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Abstract: A new approach to organic superstructure self-assembly, based on the use
of pyrrole ± ester-substituted ferrocenes, is described. Specifically, di- and tetrapyr-
role-substituted ferrocenes have been prepared. These species are found to form
ribbon-like infinite chains in the solid state. In the case of the tetra-substituted
system, self-association takes place in solution to produce small but well-defined
oligomers. These oligomers were characterized in solution by VPO analysis and in
the solution/gas phase by electrospray mass spectrometric methods. In the latter
instance the ferrocene moiety was subjected to selective oxidation prior to analysis, a
technique we term oxidative electrospray mass spectrometry (O-ESMS).
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Introduction

Self-assembly plays a critical role in regulating the formation
of many essential biological superstructures, including DNA ±
protein complexes, cell membranes, viral capsids and multi-
component enzymes.[1] The facile, and often precisely con-
trolled, formation of these highly defined structures in nature
derives from a range of recognition and/or self-association
processes that are dictated by the chemical information (size
and shape) contained in the constituent structural elements.
This information, amongst other things, provides the basis for
the recognition or nonrecognition of a given substrate.

Recently, considerable effort has been focused on the use of
simple synthetic systems to probe the determinants of natural
self-assembly. Indeed, a number of elegant organic self-
assembling systems are now known.[2, 3a±g] In these, a full range
of noncovalent forces, including p ± p stacking, hydrogen
bonding, and hydrophobic interactions, have been used as
recognition motifs. Both inorganic[4] and organometallic[5]

recognition interactions have also been employed in this
context.

In our own work, we have recently found that expanded
porphyrins[6a] and calix[4]pyrroles,[6b] which are both excellent
anion-binding receptors, can be used to assemble noncovalent

supramolecular aggregates.[6c] This success led us to question
whether it might be possible to use nonmacrocyclic (i.e., open-
chain) polypyrrolic systems to generate novel self-assembled
superstructures. In this paper we wish to report that this can in
fact be done. Specifically, we show that the tetrapyrrolylfer-
rocene system 4 self-assembles through hydrogen-bonding
interactions both in solution and in the solid state.

As a potential recognition subunit, pyrrole offers only one
hydrogen-bond-donating group (i.e., the N-H functionality)
in contrast to, for example, nucleobase-derived subunits.[3a]

Therefore, we reasoned that if we were to be able to study the
self-assembly behavior of pyrrolic receptors, it would be
necessary to design subunits containing at least two inde-
pendent pyrrolic functions. Accordingly, we considered it
worthwhile to attach two separate pyrrole units to a ferrocene
moiety, a group recently introduced as an easy-to-study
molecular ball bearing by Gokel et al.[7] The resulting systems
would possess an inherent redox-active element that could be
used to facilitate the sometimes tricky process of establishing
the occurance of self-assembly.

Results and Discussion

Although the choice of a ferrocene spacer was viewed as
attractive for the reasons outlined above, one clearly recog-
nized drawback associated with such an approach centers
around the fact that, prior to this work, di- or tetrapyrrolic-
ferrocenes were unknown. In fact, only a few papers describ-
ing five-membered-heterocycle-substituted ferrocenes have
appeared in the literature.[8a,b] Of the published reports in the
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area, only one describes a 1,1'-disubstituted ferrocene, specif-
ically, a 1,1'-dithiopheneferrocene.[8d] This material was syn-
thesized starting from an already functionalized 1,1'-disub-
stituted ferrocenyl precursor and building the heterocycle
onto the ferrocene scaffold. In contrast, we recently succeed-
ed in synthesizing the novel cyclopentadiene-substituted
pyrroles 1 and 2 using a substitution-type strategy that
involves the reaction between NaCp and an a-acetoxy-
methylpyrrole.[9] Thus, with precursors 1 and 2 in hand, we
were able to generate the desired pyrrole-substituted ferro-
cenes 3 and 4. This was done by 1) effecting a specific TlOEt-
mediated deprotonation followed by 2) a metathesis process
involving the reaction of the Tl-cyclopentadienyls generated
in situ with FeCl2 (see Scheme 1).
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Scheme 1. Synthesis of the pyrrole substituted ferrocenes 3 and 4.

Solid-state structure : The first evidence that systems 3 and 4
could self-assemble came from X-ray diffraction studies. X-
ray quality crystals of both derivatives were obtained from
CH2Cl2/hexanes. In the case of 3 this was done by storing the
relevant samples at ÿ30 8C for several days, whereas in the
case of 4 it was achieved by allowing the solution to evaporate
slowly at room temperature. The resulting
structures revealed that the ferrocene ball
bearings adopt a trans geometry in both cases
(Figure 1).

These same structural analyses also re-
vealed that strong intermolecular H-bond
interactions between the pyrrolic NH and
ester functionalities result in the formation
of infinite ribbons (Figure 2). While there is
no obvious evidence of interaction between
the chains, the contacts within the chain
(leading to the observed long-range order)
appear to be extremely well defined. For
instance, in the case of 3 the intermolecular
separation between the pyrrole nitrogens
and the ester oxygens was found to be

Figure 1. Molecular structures of 3 (above) and 4 (below) as determined
by X-ray crystallography (thermal ellipsoids are scaled to the 30 %
probability level). C: black; H: yellow; N: dark blue; O: red; Fe: green.

2.95 �, a distance consistent with the proposed intermolecular
hydrogen bonds. Interestingly, presumably as a result of a need
to accommodate two intermolecular H-bridges between the
two noncovalently linked pyrrole units, the N ± H ´´´ O angle
of 1648 deviates considerably from the ideal value of 1808.

Similar features are seen in the solid-state structure of 4. In
this instance, the individual tetrapyrrolic ferrocene subunits
are linked by eight hydrogen bonds. Since this is twice the
number of intermolecular contacts found in the ribbons of 3, it
was expected that the monomer-to-monomer separation
might be smaller in 4 than in 3. This indeed proved to be
the case. In fact an average N(pyrrole)-to-O(ester) distance of
2.89 � was found in the solid structure of 4.[10] This is 0.06 �
shorter than in the structure of 3 (vide supra). Further, in the
case of 4, the need to accomodate a greater number of
hydrogen bonds than 3 leads to a further deviation from
linearity of the N ± H ´´´ O angle (averaged value 1458).
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Figure 2. Side views of representative tetrameric subunits found in the infinite ribbon structures
formed by 3 (above) and 4 (below) in the solid state.
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In both complexes the individual ferrocene units within a
given supramolecular chain lie parallel to each other. In the
case of 3 the ferrocene units form an angle of 628 with regard
to the mean ribbon plane. By contrast, the analogous angle is
298 in the case of 4. The larger angle found in 3 is in agreement
with the smaller pyrrole-to-Cp twist seen in this system as
compared to 4. In 4 the individual pyrroles of each dipyr-
rolecyclopentadienyl unit are seen to stack on top of each
other (distance: 3.45 �).[11] This leads to the suggestion that
p ± p stacking effects could play a role in defining the overall
self-assembled structure.

Solution-state structure : The well-defined long-range order
observed in the solid-state structures of both 3 and 4 led us to
question whether a similar self-assembly process might occur
either in solution or in other less well defined media. In this
context, we were particularly keen to determine whether 4,
with its greater number of hydrogen-bonding groups and
structurally defined potential for p ± p stacking, would be
more likely to form aggregates than 3. In a first effort to
address this issue, vapor pressure measurements (VPO) were
conducted in toluene. From these it was determined that the
average molecular weight of 4 in solution is that of a trimer
(Mfound� 2897, Mcalcd(monomer)� 959).[12] By contrast, the
average molecular weight of 3 was found to be that
of a monomer (Mfound� 587 g molÿ1, Mcalcd(monomer)�
572 g molÿ1). These results lead us to conclude that 4, but
not 3, undergoes self-assembly in solution, even under
conditions of high dilution (10ÿ4 to 8� 10ÿ4m) required for
the VPO measurements.

In an attempt to define more rigorously the nature of the
solution-phase self-assembly seen with 4, 1H NMR spectro-
scopic dilution studies were carried out in CDCl3. Interest-
ingly, no observable spectroscopic changes could be seen over
the studied concentration range (1 mm ± 10 mm). Thus, little
could be concluded from these studies. Further, efforts to
break any putative self-assembled aggregates by adding
[D4]MeOH proved unsuccessful as a result of the very poor
solubility of 4 in this solvent.

Given the above, an alternative means of characterizing the
solution-phase behavior of 4 was sought. To this end we
turned to mass spectrometry (MS). While, strictly speaking,
MS gives information only about species present in the gas
phase, there is often a good correlation between what occurs
in solution and what is observed using electrospray ionization
mass spectrometry (ESI-MS).[13] Indeed, this technique has
been used recently to analyze a range of aggregation
processes in solution.[14] It has seen limited application,
however, in the area of organic self-assembly. This is because
many noncovalently linked superstructures are uncharged
and thus not detectable by ESI-MS techniques. Furthermore,
attempts to generate protonated species by the addition of
acids are expected to lead to the collapse of aggregates based
on H-bonding. Facing this problem, Lehn and coworkers
developed a method, called ion-labeling ESMS (IL-ESMS),
which offers the detection of originally neutral species.[15] In
this technique, a K�-binding crown ether is appended
synthetically to a less relevant binding site of the super-
molecule, thereby introducing the requisite charge into the

self-assembled structures. While this approach is elegant, in
the case of 3 and 4 we reasoned that the ferrocene subunit,
were it oxidized to its corresponding ferrocenium form, would
serve as the sought-after charged functionality. To the best of
our knowledge such an approach, which we term oxidative
electrospray mass spectrometry (O-ESMS), has not hitherto
been tried.

Prior to the ESMS experiments, a small amount of I2 (10 %
of a molar equiv) was added to dichloromethane solutions of 3
and 4.[16] Complexes 3 and 4 activated in this way gave spectra
such as those reproduced in Figure 3. No signals ascribable to
decomposition products were detected, leading us to suggest
that the oxidation process involves the ferrocene units
exclusively. The dominant O-ESMS signal observed for 4
(Figure 3 b) corresponds to the dimeric species (m/e 1916.9)
whereas the spectrum of 3 (Figure 3 a) is strongly dominated

Figure 3. O-ESMS mass spectra of a) 3 and b) 4 dissolved in CH2Cl2. A
solution of I2 in CH2Cl2 (10 mL; 10ÿ2m) was added to solutions of 3 and 4
(0.2 mL total volume; 5� 10ÿ3m) one hour prior to analysis. The resulting
solutions were then diluted eighty times with CH2Cl2. c) O-ESMS of the
solution used to produce trace b) reanalyzed after the addition of an
identical amount (v/v) of a mixture consisting of 47 % MeOH, 47% H2O,
and 6 % AcOH.
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by a peak that is easily assignable to the monomer (m/e 572.2).
This latter signal is characterized by an intensity approx-
imately 700 times larger than that of the corresponding trimer
peak (m/e 1716.6). By contrast, the trimer peak observed in
the O-ESMS spectrum of 4 (m/e 2875.5), while not dominant,
is actually more intense than the corresponding monomer
signal (m/e 958.5).

Adding methanol to a dichloromethane solution of 4 (prior
to the I2 treatment) did not result in a great change in the ESI-
MS spectrum, a result we take to reflect the stability of these
aggregates. By contrast, when samples of 4 in CH2Cl2 were
combined with a similar quantity (v/v) of a solution consisting
of 47 % MeOH, 47 % H2O, and 6 % AcOH prior to the I2

treatment, the peak assigned to the trimer was seen to vanish
(Figure 3 c). Under these conditions the intensity of the dimer
peak also decreases while that of the monomer increases. This
deaggregation process is not ascribed to simple protonation;
rather, it is thought to reflect the fact that the added acetic
acid acts as a hydrogen-bond donor. Thus it competes
successfully with the pyrrole NH group for the carbonyl lone
pairs. This prevents aggregation both in solution and in the gas
phase. This explanation is consistent with the fact that, under
these conditions, we observed monomer peaks ascribable to
M� and [M�H2O]� rather than to [M�H]� species.

Several control studies were carried out in order to confirm
that the observed ions are actually present in solution prior to
the ESI-MS experiment and not caused by, for instance,
proton-mediated ion-molecule reactions in the gas phase. The
first of these consisted of dilution studies carried out in the
context of the O-ESMS analyses. These revealed that in the
case of both 3 and 4, similar aggregate-to-monomer ratios
were observed independent of the sample concentration
employed. While not a proof, such findings are consistent with
the postulate that the aggregation behavior observed reflects
events taking place in solution rather than those occurring in
the gas phase subsequent to ionization.

The second set of control experiments involved high-
resolution oxidative electrospray ionization analyses of the
monomer and dimer signals associated with the ferrocenium
forms of 3 and 4.[17] These studies confirmed that no additional
hydrogen atoms were present in the detected ion. This result
provides good support for the contention that the signals
assigned to the self-assembled forms of 3 and 4 are those of
ferrocenium cations. These same high-resolution experiments
also served to rule out the presence of doubly charged positive
ions. In particular, the observation of a unit mass separation
between the 12C- and 13C-isotope peaks served to confirm the
singly charged nature of the species assigned to monomeric
and aggregated forms of 3 and 4. Thus, while not bearing
directly on the issue of solution-phase versus gas-phase
chemistry, these studies do confirm the reliability of the data
discussed above and their relevance in the context of self-
assembly.

In addition to the above experiments, we studied dichloro-
methane samples of 3 and 4 under alternative soft ionization
conditions, namely those of fast atom bombardment ioniza-
tion (FAB) using nitrobenzyl alcohol as the matrix.[18] Here,
significantly weaker dimer and trimer peaks were found for
both 3 and 4 than in the corresponding O-ESMS experiments

(the ratios of monomer:dimer:trimer were found to be of the
order of 1:0.02:� 0.003 in both cases). While these small
peaks could reflect aggregation processes occuring in the gas
phase, the general lack of higher order signals under the FAB-
MS conditions appears consistent with the proposal that the
O-ESMS measurements reflect self-assembly processes oc-
curing in solution.

Conclusion

In this paper we have described a new approach to generating
self-assembling structures containing organometallic subunits.
The two prototypic systems we report here, the di- and
tetrapyrrole-substituted ferrocenes 3 and 4, both crystallize in
the form of infinite ribbons and show the expected intermo-
lecular interactions in the solid state. On the basis of VPO and
O-ESMS analyses, it is also clear that system 4 undergoes self-
assembly in solution and/or the gas phase. Interestingly, the
O-ESMS experiments, to the extent that they reflect chemical
processes occurring in solution, reveal a lower percentage of
self-assembled trimer than might be expected on the basis of
the VPO analyses. However, such differences, although
noteworthy, could simply reflect the fact that it is a cationic
(i.e., ferrocenium) material that is being studied by O-ESMS,
whereas VPO measurements are carried out with neutral
species. Certainly, it could be expected that cation ± cation
repulsions would serve to restrict the size of the aggregates
formed by self-assembly.[19] In any event, we propose that the
O-ESMS method detailed in this report is one that could
prove useful in analyzing the solution and/or gas phase
aggregation properties of appropriately designed self-assem-
bling systems.

Experimental Section

Material and methods : For the characterization of synthetic intermediates,
low-resolution CI mass spectra were obtained on a Finnigan MAT TSQ 70
mass spectrometer. High-resolution CI mass spectra were obtained on a
VG ZAB-E mass spectrometer. 1H and 13C NMR spectra were measured at
25 8C on a GE QE-300 spectrometer at 300 and 75.5 MHz or on a Bruker
WM-250 spectrometer at 250 and 75.5 MHz, respectively. Tetrahydrofuran
(THF) was dried by distillation from a sodium melt under nitrogen. All
other solvents and reagents were obtained from commercial sources and
used as received unless indicated otherwise.

1,1'-Di(5-ethoxycarbonyl-3-ethyl-4-methylpyrrol-2-yl)ferrocene (3): A re-
gioisomeric mixture consisting of 1-(2-ethoxycarbonyl-4-ethyl-3-methyl-
pyrrol-5-yl)cyclopenta-1,3-diene and 2-(2-ethoxycarbonyl-4-ethyl-3-meth-
ylpyrrol-5-yl)cyclopenta-1,3-diene[9] (1, 1.51 g, 5.8 mmol) was dissolved in
dry THF (100 mL) under an Ar blanket. A solution of TlOEt (1.44 g,
5.8 mmol) in dry THF (10 mL) was then added dropwise and the flask
covered with Al foil. After two hours, solid iron(ii) chloride (365 mg,
2.9 mmol) was added and the resulting slurry was stirred overnight at room
temperature under an Ar atmosphere. Subsequently, the precipitated TlCl
was filtered off and washed with THF. The solvent was evaporated off with
a rotary evaporator and the resulting residue taken up in dichloromethane.
Insoluble materials were removed by filtration. The resulting filtrate was
collected and taken to dryness. It was then subjected to flash chromatog-
raphy on a silica gel column (2.5� 40 cm) with dichloromethane as the
eluent. This gave the starting material 1 (560 mg, 2.2 mmol) as the first
main fraction and the product 3 (575 mg, 56 %) as the second main fraction.
1H NMR (250 MHz, CDCl3): d� 1.04 (t, 6 H, CH2CH3), 1.28 (t, 6H,
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OCH2CH3), 2.25 (s, 6 H, CH3), 2.39 (q, 4H, CH2CH3), 3.59 (s, 4H, CH2 ±
C5), 4.12 (m, 8H, Cp), 4.22 (q, 4H, OCH2CH3), 8.67 (br s, 2H, NH); 13C
NMR (75.5 MHz, CDCl3): d� 162.07, 132.13, 126.98, 123.67, 117.51, 85.96,
69.67, 69.36, 60.00, 26.25, 17.58, 15.88, 14.98, 10.76; HRMS (CI� ): calcd for
C54H70FeN4O8 572.2337, found 572.2340; cyclic voltammetry: Fc�/Fc E1/2�
428 mV, Py�/Py Epa� 1500 mV (100 mV sÿ1).

1,1',2,2'-Tetra(5-ethoxycarbonyl-3-ethyl-4-methylpyrrol-2-yl)ferrocene (4):
To a solution of 1,2-di(2-ethoxycarbonyl-4-ethyl-3-methylpyrrol-5-yl)cy-
clopenta-1,3-diene[9] (2, 483 mg, 1.07 mmol) in dry THF (50 mL), a solution
of thallium ethoxide (266 mg, 1.07 mmol) in dry THF (3 mL) was added
dropwise under Ar over a period of 10 mins. The resulting yellow-orange
solution was stirred at room temperature for 2 h in the absence of light. At
this juncture, solid iron(ii) chloride (63 mg, 0.5 mmol) was added all at
once. The resulting yellow-to-light-brownish slurry was stirred overnight at
room temperature under an Ar blanket. Insoluble materials were then
filtered off and washed with THF. The filtrate and washings were combined
and taken to dryness in vacuo. The resulting dark residue was then purified
by chromatography on a silica gel column (2� 15 cm) with first dichloro-
methane and then a mixture of 1.5% by volume of methanol in dichloro-
methane used as the eluents. The fraction collected with pure dichloro-
methane contained the starting material 2 (182 mg, 0.4 mmol), while the
first orange fraction eluting with the MeOH/CH2Cl2 mixture contained
clean 4 (102 mg, 35 %). 1H NMR (250 MHz, CD2Cl2): d� 1.01 (t, 12H,
CH2CH3), 1.26 (t, 12H, OCH2CH3), 2.18 (s, 12 H, CH3), 2.31 (q, 8H,
CH2CH3), 3.58 (s, 8H, CH2 ± C5), 4.06 (br s, 2 H, Cp), 4.13 (br s, 4 H, Cp),
4.20 (q, 8H, OCH2CH3), 8.13 (br s, 4 H, NH); 13C NMR (75.5 MHz,
CD2Cl2): d� 161.47, 130.87, 126.58, 123.52, 117.73, 84.50, 71.69, 69.57, 59.78,
24.63, 17.52, 15.59, 14.68, 10.39; HRMS (CI� ): calcd for C54H70FeN4O8

959.4542, found 959.4543; cyclic voltammetry: Fc�/Fc E1/2� 648 mV, Py�/
Py Epa� 1555 mV (100 mV sÿ1).

FAB and O-ESMS mass spectrometry : FAB-MS was carried out with 5.2�
10ÿ6m solutions of 3 and 4 in dichloromethane. Spectra were recorded on a
VG Analytical ZAB-E/SE instrument with nitrobenzyl alcohol (NBA) as
matrix. Positive-ion electrospray ionization experiments were performed
using electrospray ionization sources fabricated in-house for a Finnigan
MAT TSQ 70 mass spectrometer (San Jose, CA) and a Micromass ZAB-E
high-resolution double-sector mass spectrometer (Manchester, UK).[17a,b]

Low-resolution mass spectra were obtained with the TSQ 70 and ZAB-E
mass spectrometers. High-resolution mass spectra were obtained by means
of the ZAB-E mass spectrometer. Both ionization sources used heated
capillary tubing for desolvation and for ion transport into the ion sources of
the mass spectrometer. For the experiments performed in this study, sample
solutions were introduced into the electrospray ionization source with a
syringe pump (Harvard Apparatus, Natick, MA; Model 55-111). A sample
flow rate of approximately 100 mL minÿ1 was generally used in order to
obtain a stable signal. Ultramark 1621 (PCR, Gainesville, FL) was used as a
reference/calibration compound[17c] for the mass range of 800 ± 2100 Da,
and gramacidin S (Sigma) was used as a calibration compound for the mass
range of 500 ± 1200 Da.

The following procedure was used for sample preparation: first, solutions
of the pyrrole ± ferrocene complexes were made up in dichloromethane
(0.2 mL volume; 5� 10ÿ3m). Next, a solution of iodine in dichloromethane
(10 mL; 10ÿ2m) was added. Finally, the resulting solution was diluted with
dichloromethane prior to analysis. The dilution factors were 80 and 10 for
the low- and high-resolution MS studies, respectively.

X-Ray crystallography : Crystals of 3 grew as yellow prisms by slow
evaporation from CH2Cl2, while crystals of 4 grew as pale yellow needles by
slow evaporation from CH2Cl2/hexane solution. The data for both crystals
were collected at ÿ75 8C on a Siemens P 3 diffractometer, equipped with a
Nicolet LT-2 low-temperature device and with a graphite monochromator
with MoKa radiation (l� 0.71073 �). Details of crystal data, data collec-
tion, and structure refinement are listed in Table 1. The data were corrected
for Lp effects but not for absorption. Data reduction, decay correction, and
structure solution and refinement were performed using the SHELXTL/PC
software package.[20] The structures were solved by direct methods and
refined by full-matrix least-squares on F 2 with anisotropic displacement
parameters for the non-H atoms. The hydrogen atoms bound to carbon
were calculated in idealized positions (C ± H 0.96 �) with isotropic
displacement parameters set to 1.2�Ueq of the attached atom (1.5�
Ueq for methyl hydrogen atoms). The hydrogen atoms of nitrogen were
observed in a DF map and refined with isotropic atomic displacement

parameters set at 1.2�Ueq of the attached nitrogen atom. The function,
Sw(F 2

o ÿF 2
c )2, was minimized, where w� 1/[(s(Fo))2� (0.02�P)2] and

P� (F 2
o � 2F 2

c )/3. The data were checked for secondary extinction effects
but no correction was necessary. Neutral atom scattering factors and values
used to calculate the linear absorption coefficients were obtained from
ref. [21]. Other computer programs used in this work are listed else-
where.[22] All figures were generated by means of SHELXTL/PC.[20]

Crystallographic data for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC-100402. Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK (Fax: Int. code� 44 1223 336-033; e-mail : deposit@ccdc.ca-
m.ac.uk).

Electrochemistry : Cyclic voltammetry was carried out at room temper-
ature (25� 2 8C) under dry Ar using a Bioanalytic Systems (BAS) CV-50W
Version 2 MF 9093 Voltammetric Analyzer. Dry acetonitrile was the
solvent in the case of 3, while a 1:1 mixture of dry acetonitrile and dry
dichloromethane was used for 4. In both cases 0.1m [CH3(CH2)3]4NPF6 was
the supporting electrolyte, a platinum disk the working electrode (1.6 mm
diameter), and a platinum wire the auxiliary electrode. An Ag/AgCl
couple, separated from the bulk solution by means of a porous Vycor plug,
was used as the reference electrode.

Vapor pressure osmometry (VPO): Measurements were performed using a
Corona/Wescan vapor pressure osmometry molecular weight apparatus
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Table 1. Crystallographic data,[a] data collection, and refinement parame-
ters.

3 4

formula C34H44N2O4FeCl4 C54H70N4O8Fe
Mr 742.36 958.99
a, � 9.089(1) 10.842(3)
b, � 8.078(1) 12.891(4)
c, � 25.354(3) 19.568(5)
a, 8 71.93(2)
b, 8 98.85(1) 77.54(2)
g, 8 82.79(2)
V, �3 1841.2(4) 2533.7(13)
Z 2 2
F(000) 776 1024
crystal system monoclinic triclinic
space group P21/n P1Å

T, 8C ÿ 100 ÿ 75
2q range, 8 4 ± 50 4 ± 50
scan speed 8 minÿ1 [a] 5 ± 10 6 ± 15
1calc, gcmÿ3 1.34 1.26
reflections measured 4365 9416
unique reflections 3239 8902
decay correction 0.9942 ± 1.008 0.9565 ± 1.006
Rint (F 2) 0.047 0.111
m, cmÿ1 7.38 3.55
crystal size, mm 0.17� 0.25� 0.46 0.17� 0.17� 0.56
transmission factor range 0.7619 ± 0.8597 N/A
Rw(F 2) [b] 0.167 0.146
R(F) [c] 0.0749 0.0800
GoF., S [d] 1.021 0.851
parameters 214 616
max jD/s j < 0.1 < 0.1
min, max peaks (e�ÿ3) ÿ 0.41, 0.51 ÿ 0.44, 0.35

[a] Data were collected by means of w scans with a scan range of 18 in w.
Lattice parameters were obtained from the least-squares refinement of
33 reflections with 10.4< 2q< 18.08 for 3, and 40 reflections with 15.1<
2q< 18.58 for 4. [b] Rw� {Sw(F 2

o ÿF 2
c )2/Sw(Fo)4}1/2 and where the weight,

w, is defined as follows: w� 1/{s2(Fo
2)� (a�P)2� b�P}; P� [1/3� (max-

imum of (0 or F 2
o )� 2/3�F 2

c ] . The parameters a and b were suggested
during refinement and are 0.0409 and 3.6619, respectively, for 3. [c] The
conventional R index based on F where the 1666 and 2230 observed
reflections have Fo> 4(s(Fo)) for 3 and 4, respectively. [d] S� [Sw(F 2

o ÿ
F 2

c )2/(nÿ p)]1/2, where n is the number of reflections and p is the number of
refined parameters.
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(Model 232 A). All materials were measured in toluene with the concen-
tration ranging from 10ÿ4 to 8� 10ÿ4m. Sublimed benzophenone was used
as the instrument standard.

Acknowledgments: M.S. wishes to thank the Alexander von Humboldt
foundation for a post-doctoral research fellowship (Feodor ± Lynen sti-
pend). This work was further supported by the National Science
Foundation (grants CHE 9122161 and CHE 9725399 to J.L.S.).

Received: July 18, 1997 [F771]

[1] Self-assembly in biological systems: see e.g., a) D. Voet, J. G. Voet,
Biochemistry, 2nd ed., Wiley, New York, 1995 ; b) C. Branden, J.
Tooze, Introduction to Protein Structure, Garland, New York, 1991;
c) A. Fersht, Enzyme Structure and Mechanism, 2nd ed., Freeman,
New York, 1985.

[2] Comprehensive Supramolecular Chemistry , Vol. 9: Templating, Self-
Assembly, and Self-Organization (Eds.: J. L. Atwood, J. E. D. Davies,
D. D. Macnicol, F. Vögtle), Elsevier, Exeter, 1996.

[3] a) Noncovalent dimers, trimers, and higher oligomers: R. S. Meissner,
J. Rebek, Jr., J. de Mendoza, Science 1995, 270, 1485; N. Branda, R. M.
Grotzfeld, C. ValdeÂs, J. Rebek, Jr., J. Am. Chem. Soc. 1995, 117, 85,
and references therein; B. C. Hamann, K. D. Shimizu, J. Rebek, Jr.,
Angew. Chem. 1996, 108, 1425; Angew. Chem. Int. Ed. Engl. 1996, 35,
1326; D. J. Cram, J. M. Cram, Container Molecules and their Guests,
Graham, Cambridge, 1994 ; C. A. Hunter, L. D. Sarson, Angew. Chem.
1994, 106, 2424; Angew. Chem. Int. Ed. Engl. 1994, 33, 2313; M. S.
Goodman, A. D. Hamilton, J. Weiss, J. Am. Chem. Soc. 1995, 117,
8447; J.-M. Lehn, M. Mascal, A. DeCian, J. Fischer, J. Chem. Soc.
Chem. Commun. 1990, 479; J. A. Zerkowski, C. T. Seto, D. A. Wierda,
G. M. Whitesides, J. Am. Chem. Soc. 1990, 112, 9025; M. Mascal, N. M.
Hext, R. Warmuth, M. H. Moore, J. P. Turkenburg, Angew. Chem.
1996, 108, 2347; Angew. Chem. Int. Ed. Engl. 1996, 35, 2204;
b) interlocked electron transfer molecules: for reviews, see: D. A.
Amabilino, J. F. Stoddart, Chem. Rev. 1995, 95, 2725; J.-C. Chambron,
C. Dietrich-Buchecker, J.-P. Sauvage, in ref. [2], Vol. 9, 43; c) mole-
cules capable of self-replication: E. A. Wintner, B. Tsao, J. Rebek, Jr.,
J. Org. Chem. 1995, 60, 7997, and references therein; D. N. Reinhoudt,
D. M. Rudkevich, F. de Jong, J. Am. Chem. Soc. 1996, 118, 6880. and
references therein; D. Sievers, G. von Kiedrowski, Nature 1994, 369,
221, and references therein; D. H. Lee, J. R. Granja, J. A. Martinez,
K. S. Severin, M. R. Ghadiri, ibid. 1996, 382, 525; d) nanotubic
peptides: J. D. Hartgerink, J. R. Granja, R. A. Milligan, M. R.
Ghadiri, J. Am. Chem. Soc. 1996, 118, 43; M. R. Ghadiri, J. R. Granja,
L. K. Buehler, Nature 1994, 369, 301; e) oligonucleotide-based
assemblies: C. Giovannangeli, J.-S. Sun, C. HeÂ leÁne, in ref. [2], Vol. 4,
177; Y. Ohya, H. Noro, M. Komatsu, T. Ouchi, Chem. Lett. 1996, 447;
f) self-assembled photoactive aggregates: H. Tamiaki, T. Miyatake, R.
Tanikaga, A. R. Holzwarth, K. Schaffner, Angew. Chem. 1996, 108,
810; Angew. Chem. Int. Ed. Engl. 1996, 35, 772; J. L. Sessler, B. Wang,
S. L. Springs, C. T. Brown, in ref. [2], Vol. 4, 311; V. Balzani, F.
Scandola, Supramolecular Photochemistry, Ellis Horwood, New York,
1991; g) three-dimensional structures such as helices: D. H. Apella,
L. A. Christianson, I. L. Karle, D. R. Powell, J. Am. Chem. Soc. 1996,
118, 13071; D. Seebach, M. Overhand, F. N. Kühnle, B. Martinoni, L.
Oberer, U. Hommel, H. Widmer, Helv. Chim. Acta 1996, 79, 913; for
an overview, see: J.-M. Lehn, Supramolecular Chemistry, VCH,
Weinheim, 1995.

[4] M. M. Cowdhry, D. M. P. Mingos, A. J. P. White, D. J. Williams, Chem.
Commun. 1996, 899; for selected reviews, see: a) A. F. Williams, Pure
Appl. Chem. 1996, 68, 1285; b) E. C. Constable, Chem. Commun.
1997, 1073, and references therein; c) R. Krämer, J.-M. Lehn, A.
Marquis-Rigault, Proc. Natl. Acad. Sci. USA 1993, 90, 5394; d) A. D.
Burrows, C. W. Chan, M. M. Chowdhry, J. E. McGrady, D. M. P.
Mingos, Chem. Soc. Rev. 1995, 24, 329.

[5] a) D. Braga, F. Grepioni, Chem. Commun. 1996, 571, and references
therein; b) F. Takusagawa, T. F. Koetzle, Acta Crystallogr. 1979, B35,
2888; c) P. J. Davies, N. Veldman, D. M. Grove, A. L. Spek, B. T. G.

Lutz, G. van Koten, Angew. Chem. 1996, 108, 2078; Angew. Chem. Int.
Ed. Engl. 1996, 35, 1959.

[6] a) J. L. Sessler, A. K. Burrell, Top. Curr. Chem. 1991, 161, 177; V. KraÂ l,
A. Andrievsky, J. L. Sessler, J. Am. Chem. Soc. 1995, 117, 2953; V.
KraÂ l, S. L. Springs, J. L. Sessler, ibid. 1995, 117, 8881; V. KraÂ l, J. L.
Sessler, H. Furuta, ibid. 1992, 114, 8704; M. Shionoya, H. Furuta, V.
Lynch, A. Harriman, J. L. Sessler, ibid. 1992, 114, 5714; b) P. A. Gale,
J. L. Sessler, V. KraÂ l, V. Lynch, ibid. 1996, 118, 5140; c) J. L. Sessler, A.
Andrievsky, P. A. Gale, V. Lynch, Angew. Chem. 1996, 108, 2954;
Angew. Chem. Int. Ed. Engl. 1996, 35, 2782.

[7] C. Li, J. C. Medina, G. E. Maguire, E. Abel, J. L. Atwood, G. Gokel, J.
Am. Chem. Soc. 1997, 119, 1609.

[8] a) A. N. Nesmeyanov, V. A. Sazonova, V. N. Drozd, Dokl. Akad.
Nauk SSSR 1965, 165, 535; b) H. Egger, K. Schlögl, Monatsh. Chem.
1964, 95, 1750; c) G. A. Shvekhgeimer, V. I. Zvolinskii, M. Litim, P. B.
Terentev, Metalloorg. Khim. 1992, 2, 376; d) M. PuciovaÂ , P. Ertl, S.
Toma, Collect. Czech. Chem. Commun. 1994, 59, 175; e) for a
pyrrolyle substituted ferrocene, see: A. Treibs, R. Zimmer-Galler,
Chem. Ber. 1960, 93, 2539.

[9] M. Scherer, J. L. Sessler, A. Gebauer, V. Lynch, J. Org. Chem. , in
press; this precursor (1) consists of a regioisomeric mixture of the 1-
and 2-substituted cyclopentadiene species. Because these two isomers
undergo deprotonation to yield the same anion during the synthesis of
3, a pre-separation of these materials is not required in the present
instance.

[10] In contrast to what is seen in the case of 3, the bond distances of the
intermolecular H-bonds formed by the four pyrrolic subunits of 4 are
not quite equal. Specifically, for 3, the geometry of the H-bonding
interactions is as follows: N1 ± H1 ´´´ O1, N ´´´ O 2.947(6) �, H ´´´ O
2.071(6) �, N ± H ´´´ O 164.1(5)8. By contrast, for 4, the relevant
geometry of the interactions is: N1 ± H1N ´´´ O3 (related by 2ÿ x, 1ÿ
y, ÿz), N ´´´ O 2.922(9) �, H ´´´ O 2.11(7) �, N ± H ´´´ O 151(7)8 ; N2 ±
H2N ´´´ O2 (related by 2ÿ x, 1ÿ y, ÿz), N ´´´ O 2.877(9) �, H ´´´ O
2.10(7) �, N ± H ´´´ O 135(5)8 ; N1' ± H1'N ´´´ O3' (related by ÿx, 1ÿ y,
1ÿ z), N ´´ ´ O 2.881(9) �, H ´´´ O 2.15(7) �, N ± H ´´´ O 144(7)8 ; N2' ±
H2'N ´´´ O2' (related by ÿx, 1ÿ y, 1ÿ z), N ´´ ´ O 2.901(9) �, H ´´´ O
2.10(7) �, N ± H ´´´ O 150(6)8.

[11] The value of 3.45 � given for the distance between the two pyrroles of
a dipyrrolecyclopentadienyl is an average owing to the four slightly
different sets of H-bonds in 4. It corresponds to the distance measured
perpendicular to the plane of one pyrrole unit to the center of the
adjacent one.

[12] As a control, the molecular weight of 2 was also determined by VPO.
As expected, an average molecular weight typical for a mostly
monomeric species was recorded (Mfound� 552, Mcalcd� 452).

[13] a) J. A. Loo, R. R. Orgorzalek-Loo, H. R. Udseth, C. G. Edmonds,
R. D. Smith, Rapid Commun. Mass Spectrom. 1991, 5, 582; b) D. E.
Clemmer, R. R. Hudgins, M. F. Jorrold, J. Am. Chem. Soc. 1995, 117,
10141; c) R. Guevremont, K. W. M. Siu, J. C. Y. Le Blanc, S. S.
Berman, J. Am. Soc. Mass Spectrom. 1992, 3, 216; d) G. Hopfgartner,
C. Piguet, J. D. Henion, A. F. Williams, Helv. Chim. Acta 1993, 76,
1759.

[14] For an excellent overview, see: M. Przybylski, M. O. Glocker, Angew.
Chem. 1996, 108, 878; Angew. Chem. Int. Ed. Engl. 1996, 35, 806, and
references therein.

[15] K. C. Russell, E. Leize, A. V. Dorsselaer, J.-M. Lehn, Angew. Chem.
1996, 107, 244; Angew. Chem. Int. Ed. Engl. 1995, 34, 209.

[16] We found that AgBF4 may be employed as an alternative oxidizing
agent for the O-ESMS experiments. Likewise, we found that toluene
could be used as the solvent. However, we always obtained the best
resolved O-ESMS spectra by using I2 as the oxidant and CH2Cl2 as the
solvent.

[17] We conducted high-resolution ESMS-experiments as descibed in:
a) S. Jackett, M. Moini, Rev Sci. Instrum. 1994, 65, 591; b) L. Jiang,
M. Moini, J. Am. Soc. Mass Spectrom. 1995, 6, 1256; c) M. Moini,
Rapid Commun. Mass Spectrom. 1994, 8, 711.

[18] The FAB-MS experiments were conducted without pretreatment with
I2 so as to augment the chances of observing peaks ascribable to
aggregates. Due to charge repulsion effects (see ref. [19]), preoxida-
tion with I2 should lead to lower levels of self-association.

[19] In order to augment our chances of seeing higher-order aggregates in
the case of 4, we also tried carrying out the I2-mediated reactions at

Chem. Eur. J. 1998, 4, No. 1 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0401-0157 $ 17.50+.25/0 157



FULL PAPER J. L. Sessler, M. Moini et al.

lower concentrations than those given in the experimental section.
However, this led to a significant decrease in the sensitivity of the O-
ESMS signals. Likewise, using a higher molar ratio of I2 led to a
substantial reduction in the intensity of those signals ascribable to the
aggregated forms of 4, presumably as the result of charge repulsion
effects. Even under these latter conditions, no peaks ascribable to
doubly charged ions could be observed.

[20] G. M. Sheldrick, SHELXTL/PC (Version 5.03). Siemens Analytical
X-Ray Instruments, Madison, Wisconsin (USA) 1994.

[21] International Tables for X-Ray Crystallography, Vol. C (Ed.: A. J. C.
Wilson), Kluwer Academic, Boston, 1992.

[22] S. M. Gadol, R. E. Davis, Organometallics 1982, 1, 1607.

� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0401-0158 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 1158


