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Novel ferrocene-modified artificial nucleobase receptors were designed and synthesized. The
nucleobase receptors possess hydrogen-bonding and π-stacking interaction sites that act simulta-
neously for binding to 1-butylthymine utilizing the pivot character of the ferrocene skeleton.
Diamidopyridine was chosen for the hydrogen-bonding moiety, and various polynuclear aromatics
were used for π-stacking one. The two components were tethered to the cyclopentadienyl rings via
ethynediyl and oxymethylene spacers. The binding affinity of the receptors to 1-butylthymine was
found to be dependent on the aromatic structures. Thus, the association constants for perylene-
linked receptors were approximately doubled compared to those of aromatic-free ones, an energy
difference of ∼0.5 kcal/mol. Detailed comparisons between the 10 receptors clarified the value of
the pivot character of the ferrocene for construction of the intermolecular interaction site.

Introduction

During the last two decades, artificial models devel-
oped in molecular recognition chemistry have illustrated
the crucial role of complementarity in size, shape, and
functional groups at the molecular level for selective
host-guest binding. A key element in the design of such
models is often inspired by naturally occurring biomol-
ecules and biomolecular systems. Thus, in designing
artificial receptors for nucleobases, much can be learned
from the structures of DNA, in which hydrogen bonding
and π-stacking interactions between adjacent and stacked
base pairs stabilize the double-helical architecture.1
Indeed, several model receptors utilizing both forces have
been designed and synthesized.2 In our successive model
studies on molecular recognition,3 our initial goal in this
area was to develop the cooperative self-assembly of
DNA-relevant molecules. Thus, we sought to construct

novel nucleobase receptors, in which both of the interac-
tions can operate simultaneously and in which the
conformational flexibility of the receptors would be
restricted so that the recognition mode is well-defined.4
With this in mind, we report herein the results obtained
for ferrocene-modified artificial nucleobase receptors,
ferroceptors (ferrocene + receptors).

The serendipitous discovery of ferrocene has caused
organometallic chemistry to progress explosively.5 Fer-
rocene and its derivatives nowadays are also attracting
much attention from the viewpoint of supramolecular
chemistry such as redox-active ionophores and molecular
receptors.6 However, the “pivot” character of the ferrocene
skeleton that aligns two substituents in a parallel man-
ner up and down had been scarcely utilized in this field,
except for ferrocene-containing liquid crystals.7 Gokel et
al. reported pioneer works for neutral molecule receptor
systems using ferrocene’s “atomic ball bearing” character.
They pointed out that the binding to aromatic guest
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molecules might be augmented by π-stacking.8 No sys-
tematic studies on the potential of the receptors for
π-stacking interaction, however, were carried out mainly
because of the solubility of the receptors. Thus, the role
of π-stacking in ferrocene’s systems remains elusive as
it does in many other examples.

Results and Discussion

Molecular Design. The inter-ring spacing in fer-
rocene is 0.33 nm, and two flat aromatic planes will
interact with each other by π-stacking when both planes
are connected to two cyclopentadienyl (Cp) rings of
ferrocene. The design of the hydrogen-bonding moiety
was based on the hydrogen-bonding complementarity
between 1-butylthymine (1) and 2,6-diamidopyridine,9
which was tethered to a Cp ring of ferrocene with
oxymethylene or ethynediyl spacers. Polycyclic aromatic
planes, the π-stacking units, were connected to another
Cp ring of the ferrocene by an ethynediyl spacer. The sp-
carbon spacers allow rotation only about the Cp-
ethynediyl aromatic bonds, maintaining linearity along
the Cp ring-polycyclic aromatics, which results in π-stack-
ing interaction with the bound 1. The oxymethylene
spacers were selected to have the right balance of rigidity
and flexibility (Scheme 1).

Synthesis. The ferroceptors 2b-e bearing an oxym-
ethylene linkage were synthesized from a key intermedi-
ate, 1-(hydroxymethyl)-1′-iodoferrocene (10), which was
derived from 1′-(tri-n-butylstannyl)ferrocene-1-carboxal-
dehyde (8) by stepwise functionalizations.10,11 Mitsunobu
reaction12 of 10 with 2,6-diacetamido-4-pyridone (4) gave

11, which was ethynylated by Sonogashira reaction
followed by deprotection of the acetylene terminal to
afford 13. Further Sonogashira reaction of 13 with
various haloarenes 14-17 produced the ferroceptors 2b-
e. Ferroceptors 3b-e possessing two acetylenic linkages
were prepared from 1,1′-diiodoferrocene (18) by sequen-
tial Sonogashira reactions with 2,6-diacetamido-4-ethy-
nylpyridine (7) and ethynylated aromatics 20-23. Both
of the ethynylated components were also synthesized by
Sonogashira reaction from pyridyl triflate 5 and the
corresponding haloarenes 14-17, respectively, followed
by deprotection of the acetylene terminal. In these
syntheses, the reverse connection failed because depro-
tection of 1,1′-bis(trimethylsilylethynyl)ferrocene gave
undesired product11b (Scheme 2).

Structural Feature of the Ferroceptors. In parent
ferrocene, the barrier to internal rotation of the Cp rings
with respect to each other is estimated to be only one-
third of that in ethane.5 This means that in the usual
temperature range for NMR investigations the Cp ring
rotates freely. Similar behavior is expected for our
ferroceptors. Indeed, the 1H NMR signals of the ferrocene
skeleton (4.2-4.7 ppm) of ferroceptor 2e (2.0 mM) in
CDCl3 revealed four sets of pseudo singlet at 298 K,
which remained unchanged in the range to 223 K. The
free rotation of the Cp rings of the ferroceptors was also
corroborated on the basis of chemical shifts for methyl
protons of the acetamide substituents. Thus, the methyl
protons of 2a lacking in π-planes appeared at 2.18 ppm,
whereas those of 2b possessing an anthracene ring were
at 2.08 ppm. The upfield shift of 0.10 ppm might be
attributed to the diamagnetic anisotropy of the an-
thracene ring. Further upfield shifts were observed in
the cases of the ferroceptors possessing wider aromatic
planes: 2c (1.98 ppm), 2d (1.98 ppm), and 2e (2.04 ppm).
The ferroceptors bearing two ethynediyl spacers 3a-e
showed a similar tendency. The upfield shifts could be
due to the existence of the ferroceptor conformation in
which the hydrogen-bonding moiety is located on the
aromatic planes. The significant but rather small upfield
shifts demonstrated the free rotation of the Cp rings even
for the ferroceptors.

Binding Studies with 1-Butylthymine. The inter-
actions of the ferroceptors 2 and 3 in CDCl3 with
1-butylthymine (1) were investigated by 1H NMR. Treat-
ment of ferroceptors (2.0 mM) with 1 (2.0 mM) in CDCl3

revealed the formation of triple-hydrogen-bonded com-
plexes in the 1H NMR spectra. The NH protons on both
the ferroceptors and 1 were shifted downfield by 1.77-
2.10 and 1.48-2.58 ppm, respectively. The 1:1 stoichi-
ometry was confirmed by the continuous variation (Job)
plots that contained a maximum at a mole ratio of 0.5 in
each plot for the ferroceptors and 1.13 Association con-
stants for the complexes were determined from 1H NMR
titration data by using Foster-Fife analysis14 of the shifts
in δNH for ferroceptors (under conditions of constant
[ferroceptor] with varying [1]) and are collected in Table
1. The association constants were dependent on the
polycyclic aromatic π-stacking units. Thus, the associa-
tion constants for perylene-linked ferroceptors 2e and 3e
to 1 were approximately doubled compared to those of
aromatic-free ferroceptors 2a and 3a, suggesting that
π-stacking interaction between the aromatic rings with
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bound 1 can be responsible for the increased Ka values.15

In addition, the linkages between the hydrogen-bonding
moiety and the Cp ring gave an interesting influence for
the binding. The association constants of the flexible
ferroceptors 2a-e increased little by little with increasing
an aromatic width, with the wider aromatics having the

larger Ka values, while the rigid ferroceptors 3a-e
revealed “off (3a-c)/on (3d,e)” characteristics. The flex-
ible oxymethylene linkage, to some extent, might cause
the ferroceptors to adopt a favorable conformation for
stacking to the bound 1. The direction of an expanse of
π-plane was also found to be important for the stacking.
This was demonstrated in the cases of 1-ethynylpyrene-
(2c and 3c) and 2-ethynylpyrene-linked (2d and 3d)
ferroceptors. These results are satisfactorily explained
by the increased probability of the close approach of the
aromatic rings to the π-plane of 1, depicted in Figure 1,
in which locations for two substituents were estimated
by CPK molecular modeling.

Complexation-Induced Shifts for Thymine Pro-
tons. Figure 1 points out that in the cases of perylene-
linked ferroceptors 2e and 3e peripheral protons of 1 in
addition to the NH will be subjected to the diamagnetic
anisotropy of the perylene ring upon complexation.
Indeed, when 1 (2.0 mM) was added to ca. 2.0 mM CDCl3

solution of the ferroceptor 2e, significant upfield shifts
(0.09-0.12 ppm) of 1 were observed in Ha, Hb, and Hc

(Figure 2). The upfield shifts of 1 were observed also with
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Scheme 2a

a (a) Trifluoromethanesulfonic anhydride, pyridine; (b) (Ph3P)2PdCl2, (trimethylsilyl)acethylene, Et3N, DMF; (c) n-Bu4NF, H2O, THF;
(d) I2, CH2Cl2; (e) NaBH4, EtOH; (f) 4, DEAD, PPh3, THF; (g) (trimethylsilyl)acethylene, (Ph3P)2PdCl2, Cu(OAc)2‚H2O, i-Pr2NH; (h) KF,
H2O, DMSO; (i) (Ph3P)2PdCl2, CuI, morpholine; (j) 7, Pd2(dba)3‚CHCl3, Cu(OAc)2‚H2O, PPh3, THF, i-Pr2NH.

Table 1. Association Constants and Thermodynamic Parameters Determined for the Binding of 1 to Ferroceptors in
CDCl3 at 25 °Ca

∆δthy (ppm)
ferroceptor Ka (M-1) Ha Hb Hc

∆G
(kcal/mol)

∆H
(kcal/mol)

T∆S
(kcal/mol)

2a 1140 0.018 0.043 0.043
2b 1370 0.031 0.054 0.054
2c 1470 0.020 0.041 0.041
2d 1740 -0.009 -0.004 -0.004
2e 2230 -0.086 -0.124 -0.124 -4.57 -8.09 -3.52
3a 960 0.020 0.043 0.043
3b 1120 0.052 0.077 0.077
3c 1020 0.036 0.052 0.052
3d 1800 0.016 0.014 0.014
3e 1820 -0.045 -0.059 -0.059 -4.45 -7.84 -3.39

a ∆δthy values show shifts in 1H NMR signals for 1 (2.0 mM) in the presence of ferroceptors (2.0 mM) in CDCl3 at 25 °C. A positive sign
for ∆δthy indicates a downfield shift. See Scheme 1 for proton labeling.
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3e in place of 2e, but little or none was seen with other
ferroceptors. Without aromatic planes, small downfield
shifts for these protons of 1 were observed because of the
decrease in the electron density via hydrogen bonding
to the diamidopyridine, as in the cases for 2a-c (Table
1). Thus, there is a strong presumption that the through-
space interactions, π-stacking and/or van der Waals
interactions, may play a role in the increased affinity of
the perylene-linked ferroceptors 2e and 3e for 1.

Thermodynamic Parameters for the Binding. The
more flexible oxymethylene linkages of 2a-e were in-
troduced to examine their influence on the binding
compared to the ethynediyl linkage. Of course, introduc-
ing flexibility is introducing adjustability that results in
simultaneous entropic disadvantages and enthalpic ad-
vantages for binding. Thermodynamic parameters were
determined by VT-NMR (van’t Hoff analysis) for the
binding of the ferroceptors and 1 to shed light on this
aspect (Table 1). Both the enthalpy and entropy changes

for the binding of 1 by 2e, however, were only slightly
different from those for 3e. This indicated that the
oxymethylene spacer is still rigid and capable of main-
taining pseudolinearity along the Cp-diamidopyridine
axis. Indeed, the preliminary results of the molecular
modeling suggested this assumption. From this study,
we can use both of the linkages for further structural
modifications of the ferroceptors, such as bifunctional-
ization and the introduction of second recognition sites.

Conclusion

We developed novel ferrocene-modified hydrogen-bond-
ing structures as rationally designed new artificial
nucleobase receptors. Additional intermolecular interac-
tions utilizing ferrocene’s pivot character were exploited
in the receptors. Although the stacking interaction in the
present system is not remarkably high (an energy of ∼0.5
kcal/mol) because of the free rotation of the ferrocene
skeleton, the driving force for the binding to 1-butylth-
ymine was found to be governed not only by hydrogen
bondings but also by aromatic π-stacking and/or van der
Waals interactions and could be regulated by changing
the aromatic rings. We are currently investigating the
introduction of a second recognition site in the ferrocene
skeleton to add allosteric behavior to the ferroceptors.
In the future, bifunctionalization of both the allosteric
ferroceptors and the substrates will create cooperative
self-assembly of more than one biologically relevant
species.

Experimental Section

Instrumentation. 1H and 13C NMR spectra were recorded
at 270 and 67.8 MHz, respectively, unless otherwise noted.

Figure 1. (a) Side view and (b) top view of a possible structure
for the 1‚2e complex. (c) Estimated positions of the bound 1
and π-stacking moieties.

Figure 2. 1H NMR spectra (500 MHz) of (a) 1, (b) 1‚2e, and
(c) 2e in CDCl3 at 25 °C.
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EI mass spectra were measured at 70 eV. For FAB mass
experiments, Xe was used as the atom beam accelerated to 8
keV. Melting points are uncorrected.

Materials. Iodoferrocene,10b (hydroxymethyl)ferrocene,10c

3-aminoperylene,16 1-n-butylthymine17 (1), 2,6-diacetamido-4-
pyridone4 (4), 1′-(tri-n-butylstannyl)ferrocene-1-carboxal-
dehyde10a (8), 2-bromopyrene18 (16), 1,1′-diiodoferrocene10b (18),
and 9-ethynylanthracene19 (20) were prepared according to
literature procedures. Other starting materials were all com-
mercially available.

Methods for the Evaluation of Stoichiometry and
Association Constants. Job’s plot of [complex] vs mole
fraction of the receptor for the complexation of the receptor
and 1 was obtained by 1H NMR in CDCl3 at 25 °C under
conditions where [receptor] + [1] is maintained at 5.0 mM.13

The relative concentration of a complex [complex (rel)] in
CDCl3 was evaluated from ∆δobsd for the receptor-NH, accord-
ing to the equation [complex (rel)] ) ∆δobsd[receptor]t (t ) total;
obsd ) observed; sat ) saturated).

Determination of binding constants (Ka) was carried out
under Benesi-Hildebrand conditions at 25 °C in CDCl3.14 The
concentrations of the receptor and 1 were 0.075 and 0.75-1.5
mM, respectively. The chemical shifts of the receptor-NH
protons were monitored as a function of concentration of 1. In
every case, the double reciprocal plots according to the equa-
tion 1/∆δobsd ) 1/∆δsat + 1/∆δsatKa[1]t gave good linearity with
a correlation coefficient r g 0.98 and a standard deviation of
σ e 60 M-1 for Ka. For every Ka, at least a 40-80% complex-
ation was covered.

Determination of Thermodynamic Parameters. Van’t
Hoff plots were employed for evaluating the thermodynamics
of complexation. Several Ka values were measured in the
temperature range from 259 to 303 K as described above.
Plotting R ln Ka versus 1/T gave a straight line and resulted
in ∆H and then T∆S.

4-(2,6-Diacetamidopyridyl) Trifluoromethanesulfonate
(5). To a pyridine (15 mL) solution of 2,6-diacetamido-4-
pyridone4 (4) (1.01 g, 4.82 mmol) was added trifluoromethane-
sulfonic anhydride (1.76 g, 6.23 mmol) dropwise at 0 °C over
a 10 min period. The reaction mixture was stirred at room
temperature for 12 h. After removal of the solvent, the residue
was subjected to chromatography (silica gel; eluent, CHCl3/
MeOH 20:1) to give 5: yield 72% (1.19 g); mp 207-209 °C (dec);
IR (KBr) 1700, 1676, 1553, 1426, 1298, 1243, 1213, 1141, 861,
831 cm-1; 1H NMR (CDCl3) δ 7.93 (s, 2 H), 7.79 (br s, 2 H),
2.21 (s, 6 H); 13C NMR (CDCl3) δ 169.13, 158.58, 150.01,
102.08, 24.67; MS m/e (rel intensity) 341 (M+, 14%).

2,6-Diacetamido-4-[(trimethylsilyl)ethynyl]pyridine (6).
To a DMF (5 mL) solution of 5 (340 mg, 1.0 mmol), (Ph3P)2-
PdCl2 (28 mg, 0.04 mmol), and Et3N (2 mL) was added
(trimethylsilyl)acetylene (310 mg, 3.0 mmol) at room temper-
ature. The reaction mixture was stirred at 70 °C for 8 h. After
removal of the solvent, the residue was poured into water and
extracted with CHCl3. The CHCl3 extract was evaporated and
chromatographed (silica gel; eluent, AcOEt/hexane 1:5) to give
6: yield 78% (220 mg); mp 149-151 °C (dec); IR (KBr) 1676,
1556, 1524, 1417, 1274, 845 cm-1; 1H NMR (CDCl3) δ 7.92 (br
s, 2 H), 7.55 (br s, 2 H), 2.18 (s, 6 H), 0.24 (s, 9 H); 13C NMR
(CDCl3) δ 168.74, 149.54, 135.61, 111.84, 102.30, 99.83, 24.61;
MS m/e (rel intensity) 289 (M+, 35%).

2,6-Diacetamido-4-ethynylpyridine (7). To a THF (10
mL) solution of 6 (290 mg, 1.0 mmol) was added tetra-n-
butylammonium fluoride (320 mg, 1.2 mmol) and a few drops
of water. The reaction mixture was stirred at room tempera-
ture for 2 h. After removal of the solvent, the residue was
poured into water and extracted with CHCl3. The CHCl3

extract was evaporated and chromatographed (silica gel;
eluent, CH2Cl2/MeOH 20:1) to give 7: yield 74% (160 mg); mp
217-219 °C (dec); IR (KBr) 3250, 2115, 1715, 1669, 1562, 1415
cm-1; 1H NMR (CDCl3) δ 7.98 (br s, 2 H), 7.67 (br s, 2 H), 3.25
(s, 1 H), 2.19 (s, 6 H); 13C NMR (CDCl3) δ 168.44, 149.52,
134.82, 112.06, 81.62, 24.79; MS m/e (rel intensity) 217 (M+,
19%).

2,6-Diacetamido-4-(ferrocenylmethoxy)pyridine (2a).
To a THF (15 mL) suspension of (hydroxymethyl)ferrocene10c

(100 mg, 0.46 mmol), 4 (100 mg, 0.46 mmol), and Ph3P (120
mg, 0.46 mmol) was added diethyl azodicarboxylate (81 mg,
0.46 mmol) at room temperature. The reaction mixture was
stirred for 18 h at the same temperature. After removal of the
solvent, the residue was dissolved in water and extracted with
CH2Cl2. The CH2Cl2 extract was evaporated and chromato-
graphed (silica gel; eluent, CHCl3/AcOEt 1:1) to give 2a: yield
11% (20 mg); mp 85-87 °C; IR (KBr) 1677, 1583, 1439 cm-1;
1H NMR (CDCl3) δ 7.57 (br s, 2 H), 7.56 (br s, 2 H), 4.91 (s, 2
H), 4.37 (t, J ) 1.8 Hz, 2 H), 4.21 (t, J ) 1.8 Hz, 2 H), 4.19 (s,
5 H), 2.18 (s, 6 H); 13C NMR (CDCl3) δ 168.54, 150.45, 96.42,
81.30, 69.41, 68.84, 68.68, 66.97, 24.84; FABMS (in 3-nitro-
benzyl alcohol) m/e (rel intensity) 407 (M+, 100%).

1′-Iodoferrocene-1-carboxaldehyde (9). To a CH2Cl2 (100
mL) solution of 1′-(tri-n-butylstannyl)ferrocene-1-carboxal-
dehyde10a (8) (2.35 g, 4.68 mmol) was added a CH2Cl2 (100 mL)
solution of iodine (1.78 g, 7.02 mmol) at room temperature.
The reaction mixture was stirred at this temperature for 2 h.
The CH2Cl2 mixture was washed with aqueous NaHSO3

solution and water. After removal of the solvent, the residue
was dissolved in saturated aqueous KF solution and extracted
with ether. The ether solution was washed with water. The
ether layer was evaporated and chromatographed (silica gel;
eluent, CHCl3) to give 9: yield 95% (1.51 g); mp 34-35 °C; IR
(KBr) 1677 cm-1; 1H NMR (CDCl3) δ 9.99 (s, 1 H), 4.75 (t, J )
1.8 Hz, 2 H), 4.57 (t, J ) 1.2 Hz, 2 H), 4.48 (t, J ) 1.8 Hz, 2
H), 4.23 (t, J ) 1.2 Hz, 2 H); 13C NMR (CDCl3) δ 193.30, 76.27,
76.12, 72.21, 70.42; MS m/e (rel intensity) 340 (M+, 43%).

1-(Hydroxymethyl)-1′-iodoferrocene (10). To an EtOH
(180 mL) solution of 9 (1.46 g, 4.31 mmol) was added NaBH4

(100 mg, 2.6 mmol) at room temperature. The reaction mixture
was stirred for 1.5 h at the same temperature. After removal
of the solvent, the residue was dissolved in water and extracted
with CHCl3. The CHCl3 extract was evaporated and chromato-
graphed (silica gel; eluent, CHCl3) to give 10: yield 93% (1.37
g); mp 88-89 °C; IR (KBr) 3232, 1398, 1342, 1232, 1174, 1136,
1045 cm-1; 1H NMR (CDCl3) δ 4.45-4.39 (m, 5 H), 4.19 (s, 2
H), 4.17-4.15 (m, 4 H); 13C NMR (CDCl3) δ 89.40, 74.87, 71.27,
70.78, 69.17, 60.17, 39.98; MS m/e (rel intensity) 342 (M+, 49%).

2,6-Diacetamido-4-[(1′-iodoferrocenyl)methoxy]pyri-
dine (11). To a THF (15 mL) suspension of 10 (170 mg, 0.50
mmol), 4 (110 mg, 0.50 mmol), and Ph3P (130 mg, 0.50 mmol)
was added diethyl azodicarboxylate (87 mg, 0.50 mmol) at
room temperature. The suspension was stirred for 12 h at the
same temperature. After removal of the solvent, the residue
was dissolved in water and extracted with CH2Cl2. The CH2-
Cl2 extract was evaporated and chromatographed (silica gel;
eluent, CHCl3/AcOEt 1:1) to give 11: yield 37% (100 mg); mp
86-87 °C; IR (KBr) 1680, 1616, 1581, 1442, 1240, 1155 cm-1;
1H NMR (CDCl3) δ 7.60 (br s, 2 H), 7.53 (br s, 2 H), 4.91 (s, 2
H), 4.41 (t, J ) 1.8 Hz, 2 H), 4.32 (t, J ) 1.8 Hz, 2 H), 4.22 (t,
J ) 1.8 Hz, 2 H), 4.18 (t, J ) 1.8 Hz, 2 H), 2.18 (s, 6 H); 13C
NMR (CDCl3) δ 168.42, 82.67, 75.25, 71.86, 69.57, 66.21, 40.08,
24.73; MS m/e (rel intensity) 533 (M+, 22%).

2,6-Diacetamido-4-{[(1′-trimethylsilylethynyl)ferro-
cenyl]methoxy}pyridine (12). To an i-Pr2NH suspension of
11 (266 mg, 0.50 mmol), (Ph3P)2PdCl2 (20.8 mg, 0.03 mmol),
and Cu(OAc)2‚H2O (6.0 mg, 0.03 mmol) was added (trimeth-
ylsilyl)acetylene (245 mg, 2.5 mmol). The reaction mixture was
refluxed for 8 h. After removal of the solvent, the residue was
chromatographed (silica gel; eluent, AcOEt) to give 12: yield
84% (210 mg); IR (KBr) 2146, 1681, 1616, 1583, 1439, 1247,
1155, 1041 cm-1; 1H NMR (CDCl3) δ 7.57 (br s, 2 H), 7.52 (br
s, 2 H), 4.95 (s, 2 H), 4.45 (t, J ) 1.2 Hz, 2 H), 4.39 (t, J ) 1.2
Hz, 2 H), 4.24-4.20 (m, 4 H), 2.17 (s, 6 H); 13C NMR (CDCl3)

(16) Dewar, M. J. S.; Mole, T. J. Chem. Soc. 1956, 1441-1443.
(17) Browne, D. T. In Synthetic Procedures in Nucleic Acid Chem-

istry; Zorbach, W. W., Tipson, R. S., Eds.; Interscience: New York,
1968.

(18) Musa, A.; Sridharan, B.; Lee, H.; Mattern, D. L. J. Org. Chem.
1996, 61, 5481-5484. Kreyenschmidt, M.; Baumgarten, M.; Tyutyulk-
ov, N.; Müllen, K. Angew. Chem., Int. Ed. Engl. 1994, 33, 1957-1959.

(19) House, H. O.; Ghali, N. I.; Haack, J. L.; VanDerveer, D. J. Org.
Chem. 1980, 45, 1807-1817.
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δ 168.50, 81.72, 72.36, 71.19, 70.99, 69.49, 66.32, 65.70, 24.80;
MS m/e (rel intensity) 503 (M+, 15%).

2,6-Diacetamido-4-[(1′-ethynylferrocenyl)methoxy]py-
ridine (13). To a DMSO (10 mL) solution of 12 (100 mg, 0.20
mmol) was added saturated aqueous KF solution (0.5 mL). The
reaction mixture was stirred for 1 h, poured into water, and
extracted with CHCl3. The CHCl3 extract was evaporated and
chromatographed (silica gel; eluent, AcOEt) to give 13: yield
93% (80 mg); mp 85-87 °C; IR (KBr) 3249, 2100, 1683, 1583,
1438, 1240, 1155, 1041 cm-1; 1H NMR (CDCl3) δ 7.59 (br s, 2
H), 7.51 (br s, 2 H), 4.94 (s, 2 H), 4.78 (t, J ) 1.8 Hz, 2 H),
4.42 (t, J ) 1.8 Hz, 2 H), 4.27-4.24 (m, 4 H), 3.06 (s, 1 H),
2.17 (s, 6 H); 13C NMR (CDCl3) δ 168.66, 150.53, 96.42, 81.74,
80.61, 75.39, 72.30, 70.99, 70.56, 69.43, 69.33, 68.65, 66.76,
65.97, 24.75; MS m/e (rel intensity) 431 (M+, 22%).

3-Iodoperylene (17). To a 27% aqueous H2SO4 solution
(137 mL) of 3-aminoperylene16 (100 mg, 0.37 mmol) was added
an aqueous solution (30 mL) of NaNO2 (7.0 g, 100 mmol) at 0
°C. Immediately to the reaction mixture was added a cold (ca.
0 °C) aqueous solution (30 mL) of KI (15 g, 90 mmol), and the
reaction mixture was stirred at 0 °C for 1 h. The reaction
mixture was allowed to warm to room temperature and was
stirred at the same temperature for an additional 12 h. The
reaction mixture was poured into aqueous NaHSO3 solution
and extracted with CHCl3. The CHCl3 extract was evaporated
and chromatographed (silica gel; eluent, hexane/CH2Cl2 5:1)
to afford crude 17: yield 11% (17 mg, 90% purity). This
compound was identified on the basis of mass spectrum and
was used for the next reaction without further purification.

Ferroceptor 2e. A morpholine (5 mL) solution of 13 (90
mg, 0.21 mmol), 17 (210 mg, 0.55 mmol), (Ph3P)2PdCl2 (6 mg,
0.022 mmol), and CuI (1.6 mg, 0.022 mmol) was stirred at 70
°C for 12 h. After removal of the solvent, the residue was
poured into water and extracted with CHCl3. The CHCl3

extract was evaporated and chromatographed (silica gel;
eluent, AcOEt) to give crude 2e (61.4 mg). The crude product
was recrystallized from CH2Cl2/i-Pr2O to afford 2e: yield 10%
(15 mg); mp 160-165 °C (dec); IR (KBr) 2200, 1706, 1676,
1619, 1583, 1441 cm-1; 1H NMR (CDCl3) δ 8.19-8.07 (m, 5
H), 7.68 (d, J ) 7.9 Hz, 2 H), 7.58 (d, J ) 7.9 Hz, 1 H), 7.52-
7.48 (m, 3 H), 7.41 (br s, 2 H), 7.22 (br s, 2 H), 4.94 (s, 2 H),
4.64 (t, J ) 1.8 Hz, 2 H), 4.51 (t, J ) 1.8 Hz, 2 H), 4.34 (t, J )
1.8 Hz, 2 H), 4.28 (t, J ) 1.8 Hz, 2 H), 2.04 (s, 6 H); 13C NMR
(CDCl3) δ 168.38, 150.06, 130.52, 128.13, 127.97, 127.02,
126.74, 126.66, 126.39, 120.57, 120.51, 120.37, 119.72, 96.31,
93.99, 85.30, 83.28, 72.16, 70.12, 69.89, 69.71, 65.69, 24.75;
FABMS (in 3-nitrobenzyl alcohol) m/e (rel intensity) 681 (M+,
7%).

Other oxymethylene-linked ferroceptors 2b-d were pre-
pared from 13 and 14-16, respectively, in a manner similar
to that described for 2e.

2b: yield 20%; mp 107-109 °C (dec); IR (KBr) 2200, 1682,
1617, 1583, 1439, 1239, 1156 cm-1; 1H NMR (CDCl3) δ 8.51
(d, J ) 8.6 Hz, 2 H), 8.38 (s, 1 H), 7.99 (d, J ) 8.6 Hz, 2 H),
7.63-7.45 (m, 4 H), 7.40 (br s, 2 H), 7.17 (br s, 2 H), 4.98 (s, 2
H), 4.74 (t, J ) 1.8 Hz, 2 H), 4.55 (t, J ) 1.8 Hz, 2 H), 4.41 (t,
J ) 1.8 Hz, 2 H), 4.35 (t, J ) 1.8 Hz, 2 H), 2.08 (s, 6 H); 13C
NMR (CDCl3) δ 168.30, 150.11, 132.30, 131.23, 128.72, 128.48,
128.13, 126.90, 126.76, 126.66, 126.37, 125.59, 118.09, 99.35,
96.27, 83.83, 83.11, 72.20, 70.52, 70.22, 69.83, 66.70, 65.96,
24.73; FABMS (in 3-nitrobenzyl alcohol) m/e (rel intensity) 607
(M+, 100%).

2c: yield 15%; mp 115-118 °C (dec); IR (KBr) 2208, 1696,
1678, 1620, 1585, 1440, 1238, 1155 cm-1; 1H NMR (CDCl3) δ
8.48 (d, J ) 8.6 Hz, 1 H), 8.19 (d, J ) 8.6 Hz, 2 H), 8.14-8.01
(m, 6 H), 7.36 (br s, 2 H), 7.00 (br s, 2 H), 4.98 (s, 2 H), 4.70 (s,
2 H), 4.55 (s, 2 H), 4.38 (s, 2 H), 4.32 (s, 2 H), 1.98 (s, 6 H); 13C
NMR (CDCl3) δ 168.34, 168.10, 149.92, 131.34, 129.41, 127.99,
127.73, 127.30, 126.13, 125.75, 125.35, 125.27, 124.39, 96.25,
72.20, 70.14, 69.87, 69.69, 24.67; FABMS (in 3-nitrobenzyl
alcohol) m/e (rel intensity) 631 (M+, 75%).

2d: yield 10%; mp 177-179 °C (dec); IR (KBr) 2200, 1696,
1580, 1544, 1444, 1248, 1155 cm-1; 1H NMR (CDCl3) δ 8.20-
7.95 (m, 9 H), 7.48 (br s, 2 H), 7,21 (br s, 2 H), 5.00 (s, 2 H),
4.63 (s, 2 H), 4.53 (s, 2 H), 4.34 (s, 2 H), 4.30 (s, 2 H), 1.98 (s,

6 H); 13C NMR (CDCl3) δ 168.38, 150.06, 130.52, 128.13,
127.97, 127.02, 126.74, 126.66, 126.39, 120.57, 120.51, 120.37,
119.72, 96.31, 93.99, 85.30, 83.28, 72.16, 70.12, 69.89, 69.71,
65.69, 24.75; FABMS (in 3-nitrobenzyl alcohol) m/e (rel inten-
sity) 632 (MH+, 74%).

Ferroceptor 3a. An Et2NH solution of iodoferrocene10b (31
mg, 0.10 mmol), 7 (28 mg, 0.12 mmol), (PPh3)2PdCl2 (2.5 mg,
3.6 µmol), and CuI (1.3 mg, 7.2 µmol) was stirred at 70 °C for
12 h. After removal of the solvent, the residue was poured into
water and extracted with CH2Cl2. The CH2Cl2 extract was
evaporated and subjected to preparative thin-layer chroma-
tography (silica gel; eluent, CH2Cl2/MeOH 15:1) to give 3a:
yield 10% (4 mg); mp 103-106 °C (dec); IR (KBr) 2211, 1677,
1612, 1550, 1413 cm-1; 1H NMR (CDCl3) δ 7.98 (br s, 2 H),
7.58 (br s, 2 H), 4.55 (t, J ) 1.7 Hz, 2 H), 4.29 (t, J ) 1.7 Hz,
2 H), 4.25 (s, 5 H), 2.21 (s, 6 H); 13C NMR (CDCl3) δ 168.45,
149.44, 136.59, 132.07, 128.64, 111.25, 92.94, 85.28, 76.42,
74.36, 72.80, 71.17, 70.14, 65.95, 41.01, 24.85; MS m/e (rel
intensity) 401 (M+, 100%).

2,6-Diacetamido-4-[(1′-iodoferrocenyl)ethynyl]pyri-
dine (19). To an i-Pr2NH solution of 1,1′-diiodoferrocene10b (18)
(1.05 g, 2.40 mmol), Pd2(dba)3‚CHCl3 (12.4 mg, 0.072 mmol),
Cu(OAc)2‚H2O (4.8 mg, 0.14 mmol), and PPh3 (6.3 mg, 0.28
mmol) was added a THF/i-Pr2NH (1:1, 2 mL) mixed solution
of 7 (87 mg, 0.40 mmol) dropwise at 70 °C over a 2 h period.
The reaction mixture was stirred at this temperature for 12
h. After removal of the solvent, the residue was poured into
water and extracted with CHCl3. The CHCl3 extract was
evaporated and chromatographed (silica gel; eluent, CH2Cl2/
MeOH 20:1) to afford crude 19. The crude product was washed
with CH2Cl2/Et2O/hexane mixed solvent to give 19: yield 50%
(107 mg); mp 84-86 °C; IR (KBr) 2212, 1677, 1612, 1367, 1274,
1232 cm-1; 1H NMR (CDCl3) δ 8.02 (br s, 2 H), 7.53 (br s, 2
H), 4.53 (t, J ) 1.8 Hz, 2 H), 4.47 (t, J ) 1.8 Hz, 2 H), 4.30 (t,
J ) 1.8 Hz, 2 H), 4.25 (t, J ) 1.8 Hz, 2 H), 2.21 (s, 6 H); 13C
NMR (CDCl3) δ 168.64, 149.50, 136.48, 111.25, 92.84, 85.30,
76.40, 74.34, 72.78, 71.17, 24.83; MS m/e (rel intensity) 527
(M+, 100%).

3-Ethynylperylene (23). To a morpholine (10 mL) solution
of 17 (230 mg, 0.63 mmol), (Ph3P)2PdCl2 (25 mg, 0.035 mmol),
and CuI (6.7 mg, 0.35 mmol) was added 3-methyl-1-butyne-
3-ol (150 mg, 1.8 mmol) at room temperature. The reaction
mixture was stirred at 100 °C for 4 h. To the mixture was
added additional 3-methyl-1-butyne-3-ol (250 mg, 3.0 mmol)
at the same temperature, and the mixture was stirred at 110
°C for 6 h. After removal of the solvent, the residue was
dissolved in water and extracted with CHCl3. The CHCl3

extract was evaporated and chromatographed (silica gel;
eluent, CHCl3) to give 3-(3-hydroxy-3-methyl-1-butynyl)-
perylene: yield 18% (38 mg); mp 162-165 °C (dec); IR (KBr)
no diagnostic peaks; 1H NMR (CDCl3) δ 8.25-8.10 (m, 4 H),
7.72-7.40 (m, 6 H), 7.33-7.28 (m, 1 H), 1.75 (s, 6 H); 13C NMR
(CDCl3) δ 128.44, 128.28, 128.13, 126.72, 126.64, 120.94, 31.73;
FABMS (in 3-nitrobenzyl alcohol) m/e (rel intensity) 334 (M+,
60%). To NaH (9 mg, 0.22 mmol; commercial 60% dispersion
was washed thoroughly with hexane prior to use) was added
a toluene solution (4 mL) of 3-(3-hydroxy-3-methyl-1-butynyl)-
perylene (70 mg, 0.21 mmol). The reaction mixture was heated
to 110 °C immediately and stirred for 10 min at that temper-
ature. The reaction mixture was poured into water and
extracted with AcOEt. The AcOEt extract was evaporated and
chromatographed (silica gel; eluent, CHCl3) to give 23: yield
30% (17 mg); mp 178-180 °C (dec); IR (KBr) no diagnostic
peaks; 1H NMR (CDCl3) δ 8.25-8.06 (m, 5 H), 7.74-7.45 (m,
6 H), 3.55 (s, 1 H); 13C NMR (CDCl3) δ 134.84, 131.33, 128.88,
127.91, 126.60, 120.27.

Ethynylarenes 21 and 22 were synthesized from 15 and 16,
respectively, via corresponding (3-hydroxy-3-methyl-1-butyn-
yl)arenes in a manner similar to that described for 23.

1-(3-Hydroxy-3-methyl-1-butynyl)pyrene: yield 60%;
mp 104-105 °C (dec); IR (KBr) no diagnostic peaks; 1H NMR
(CDCl3) δ 8.38 (d, J ) 9.2 Hz, 1 H), 8.03-7.78 (m, 8 H), 2.73
(s, 1 H), 1.78 (s, 6 H); 13C NMR (CDCl3) δ 131.75, 131.02,
130.82, 129.47, 128.15, 127.91, 127.00, 126.01, 125.42, 125.38,
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125.13, 124.23, 124.05, 117.05, 99.47, 81.25, 66.01, 31.75;
FABMS (in 3-nitrobenzyl alcohol) m/e (rel intensity) 284 (M+,
100%).

1-Ethynylpyrene (21): yield 85%; mp 115-117 °C (dec);
IR (KBr) 3294 cm-1; 1H NMR (CDCl3) δ 8.58 (d, J ) 9.2 Hz, 1
H), 8.28-7.98 (m, 8 H), 3.63 (s, 1 H); 13C NMR (CDCl3) δ
132.50, 131.59, 131.17, 130.99, 130.17, 128.56, 128.40, 127.18,
126.64, 126.29, 125.73, 125.69, 125.32, 124.37, 82.79, 82.63;
MS m/e (rel intensity) 226 (M+, 100%).

2-(3-Hydroxy-3-methyl-1-butynyl)pyrene: yield 63%; mp
108-110 °C (dec); IR (KBr) no diagnostic peaks; 1H NMR
(CDCl3) δ 8.20-7.93 (m, 9 H), 1.72 (s, 6 H); 13C NMR (CDCl3)
δ 131.22, 131.02, 129.65, 128.05, 127.79, 126.86, 126.31,
125.36, 124.41, 124.35, 120.09, 94.19, 82.81, 65.83, 31.63;
FABMS (in 3-nitrobenzyl alcohol) m/e (rel intensity) 284 (M+,
100%).

2-Ethynylpyrene (22): yield 50%; mp 110-112 °C (dec);
IR (KBr) 3295 cm-1; 1H NMR (CDCl3) δ 8.28 (s, 2 H), 8.22-
7.98 (m, 7 H), 3.24 (s, 1 H); 13C NMR (CDCl3) δ 131.31, 131.06,
128.23, 128.19, 126.88, 126.49, 125.46; FABMS (in 3-nitroben-
zyl alcohol) m/e (rel intensity) 226 (M+, 100%).

Ferroceptor 3e. A morpholine (1.5 mL) solution of 19 (26
mg 0.05 mmol), 23 (30 mg, 0.11 mmol), (Ph3P)2PdCl2 (2.1 mg,
3 µmol), and CuI (0.6 mg, 3 µmol) was stirred at 90 °C for 10
h. After removal of the solvent, the residue was poured into
water and extracted with CHCl3. The CHCl3 extract was
evaporated and subjected to preparative thin-layer chroma-
tography (silica gel; eluent, CH2Cl2/MeOH 20:1) to give 3e:
yield 20% (7 mg); mp 200-202 °C (dec); IR (KBr) 2208, 1701,
1680, 1553, 1414, 1261 cm-1; 1H NMR (CDCl3) δ 8.22-8.08
(m, 4 H), 7.91 (d, J ) 7.9 Hz, 1 H), 7.72 (d, J ) 7.9 Hz, 2 H),
7.55-7.47 (m, 4 H), 7.34 (br s, 2 H), 6.88 (br s, 2 H), 4.69 (t, J
) 1.8 Hz, 2 H), 4.65 (t, J ) 1.8 Hz, 2 H), 4.39 (t, J ) 1.8 Hz,
4 H), 1.99 (s, 6 H); 13C NMR (CDCl3) δ 130.39, 128.57, 127.99,
127.90, 126.86, 126.75, 126.61, 120.40, 119.89, 119.69, 110.58,

86.52, 81.24, 73.00, 72.46, 70.41, 70.19, 24.69; FABMS (in
3-nitrobenzyl alcohol) m/e (rel intensity) 675 (M+, 100%).

Other ethynediyl-linked ferroceptors 3b-d were prepared
from 19 and 20-22, respectively, in a manner similar to that
described for 3e.

3b: yield 20%; mp 230-233 °C (dec); IR (KBr) 2202, 1682,
1550, 1416 cm-1; 1H NMR (CDCl3) δ 8.49 (d, J ) 8.5 Hz, 2 H),
8.28 (s, 1 H), 7.92 (d, J ) 8.5 Hz, 2 H), 7.57-7.43 (m, 6 H),
7.18 (br s, 2 H), 4.76 (t, J ) 1.8 Hz, 2 H), 4.68 (t, J ) 1.8 Hz,
2 H), 4.43 (t, J ) 1.8 Hz, 4 H), 2.10 (s, 6 H); 13C NMR (CDCl3)
δ 148.53, 132.26, 131.16, 128.25, 127.08, 126.33, 125.54,
110.71, 73.23, 72.78, 71.29, 70.99, 66.50, 24.81; FABMS (in
3-nitrobenzyl alcohol) m/e (rel intensity) 601 (M+, 43%).

3c: yield 20%; mp 146-147 °C (dec); IR (KBr) 2208, 1679,
1612, 1552, 1414 cm-1; 1H NMR (CDCl3) δ 8.44 (d, J ) 9.2
Hz, 1 H), 8.23-7.86 (m, 10 H), 6.52 (br s, 2 H), 4.73 (t, J ) 1.8
Hz, 2 H), 4.67 (t, J ) 1.8 Hz, 2 H), 4.39 (t, J ) 1.8 Hz, 4 H),
1.92 (s, 6 H); 13C NMR (CDCl3) δ 147.86, 129.55, 127.75,
127.46, 127.22, 126.11, 125.91, 125.02, 124.88, 124.27, 119.18,
110.46, 87.06, 73.07, 72.58, 70.54, 70.26, 69.17, 24.61; FABMS
(in 3-nitrobenzyl alcohol) m/e (rel intensity) 625 (M+, 77%).

3d: yield 20%; mp 126-128 °C (dec); IR (KBr) 2209, 1731,
1688, 1552, 1414, 1262, 1095, 1027, 803 cm-1; 1H NMR (CDCl3)
δ 8.20-7.86 (m, 9 H), 7.48 (br s, 2 H), 6.63 (br s, 2 H), 4.65 (s,
2 H), 4.63 (s, 2 H), 4.39 (s, 2 H), 4.36 (s, 2 H), 1.94 (s, 6 H); 13C
NMR (CDCl3) δ 149.95, 132.52, 131.20, 130.92, 130.60, 127.79,
127.36, 127.08, 110.65, 83.30, 72.56, 70.60, 70.20, 68.20;
FABMS (in 3-nitrobenzyl alcohol) m/e (rel intensity) 625 (M+,
100%).

Supporting Information Available: Copies of 1H NMR
spectra for all new compounds. This material is available free
of charge via the Internet at http://pubs.acs.org.
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