Figure 7). 

Electrochemistry in the Presence of Neutral 
Guest Species 

A fundamental difference between the electro- 
chemical recognition of a charged and a neutral 
guest species lies in the pathways for coupling 
the redox responsive process and the complex- 
ation reaction. In the majority of cases with 
charged guests the electrochemical sensing is 
aided largely by electrostatic interactions be- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
5
0
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1



CALIX[5]ARENE ESTERS 251 

TABLE I1 Conformational descriptions of (l), (2), and (3)" 

(a) Torsion Angles (") 

(1) (3) 

C(16) - C(15) - C(17) - C(21) 
C(15) - C(17) - C(21) - C(26) 
C(26) - C(25) - C(27) - C(31) 
C(25) - C(27) - C(31) - C(36) 
C(36) - C(35) - C(37) - C(41) 
C(35) - C(37) - C(41) - C(46) 
C(46) - C(45) - C(47) - C(51) 
C(45) - C(47) - C(51) - C(56) 
C(56) - C(55) - C(57) - C(11) 
C(55) - C(57) - C(11) - C(16) 

119.6 

63.3 

117.1 
-72.6 
131.7 

-48.8 
-59.3 
-21.5 

-77.0 

-153.2 

116.4 
-100.5 

117.1 

81.9 
-125.5 

128.6 
-84.5 

86.9 
-126.8 

-92.1 

-74.9 
107.6 

-121.2 
107.4 

-102.2 
83.7 

-63.7 
146.6 

-157.9 
67.7 

(b) Deviations (A) from Least Squares Planes 

Plane 1 

C(27) 0.20 -0.30 0.13 

u47) -2.92* -0.11 0.08 
C(57) 0.12 -0.08 -0.01 

W7)  -0.19 0.23 -0.07 

(337) -0.13 0.25 -0.13 

Plane 2 
O(150) 
O(250) 
O(350) 
O(450) 
O(550) 

-0.47 
0.09 
0.36 

0.80 
-0.78 

Angle of intersection (") of phenyl rings with plane 1 

ring 1 
ring 2 
ring 3 
ring 4 
ring 5 

76.3 
35.4 
52.2 
47.9 
62.9 

-0.06 
-0.08 

0.17 

0.15 
-0.18 

83.0 
66.1 
45.9 
89.3 
42.5 

0.15 
-0.10 
-0.23 

0.09 
-0.11 

37.9 
72.7 
61.8 
40.6 
60.0 

(c) Distances (A) between oxygen atoms at the bottom rim of the cone 

O(150) ... O(250) 3.19 3.50 2.81 
O(250) ... O(350) 4.28 3.29 3.58 
O(350) ... O(450) 3.16 3.39 2.74 
O(450) ... O(550) 3.87 3.58 4.21 
O(550) ... O(150) 3.01 3.50 4.16 

"Numbering scheme (nm) is such that the first digit n refers to the ring number (1-5). The second digit(s) m defines the atom 
position; 1-6 refer to the phenyl ring, (such that 3 is attached to the t-butyl group and 6 to the oxygen atom), 7 to a methylene group, 
and 50 to the oxygen atom at the bottom of the cone. 

tween the charged guest and redox centre. These ethanol molecule (Figure 5) located relatively 
interactions are obviously not so apparent for near to the redox centres an  electrochemical rec- 
the detection of a neutral guest. Compound 2 ognition study with a variety of neutral guests 
contains three electrostatically interactive ferro- of differing polarities was undertaken. 
cenoyl redox centres located in close proximity Voltammetric measurements were carried out 
to the lower rim of the calix[5]arene. Prompted in dichloromethane as this solvent medium has 
by the structure of 2 revealing a totally included a low dielectric constant ( E  = 8.9) in which, as 
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252 P. D. BEER et al 

FIGURE 7 CVs of compound 2 (5 x W ' M )  in CH,Cl, in the 
presence of 0.1 M"Bu,NBF, as supporting electrolyte. Recorded 
at various scan rates. 

shown in the previous section, 2 displays the 
mutual electrostatic interactions between the 
three ferrocenoyl redox centres. 

The addition of less polar guests (relative to 
CH,Cl,) such as toluene ( E  = 2.4) led to negligi- 
ble changes in the CVs (Figure llc).  In contrast, 
the addition of more polar species such as 
CHJN ( E  = 37.5) (Figure lo), DMF ( E  = 36.7) 

RPM 

36 

49 

64 

81 

0 CQmV (vs AUAg.1 

loo 121 9 
FIGURE 8 Rotating Disk Electrode Electrochemistry of 8 X 
10-'M solution 2 in CH,CI, 0.1 M"Bu,NBF, supporting elec- 
trolyte. Scan rate = SOmVs-'. 

0 Current (experimental) 
Current (simulated) 

0 
x 

1 st electron transfer (calculated) 
2nd and 3rd electron transfers (calculated) 

50 r 

i 40 

0 i. 
200 250 300 350 400 450 500 550 600 

E ( mV ) vs Ag'/Ag 

FIGURE 9 A breakdown of the oxidation processes occurring 
in 2 at 121 rpm. 

n 

u 2 0 0 m v / s  

FIGURE 10 The cyclic voltammogram of 2 (8 X 10-'M) in 
CH,C12/CH,CN (2:3 v/v). Glassy carbon working electrode, Ag/ 
Ag' Ref., recorded at various scan rates. 
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a) 
DMF b) 

DMSO 

E 

FIGURE 11 
upon addition of neutral species. Scan rate 100m Vs-l, glassy carbon working electrode, Ag/Ag+ reference. 

CyclicVoltammograms of 2 (5 X 10-4M) in CH,Cl, (5 ml) in the presence of 0.1 M"Bu,NBF, as supporting electrolyte 
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Me 
FIGURE 12 Proposed insertion of solvent into the lower rim of 2. 

(Figure l la) and DMSO ( E  = 46.7) (Figure l lb) 
caused the two redox waves of 2 to noticeably 
merge and shift slightly to more negative poten- 
tials. Addition of ethanol ( E  = 24.3) to electro- 
chemical solutions of (2) in CH2C1, caused sim- 
ilar but smaller changes in the CV than either 
DMSO or DMF as expected due to its relatively 
smaller E value. Square wave voltammetry was 
used to examine the changes occurring in 
greater detail. It was found that the second and 
third electron transfers shift slightly to more 
negative potential thus becoming equivalent to 
the first oxidation process. 

Compound 2 contains three ferrocene moieties 
which electrochemically interact with each other. 
A possible explanation for the peak merging ef- 
fects and its dependence on the polarity of the 
added neutral guest species centres on the neu- 
tral guest disrupting or interfering with the in- 
teraction between the oxidised ferrocenium moi- 
eties. The decrease in t h s  interaction upon the 
addition of the polar, high dielectric constant, 
guest implies that the polar species is interpos- 
ing itself between the ferrocenium moieties (Fig- 
ure 12). The higher the dielectric constant of the 
interposed guest molecule the greater the shield- 
ing perturbation between the ferrocenium cen- 
tres and consequently the more electrochemi- 
cally detectable the effect. 

CONCLUSIONS 

The preparation and single-crystal X-ray struc- 
tures of new partially substituted tris-benzoyl-, 
tris-ferrocenoyl- and bis-ferrocenoyl p-tert-bu- 
tyl-calix[5]arene esters have been achieved. The 
structure of the tris-ferrocenoyl p-tert-butyl- 
calix[5]arene 2 reveals an ethanol molecule to- 
tally included within the cavity of the calixarene. 
The electrochemical properties of 2 in dichlo- 
romethane display a one electron oxidation fol- 
lowed by a separate two electron oxidation cor- 
responding to the redox chemistry of the three 
ferrocenoyl moieties. The addition of neutral po- 
lar guest molecules such as DMF and DMSO to 
dichloromethane electrochemical solutions of 2 
causes the two redox waves to significantly 
merge suggesting 2 is capable of detecting these 
types of neutral polar organic guest species in 
relatively non-polar organic media. 
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