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Molecules that exhibit multifunctionality, such as those with
multiple electroactive or photoactive moieties, are of interest
because of a variety of materials and synthetic applications.
Ferrocene, for example, has been widely utilized in multifunctional
compounds because it is a stable and readily oxidizable organo-
metallic complex with the potential to be used in electroluminescent,
information storage, and photochemical devitd% date, most
multifunctional ferrocenyl compounds have been prepared as, or
incorporated into, polymers or dendrimérsypically synthesized
using traditional covalent strategies, multifunctional polymers and

plagued by low vyields and largely amorphous final structures.
Molecular self-assembly processes offer considerable synthetic
advantages including significantly fewer steps, fast and facile
formation of final products, and specific, well-defined arrangements
of individual components.

In the past two decades, coordination-driven self-assembly has
evolved to be a well-established process for the preparation of

nanoscopic supramolecular ensembles with predetermined shapes

sizes, and geometriésStimulated by the power and versatility of
this paradigm, we envisioned that functionalization of a bispyridyl
donor unit (Figure 1) would, when combined with appropriately
designed Pt(Il) acceptors, lead to the formation of a new family of
multiferrocenyl rhomboidal and hexagonal structures. Moreover,
this strategy allows for precise control over the shape and size of
the resulting metallacycles as well as the distribution and total
number of incorporated ferrocene moieties. This ability to fine-
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Figure 1. Schematic and molecular structure of ferrocenyl dahor

Scheme 1.

Molecular Structures of 2—4 as Well as a Graphical

. . . ) Representation of the Self-Assembly of Heterobimetallic
dendrimers often require considerable synthetic effort and can beCOpmpounds 5-7 Y

Hio

tune the size, shape, distribution, and distance between electroactive

ferrocenes would help provide a greater understanding of the
influence to electrochemistry caused by structural factors. This
research also provides a new approach to the study of functional
amplification? which is a property characteristic of living systems,
but so far limited to dendrimers in synthetic systems.

such as crown ethers and Ehet-type dendrorsat the vertex of

on the periphery of a 120donor building block it will, when
combined with suitable 60 120, or 180 acceptor units, give rise

to rhomboidal or different sized hexagonal heterobimetallic systems.
The ferrocenyl 120donor precursoll can be easily prepared via

a coupling reaction of ferrocene-1-carboxylic acid and 3,5-bis-
(pyridin-4-ylethynl)phenol. Stirring the mixture dfand 60, 12C,
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or 180 di-Pt(ll) acceptor2, 3, or 4 in a 1:1 ratio, respectively,
We have recently shown that the addition of functional groups, resulted in the formation of the §22] rhomboid 5, the [3+3]
hexagorg, and the [6-6] hexagor7 with pendant ferrocene groups
120 building units enables the preparation of novel, functionalized at donor vertexes (Scheme 1).
cavity-cored assemblies. Similarly, by attaching a ferrocene group  Multinuclear NMR ¢H and 3'P) analysis (Figure 3) of the
reaction mixtures revealed the formation of discrete, highly
symmetric species. Th&P {1H} NMR spectra ofs—7 displayed
sharp singlets (ca. 12.2 ppm f6r13.5 ppm for6, and—14.6 ppm

for 7) shifted upfield from the peaks from the starting platinum
acceptors2, 3, and4 by approximately 11.8, 6.0, and 8.3 ppm,
respectively. This change as well as the decrease in coupling of
flanking 1°%Pt satellites (caAJ = —197 Hz for5, AJ = —148 Hz

for 6, AJ = —79 Hz for7) is consistent with back-donation from
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Figure 2. ESI-MS spectrum and molecular force field model of bisferrocenyl rhombdil). ESI-TOF-MS spectra and molecular force field models of
trisferrocenyl hexagos (B) and hexakisferrocenyl hexag@nC). For each spectrum vertical lines indicate the theoretical abundances, while the solid line
is the experimental result.

Table 1. Results of Electrochemical (CH,Cl, with 0.1 M
H n-BusNPFg, 298 K) Studies of Free Ferrocene, Donor 1, and
co,Cl, ° Multiferrocenyl Compounds 5—7

T

A compound Ey2 (V vs Ag/AgCI) 105D (cm?-s7Y) Osies

ferrocene 0.47% 0.004 18+ 1.20 1.24+0.08
1 0.802+ 0.004 8.8+ 0.20 1.1+ 0.03
5 0.765+ 0.002 2.2+ 0.21 2.0+ 0.19
6 0.652+ 0.003 1.4+ 0.15 2.9+ 0.31
7 0.644+ 0.007 0.82+ 0.033 5.8+ 0.24

% H, Nl ‘
c 0wl
ﬂ ( coordination self-assembly, thus avoiding the time-consuming

procedures and low yields often encountered in covalent synthesis

B

D woo M Hi H, H, protocols.
Ji n | ‘ Molecular force-field simulations were used to gain further
S ————————— insight into the structural characteristics of multiferrocene com-
9 8 7 6 5 PPM

plexes5—7 (Figure 2). A 1.0 ns molecular dynamics simulation
(OPLS force field) was used to equilibrate supramolecbleg,

followed by energy minimization of the resulting structures to full
convergence. The model structure of bisferrocenyl rhomibid

the platinum atoms. Additionally, the protons of the pyridine rings features_ta wﬂi—de_ﬂned _rhorlntt)_us with an IapdprOX|maFeI}|/>2.§1.I63
exhibited downfield shifts (cat-Hpy, 0.22-0.54 ppm;5-Hpy, 0.2— nm cavily. LIKewIse, simufations revealed very simiiar plahar
. . hexagonal structures for trisferrocenyl hexaga@mnd hexaferrocenyl

0.3 ppm), resulting from the loss of electron density upon . . -

R . . hexagon?, yet different sized cavities (3.8 3.1 nm for6, 5.3 x
coordination of the pyridine-N atom with the Pt(Il) metal center. 5.1 nm for?)
_ ESI mass spe(_:trometry provides further evidence for the forma- Cyclic voltammetry of ferrocenyl dondt as well as multifer-
tion of new multiferrocene systems. The ESI mass spectrum for

) ) ) rocene complexe$—7 was performed in a dichloromethane
bisferrocenyl rhomboidt (Figure 2A) 2r+evea|ed a peak avz = solution containing 0.1 Mi-Bu;NPF; as the supporting electrolyte
1609.2, corresponding to [M- 2NG;]?". In the ESI-TOF mass  sing a~1 mn? Pt disk electrodé.The cyclic voltammograms

spectra o6 and7 (Figure 2B,C), peaks atVz = 2625.26 andz corresponding to the one-electron oxidation of the ferrocene groups
= 1743.81, attributable to [M 20Tf]** for 6 and [M — 50Tf]>* yielded anodic/cathodic peak current ratiosigf, ~ 1 (Figure

for 7, respectively, were observed as well. All peaks were 4A B). The half-wave potentiaky,, measured as the average of
isotopically resolved, and they agree very well with the theoretical the anodic and cathodic peak potentials, are presented in Table 1.
distribution. The collective analytical results indicate that the The difference between the anodic and cathodic peak potentials
multiferrocenyl complexes can be easily prepare@8%%) through (AEp) was found to be larger than the theoretical value of 59 mV

Figure 3. Partial'H NMR spectra recorded at 500 MHz (GCl,, 298 K)
of donorl (A), rhomboid5 (B), and hexagon$ (C) and7 (D).
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Figure 4. Cyclic voltammograms of 0.20 mM (A) and 0.21 mM7 (B) at a scan rate of 25250 mV/s. Steady-state response on a Pt ultramicroelectrode
at a scan rate of 20 mV/s for 0.22 mM Fc, 0.20 niM5, and6, and 0.21 mM7 (C, D) in CHCI; containing 0.1 Mn-BusNPFs.

840 J. AM. CHEM. SOC. = VOL. 130, NO. 3, 2008



COMMUNICATIONS

expected for a reversible one-electron redox reactiangonse-
guence of the solution ohmic resistarice.
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coefficient,D, for each compound. The method of Denault €al.
was employed, which does not requaepriori knowledge of the
number of ferrocene sites per molecul@sies Or the redox
concentratiorf. The current(t) was monitored as a function of time

Supporting Information Available: Synthesis and analytical data

of 1 and5—7; cyclic voltammetric, steady-state measurements, chro-
noamperometry, calculations &f and s, and molecular modeling

following a rapid change of the electrode from a value where no procedures. This material is available free of charge via the Internet at
reaction occurs to a value where the ferrocenyl groups are oxidizedhttp://pubs.acs.org.

at the diffusion-controlled rate. The slope of the linear region of

plots ofi(t)/iim versust—12, wherei;, is the steady-state current at
long times, directly yielded values & for each compound. (see
Supporting Information for details). The results are reported in Table
1. The ratio of the diffusion coefficients of rhombdidtriferrocenyl
hexagorb, and hexaferrocenyl hexag@ns 3.0:1.8:1.0, indicating
that their hydrodynamic diameters lie in the inverse ratio of 1:1.7:
3.0, sinceD is inversely proportional to the molecular size.
Molecular force field simulations showed outer diameters of about
3.0, 4.2, and 6.9 nm fob, 6, and 7, respectively, which are in
relative, qualitative agreement with the experimentally determined
ratio (Figure 2).

With knowledge of the values dD obtained from the above
chronoamperometric experiments, the number of the electroactive
sites for compound5—7, which are assumed to have 2, 3, and 6
ferrocenyl groups, could be independently determined. The steady-
state limiting current obtained from Pt microdisk electrodes (Figure
4C,D), could be used to calculafigis using the expressioif, =
AnFDaChsies Wheren is the number of electrons transferred per
ferrocenyl site €1), F is the Faraday constan€ is the bulk
concentrationfsies is the number of reactive ferrocenyl sites per
molecule, anda is the radius of the electrod@.Experimentally
measured values @k;es(Table 1) for compoundS—7 agree with
the expected values of 2, 3, and 6, demonstrating that all ferrocenyl
groups attached to the metallacycles are electroactive.

Considering the expected absence of strong intramolecular

electronic coupling bridges between the ferrocenes in the structures

of assemblies5—7, independent, one-electron oxidations are

expected to be observed when analyzing the waveshape of steady-

state voltammograms plotted as ldgf( — i)/i] versusE.** The
calculated slopes @, 6, and7 are 52, 56, and 54 mV, which are
near the ideal value (0.059with n = 1), indicating that the redox
species react one-at-a-time, more or less independently of one
another.

In conclusion, we present a facile and versatile strategy for the
synthesis of multiferrocenyl complexes where coordination-driven
self-assembly allows precise control over metallacycle shape and
size and the distribution of ferrocene moieties. Electrochemical
studies reveal that all of the redox sites attached to compexa&s
are stable, independent, and electrochemically active and display
2, 3, and 6 reaction sites, respectively. All heterobimetallic
compounds show one-electron reaction responses, with the ad-
ditional electroactive sites enhancing the magnitude of current.

Furthermore, the increased size of the assemblies also results in a

decrease in the diffusion coefficiel, These findings provide an
enhanced understanding of the influence of structural factors on
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