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Using mono- and 1,n�-disubstituted ferrocenecarboxylic acid,
the aminoethylglycine (aeg) derivatives Fe[C5H4-CO-aeg-
OtBu][C5H5] (1) and Fe[C5H4-CO-aeg-OtBu]2 (2) have been
synthesized. Complexes 1 and 2 are further reacted to substi-
tute the aeg with the nitrogen-containing ligands dpa-ph-
CO2H or py-AcOH to yield complexes 3–6. Each of these is
treated with Re(CO)5Cl to assemble heterometallic structures
3Re–6Re. These are subsequently isolated and characterized
by NMR and mass spectrometry, FTIR, UV/Vis absorbance,
and fluorescence emission spectroscopy, and separately by

Introduction

Ferrocene (Fc)-containing compounds continue to be of
intense interest due to their applications within catalysis[1]

and materials science.[2] The geometry of Fc enables a vari-
ety of mono- and multi-metallic supramolecular structures
to be synthesized,[3] and its well-known redox chemistry is
desirable for use in conductive polymers and molecular elec-
tronics. A remaining challenge for construction of supra-
molecular systems is the specific relative placement of mul-
tiple inorganic species within the assembly. Recent work has
focused on the synthesis of multi-component assemblies uti-
lizing ferrocene as an electron donor either in simple dyads
designed to create charge-separated states[4a,4b] or larger
multi-component systems designed to generate NAD+ from
NADH using proton-coupled electron transfer.[4c]

Our group is interested in building multi-metallic struc-
tures with applications for artificial photosynthesis[4] and
photocatalysis.[5] Mimicking the molecular recognition of
natural systems such as nucleic acids and proteins is one
strategy for assembly of multi-metallic structures. For ex-
ample, inorganic derivatives of DNA and peptide nucleic
acid (PNA) have been successfully demonstrated.[6,7] Our
previous work has reported the use of an aminoethylglycine
(aeg) backbone with pendant heterocyclic ligands. Using
these artificial peptides, we have shown that a variety of
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electrochemistry. All of the compounds exhibit the character-
istic redox properties of the ferrocene moiety; in the hetero-
metallic compounds, an irreversible oxidative wave is attrib-
uted to the Re. The electrochemically determined diffusion
coefficients of the compounds confirm that the as-prepared
structures are discrete assemblies and not coordination poly-
mers.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

multimetallic structures can be assembled by coordinating
transition-metal ions.[7] Illustrated in Figure 1 (A and B),
traditional solid-phase peptide synthesis produces mono-
mers with C and N termini, and therefore upon crosslinking
leads to the formation of double-stranded parallel and anti-
parallel isomers. We have previously observed this with arti-
ficial oligopeptides in this group, and while that work illus-
trated using a peptide-based scaffold for molecular wires,
further refinement of the molecular design to prevent iso-
mer formation was clearly needed.

Figure 1. Structures of duplex isomers (A) and (B) and hairpin (C).

Inspiration from nucleic acid hairpin loops led us to de-
sign and build a “hairpin” geometry as shown in Figure 1
C; we first employed this motif using Ru(bpy)3

2+ containing
two ligand-decorated aeg monomers.[8] Addition of Cu2+

and Zn2+ formed coordinative crosslinks between the two
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aeg strands, self-assembling heterometallic structures.
Mono- and di-functionalized ferrocenes (Fc) are alternative
platforms for making mono and di-substituted loop struc-
tures. The well known redox chemistry of Fc makes it an
attractive target for use in polymetallic molecular wires, di-
odes, and photoactive assemblies. We have therefore modi-
fied Fc with aeg strands that are substituted with pendant
pyridine (py) or phenyl(dipyridyl)amine (dpa) ligands. The
pendant ligands are subsequently reacted with pentacar-
bonylrhenium chloride[9] to form heterometallic assemblies
linked by the aeg backbone.

In this article, we present the synthesis and characteriza-
tion of aminoethyl-glycine (aeg)-substituted ferrocene artifi-
cial peptides and their heterometallic Re-containing com-
plexes. The homo- and heterometallic compounds are char-
acterized with NMR spectroscopy, high-resolution mass
spectrometry, and FTIR spectroscopy. The UV/Vis spectro-
scopic and electrochemical properties are further examined.
These Fc complexes serve as an alternative to the
Ru(bpy)3

2+-based complexes, and demonstrate that the
“hairpin” motif is more generally applicable for making
heterofunctional and redox-active inorganic structures.

Results and Discussion

Synthesis

We have synthesized and characterized ferrocene com-
plexes containing modified aeg. Mono-substituted ferro-
cenoyl 1, 3 and 5 were prepared according to the method
shown in Scheme 1. Standard amide-coupling conditions
were used and 1 was isolated in 82% yield. Complex 1 was
further treated with dpa-ph-CO2H or with the commer-
cially available pyridylacetic acid to give the ligand-substi-
tuted derivatives 3 (81% yield) and 5 (58% yield), respec-
tively.

Scheme 1. Synthesis of 1, 3 and 5. Reaction conditions: (i) – (iii)
HBTU/HOBt·H2O/DIPEA/CH2Cl2/0 °C � r.t./16 h; yield (i) 82%,
(iii) 58%, (ii) 81%.
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The syntheses of di-substituted ferrocenoyl complexes 2,
4 and 6 are depicted in Scheme 2. These reactions are anal-
ogous to those described in Scheme 1 for the mono-substi-
tuted 1, 3 and 5 with the exception that the reactions in

Scheme 2. Synthesis of 4–6. Reaction conditions: (i) – (iii) HBTU/
HOBt·H2O/DIPEA/CH2Cl2/0 °C � r.t.; yield (i) 71%, (ii) 83% and
(iii) 98%.

Figure 2. Structures of heterometallic complexes 3Re–6Re.
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Scheme 2 require longer reaction times and double coupling
(i.e., using additional equivalents of the acid or amine) to
proceed with high yields (71–98%).

The heterometallic complexes 3Re–6Re have been pre-
pared by refluxing the corresponding ferrocenoyl complexes
3–6 with Re(CO)5Cl in chloroform.[10] As a result, two car-
bonyl ligands in the Re(CO)5Cl precursor are substituted
with one bidentate dpa in 2Re and 3Re or with two mono-
dentate pyridine moieties in 5Re and 6Re (Figure 2). After
purification by column chromatography on silica, 3Re–6Re

were isolated in 53–65% yield.

Characterization

Ferrocene compounds 1–6 and heterometallic complexes
3Re–6Re were characterized by high-resolution time-of-flight
positive-ion electrospray (TOF-ES+) mass spectrometry.
All mass spectra contain a strong molecular ion peak [M
+ H]+ with the predicted isotopic pattern for the targeted
product. Complexes 3Re–6Re were further characterized by
FTIR spectroscopy; selected regions of the FTIR spectra
of these compounds are shown in Figure 3 (for full spectra,
see Supporting Information). The CO stretching bands are
observed as three peaks of similar intensity in the region
between 2050 and 1850 cm–1. This pattern is expected for
the fac-isomer of the CO groups on the Re (the mer-isomer
would reveal three peaks with significantly different inten-
sities,[9c,11] confirming the structural environment around
each Re center).

In 1H NMR spectra, the presence of amide proton reso-
nances above 7 ppm in non-hydrogen-bonding solvents like
CDCl3 is indicative of hydrogen bonding. In the case of
mono-substituted derivative 1, the amide proton is observed
below 7 ppm, consistent with a lack of hydrogen bonding.
Conversely, the amide protons of the resulting ferrocenoyl
peptidic analogs are found above 7 ppm, suggesting hydro-
gen bonding between the two aeg strands as has been re-
ported in closely related 1,n�-disubstituted ferrocenoyl pep-
tides.[12] After the introduction of the Re(CO)3Cl moiety in
3Re–6Re, the 1H NMR spectra of the corresponding free
3Re–6Re show significant changes (as shown in Supporting
Information). Shifts in the pendant ligands as well as amide
peaks are observed upon metal binding with larger shifts
(∆δ = 0.2–0.7) for 3Re and 4Re and smaller shifts (∆δ = 0.05–

Table 1. 1H NMR spectroscopic data.

δNH /ppm δNH /ppm ∆δ /ppm vr = ∆δsubstrate/∆δstandard kex /s–1

in CDCl3 in [D6]DMSO δ[D6]DMSO – δCDCl3 (standard) in CD3CN

1 6.49 7.75 1.26 1.00
2 7.54 7.87 0.33 0.26
3 7.2 7.91 0.71 0.56 22.0�1.0
4 7.65 7.99 0.34 0.27 36.4�1.8
5 7.24 7.96 0.72 0.57 4.4�0.2
6 7.67 8.03 0.36 0.29 18.8�0.9
3Re 7.04 7.92 0.88 0.70 14.5�0.7
4Re 7.03 7.89 0.86 0.68 24.5�1.2
5Re 7.19 7.95 0.76 0.60 5.7�0.3
6Re 7.39 8.04 0.65 0.52 26.4�1.3
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Figure 3. FTIR spectra of A) 3Re, B) 4Re, C) 5Re, D) 6Re.

0.28) for 5Re and 6Re. In contrast, the ferrocenoyl 1H peaks
show no noticeable shifts following coordination of the Re
metals.

Using the variation ratio method, the chemical shifts of
the amide protons are compared in a non-coordinating sol-
vent (CDCl3) and a coordinating solvent ([D6]DMSO).[13]

These shifts are compared to a standard compound (1)
which possesses NH groups in a comparable chemical envi-
ronment but which does not hydrogen bond. The chemical
shift variation from [D6]DMSO to CDCl3 for each com-
pound is determined (∆δNH). The extent of hydrogen bond-
ing can be determined by comparing the ratio of the ∆δ
values; for compounds 2 to 6 and their heterometallic
counter-parts, these are compared with ∆δ for compound
1. The difference is reported as the variation ratio (vr) =
∆δsubstrate/∆δreference. Larger values of vr correspond to
weaker hydrogen bonding in the molecule. In Table 1, the
di-substituted homometallic ferrocenoyl peptides have vr
values of ca. 0.27 and therefore have stronger hydrogen
bonding. Both the mono-substituted and heterometallic
complexes have larger vr values (0.5–0.7), indicating that
these have weaker hydrogen bonding.
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Analysis of the room-temperature 1H NMR spectra also

revealed the presence of slow conformational exchange in
both the mono- and di-substituted peptides. This is demon-
strated for the Fc region of the compound 3 spectrum (Fig-
ure 4), where several pairs of peaks clearly resolved at low
temperatures are seen to coalesce as the temperature (and
therefore exchange rate) is elevated. Identical variable-tem-
perature experimental data were acquired for compounds
3–6 and 3Re – 6Re, revealing the temperature-dependent rate
of interconversion (kex) between the two conformers. At
room temperature (295 K, consistent with the electrochem-
istry experiments), kex ranged from 4.40 to 36.4 s–1 (summa-
rized in Table 1); with the exchange constant largely insensi-
tive to the addition of Re metals. Although kex is similar
for all compounds at 295 K, the rise in kex with increasing
temperature is systematically greater for the dpa-containing
compounds than for their pyridyl-substituted equivalents,
suggesting lower activation energy for the conformational
change in the dpa-containing compounds.

Figure 4. Variable-temperature 1H NMR of compound 3.

Table 2. Compilation of physical data.

λabs /nm λem,max /nm Fc+/0 Eo /V[c] ReII/I Eo /V[c] D (�10–5)
[ε�103 /–1 cm–1][a] [Φ][b] [∆Ep /mV][d] /cm2 s–1[e]

1 263 [3.96], 302 [0.76], 336[f] [0.21], 444[g] [0.16] 0.47 [60] 1.30
2 256 [8.11], 343[f] [0.34], 444[g] [0.21] 0.72 [84] 1.20
3 275 [16.21], 300 [20.39], 447[g] [0.17] 401 [0.027] 0.46 [72] 0.96
4 275 [29.80], 300 [38.88], 447[g] [0.23] 384 [0.013] 0.64 [78] 0.72
5 262 [6.14], 302 [0.97], 342[f] [0.29], 444[g] [0.20] 0.48 [74] 1.16
6 257 [11.1], 348[f] [0.30], 444[g] [0.21] 0.69 [96] 0.83
3Re 254 [19.00], 300 [12.69], 440[g] [0.16] 394 [�0.01] 0.47 [66] 1.35 0.63
4Re 252 [48.53], 300 [29.49], 440[g] [0.30] 392 [�0.01] 0.69 [66] 1.36 0.54
5Re 265 [24.24], 302[f] [10.88], 444[g] [0.39] 0.47 [72] 1.42 0.77
6Re 262 [20.25], 302[f] [9.20], 444[g] [0.22] 0.63 [78] 1.39 0.80

[a] The absorption spectra were measured in acetonitrile. [b] Emission spectra were measured in acetonitrile in dearated solutions. [c]
Formal potential measured as the average peak potential for the reaction in V vs. SCE. [d] Differences in the cathodic and anodic
potentials in the cyclic voltammogram, measured at a potential scan rate of 50 mV/s. [e] Diffusion coefficient calculated from the slopes
of the Cottrell plots from chronoamperometry and analyzed using Equation (1). [f] Shoulder. [g] Broad peak.
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Electronic Spectroscopy

The UV/Vis absorbance spectra for the single-stranded
complexes are shown in Figure 5 and for the double-
stranded complexes in Figure 6. These data are summarized
in Table 2. All complexes possess a characteristic low inten-

Figure 5. Absorbance spectra of 1 (–), 3 (––), 5 (– –), 3Re (–·–), and
5Re (–··–) in acetonitrile. Inset: expanded region of the spectra.

Figure 6. Absorbance spectra of 2 (–), 4 (––), 6 (– –), 4Re (–·–), and
6Re (–··–) in acetonitrile. Inset: expanded region of the spectra.
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sity (ε = 140–400 –1 cm–1) band with maxima at ca. 440 nm
that is assigned to the d–d* transition of the ferrocene moi-
ety.[14] The dpa-containing complexes 3 and 4 possess a
strong absorbance band (ε = 16,000–38,600 –1 cm–1) with
maxima at 300 nm, which is assigned to the ligand-centered
π–π* transition, and a shoulder at 252–265 nm that is as-
signed as a pyridine-centered ligand-centered transition.[15]

The heterometallic dpa-substituted complexes 3Re and 4Re

have distinctly different electronic absorption spectra: the
peak centered at 300 nm is still present but at lower inten-
sity, and there is also a 20 nm blue shift and an increase in
absorptivity of a shoulder with higher energy. The metal
ligand charge-transition band is much weaker and only ap-
pears as a tail toward the visible region.[9,16] In the case of
the pyridyl-substituted complexes 5 and 6, absorbance at
260 nm is due to a pyridine-centered π–π* transition. With
the addition of Re to compounds 5–6, an increase in the
extinction coefficient of the py-ligand-centered π–π* transi-
tion is observed. Similarly, there is an increase in the extinc-
tion coefficient in 5Re for the Fc d–d* transition because
the molecule contains two bound Fc moieties.

In thoroughly dearated solutions, excitation of all dpa-
containing molecules at the π–π* transition for the dpa-ph-
OH ligand (λex = 325 nm) gives rise to the emission spectra
shown in Figure 7. These contain a single peak that is at-
tributed to the relaxation of a ligand-centered excited state
with quantum yields of 0.027 and 0.013 for 3 and 4, respec-
tively. Because it is known that dpa emission is quenched at
high solution concentrations, the lower quantum yield for
4 may be due to the high local concentration caused by
tethering the ligands within the same species. In comparison
with the dpa ligand (i.e. not bound to Fc), the much lower
fluorescence quantum yields are indicative of a high degree
of quenching by the proximal ferrocene moiety.[17] This ob-
servation is consistent with excited state quenching by either
energy transfer or electron transfer from the Fc to the
dpa*.[17] Similar to prior reports of Re(dpa) complexes,

Figure 7. Emission spectra for compounds 5.6 µ 3 (–), 9.5 µ 4
(– –) in deaerated acetonitrile solutions following excitation at λex =
325 nm. Spectra are normalized to concentration using the known
extinction coefficient of each complex. Inset: normalized emission
spectra of 186.2 µ 3Re (–), 245.1 µ 4Re (– –) in deaerated acetoni-
trile solutions following excitation at λex = 245 nm.
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emission of the dpa ligand is further quenched upon the
chelation of Re;[16] complexes 3Re and 4Re each have quan-
tum yields that are less than 1%.

Electrochemistry

Because the oxidative electrochemistry of Fc is well
known, electrochemical experiments were further employed
to characterize the Fc aeg-substituted complexes. Cyclic
voltammetry was used to measure the redox potentials of
each of the ferrocenoyl complexes; the voltammograms are
shown in Figure 8 and data summarized in Table 2. The
single-stranded Fc-functionalized peptides 1, 3, and 5 have
a positive shift in the formal potential (Eo) by ca. 200 mV
relative to unsubstituted Fc.[3,18,19] The complexes substi-
tuted with two artificial peptides 2, 4, and 6 exhibit a larger
shift in the formal potential (≈ 400 mV).[17,20] In all cases
the oxidative reactions are electrochemically quasi-revers-
ible with ∆Ep of 60–84 mV. The single-stranded hetero-
metallic complexes 3Re and 5Re exhibit Fc-centered oxi-
dations at potentials that are essentially the same as the
homo-metallic structures. These additionally have a chemi-
cally irreversible oxidation at Eo at 1.35 and 1.42 V for 3Re

and 5Re, respectively, which is due to oxidation of the Re.[21]

A similar oxidation wave is observed in the cyclic voltam-
mograms for the double-stranded oligopeptides at Eo at
1.36 and 1.39 V for 4Re and 6Re.

Figure 8. Cyclic voltammograms in deaerated ACN solutions con-
taining 0.2  TBAP supporting electrolyte. Current is normalized
for concentration. Potential scan rate was 50 mV/s. A: 1 (–), 3
(–··–), and 5 (– –). B: 3Re (–··–), 5Re (– –). C: 2 (–), 4 (–··–), and 6
(– –). D: 4Re (–··–), 6Re (– –).

The diffusion coefficients of each of the species are deter-
mined using potential-step chronoamperometry. For each
compound, a potential step is applied by stepping to the
mass-transport limited region of the wave (determined from
the cyclic voltammograms, at least 100 mV more positive of
the formal potential for the Fc0/1+), and the current (i) is
monitored as a function of time. Figure 9 shows the plots
of linearized current transient acquired during the
chronoamperometric experiments. For both the homo- and
heterometallic complexes, the linearity of the plots indicates
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that the oxidation reaction is diffusion-limited. These data
are quantitatively analyzed using the well-known Cottrell
equation (1).[18]

(1)

where n is the number of electrons in the reaction (n = 1); F
is the Faraday constant, A is the surface area of the working
electrode; D is the diffusion coefficient; and C is the concen-
tration of the complex. The slopes of the lines in Figure 9
were therefore used to calculate the diffusion coefficients
for each complex. Values of D for the homometallic com-
plexes are listed in Table 2. In all cases, the mass-transport
rate (e.g., D) decreases as the size of the redox-active species
increases: dpa-substituted artificial peptides having smaller
diffusion coefficients than their py counterparts.[22]

Figure 9. Plots of the linearized current-time transients for A: 1
(�), 3 (�), 5 (�), 3Re (✧), and 5Re (�) resulting from applied poten-
tial steps from E = 0 V to E = 0.80 V, 0.80 V, 0.90 V, 0.73 V and
1.1 V for 1, 3, 5, 3Re, and 5Re, respectively; and for B: 2 (�), 4 (�),
6 (�), 4Re (✧), and 6Re (�) resulting from applied potential step
from E = 0 V to E = 1.05 V, 0.94 V, 1.05 V, 0.55 V, 0.90 V for 2, 4,
6, 4Re, and 6Re, respectively. Currents are normalized to concentra-
tion.

Conclusion

A series of new heterometallic complexes 3Re–6Re is pre-
pared, and characterized by MS, FTIR, UV/Vis, fluores-
cence, electrochemistry and NMR spectroscopy. The dpa-
substituted Fc compounds (3 and 4) are shown to be lumi-
nescent until used for heterometallic complexes. For all
compounds, the diffusion coefficients determined using the
Fc0/1+ couple are consistent with the formation of the struc-
tures shown in Figure 2 vs. coordination polymers. All four
heterometallic complexes, 3Re–6Re, have C-terminal ends
that allow the construction of Re-derived aeg-oligomers via
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amide-coupling procedures. Our current efforts are focused
on chain elongation and self-assembly of larger, redox and
photoactive multimetallic structures.

Experimental Section
Chemicals: ReCO5Cl was purchased from Strem. All other materi-
als were purchased from either Sigma–Aldrich or VWR and used
as received unless otherwise noted. Chemicals were used without
further purification except where indicated. Dichloromethane and
tetrahydrofuran (THF) were dried by passing through a column
with activated alumina. For all experiments, ultrapure water was
used (Labconco Water Pro PS system, 18.2 MΩ).

Instrumentation and Analysis: Positive-ion electrospray mass spec-
trometry (ESI+) was performed at the Penn State Mass Spectrome-
try Facility using a Mariner mass spectrometer (Perseptive Biosys-
tems). All NMR spectra were collected with a Bruker Avance
360 MHz spectrometer. For the variable-temperature studies, sam-
ples were maintained at 270–345 K in intervals of 5 K, with a delay
of � 15 min at each temperature prior to acquisition to ensure
sample-temperature equilibration. Studies were performed using
standard one-pulse-proton NMR experiments. Temperature was
ramped up from 270 K to 345 K and then back down to 270 K to
test for hysteresis. CD3CN was empirically determined to be the
best solvent for the variable temperature studies as exchange be-
came negligible for all compounds by 270 K and peak coalescence
was observed for most samples by 345 K, which is safely below the
boiling point of the solvent. All data were fit to a simple two-site
exchange model.[23] 13C NMR spectra were collected with a Bruker
Avance 400 MHz spectrometer. Coupling constants are given in
Hz.

The UV/Vis absorbance spectra were obtained with a double-beam
spectrophotometer (Varian, Cary 500) using a 1-cm quartz cuvette
in HPLC-grade acetonitrile. Steady-state emission experiments
were performed using a 1-cm quartz cuvette at room temperature
using a PTI Photon Technology Instruments equipped with an 814
photomultiplier detector. Quantum-efficiency measurements were
carried out at room temperature in HPLC-grade acetonitrile. Sam-
ples were measured in deaerated solutions following literature
methods.[24] Solutions of deaerated Ru(bpy)3

2+ (Φ = 0.062) in ace-
tonitrile and anthracene (Φ = 0.27) in ethanol were used as refer-
ences. Diffuse reflectance IR spectra were measured with a Varian
FTS 7000 spectrometer in KBr pellets.

Electrochemistry: All electrochemical measurements were obtained
using a CH Instruments potentiostat (Model 660) with a 0.31-cm
diameter glassy-carbon working and Pt-wire counter electrodes
with a Ag/Ag+ reference electrode. Solutions were prepared from
distilled ACN containing 0.2  tetra-n-butylammonium perchlo-
rate (TBAP, recrystallized three times) supporting electrolyte. The
solutions were prepared, stored, and analyzed under N2. Reported
redox potentials are based on the observed peak potentials in the
cyclic voltammograms, and are converted into the saturated calo-
mel electrode (SCE) scale using a ferrocene/ferrocenium (Cp2Fe/
Cp2Fe+) internal standard.[18] Chronoamperometric measurements
were corrected for background currents by subtracting the current
transients obtained from potential steps of equal magnitude to
solutions containing solely supporting electrolyte.

Synthesis: tert-Butyl N-(aminoethyl)glycinate (aeg-O-tert-butyl)[25]

and 4-[bis(pyrid-2-yl)amino]benzoic acid (dpa-ph-CO2H)[26] was
synthesized as previously reported.
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Ferrocenoyl Complexes 1–6. General Procedure: The corresponding
carboxylic acid (1 equiv.) was suspended in dichloromethane and
cooled to 0 °C in an ice bath. HBTU (1 equiv.), HOBt·H2O
(1 equiv.) and DIPEA (4 equiv.) were added. After the clear solu-
tion was stirred for 1 h at 0 °C, the amine (1 equiv.) was added.
The reaction mixture was allowed to reach room temperature, and
stirring continued for the indicated period. The reaction mixture
was then washed with satd. aqueous sodium hydrogen carbonate.
The orange organic extracts were dried with sodium sulfate, filtered
and evaporated under reduced pressure to obtain the crude product
that was purified as indicated bellow.

Fe[C5H4-CO-aeg-OtBu][C5H5] (1): Ferrocenecarboxylic acid
(0.73 g, 2.5 mmol), dichloromethane (100 mL), HBTU (0.95 g,
2.5 mmol), HOBt·H2O (383 mg, 2.5 mmol), DIPEA (1.7 mL,
10 mmol) and H-aeg-OtBu (0.44 g, 2.5 mmol) were reacted for
20 h. After the reaction mixture was washed with sodium hydrogen
carbonate (satd. aq., 3�80 mL), the organic layer was extracted
with citric acid (10% aq., 3�80 mL). The orange acidic extracts
were neutralized with solid sodium hydrogen carbonate and ex-
tracted with dichloromethane (3�80 mL). The combined organic
extracts were dried (Na2SO4), filtered and evaporated under re-
duced pressure to yield an orange-red viscous oil that solidifies
upon standing (0.92 g, 82%). The crude product was used for the
next step without further purification. An analytical sample was
obtained by flash column chromatography (silica, 0 � 10% MeOH
in EtOAc). HR-MS (TOF ES+): m/z exp. 387.1345 and calcd.
387.1371 for [M + H]+. 1H NMR (CDCl3): δ = 6.52 (m, 1 H, HNH),
4.71 (br. s, 2 H, HFc-α), 4.32 (br. s, 2 H, HFc-β), 4.20 (s, 5 H,
HFc-unsubst.), 3.46–3.40 (m, 2 H, HBb-2), 3.34 (s, 2 H, HBb-5), 2.83 (t,
J = 5.6 Hz, 2 H, HBb-3), 1.71 (br. s, 1 H, HBb-4), 1.48 (s, 9 H, HOtBu)
ppm. 13C NMR (CDCl3): δ = 172.17 (COester), 170.35 (COamide),
81.44 (CtBu-q), 76.36 (CFc-i), 70.21 (CFc-α), 69.66 (2 C, CFc-unsubst.),
68.14 (CFc-β), 51.10 (CBb-5), 48.58 (CBb-3), 38.97 (CBb-2), 28.09
(CtBu-Me) ppm.

Fe[C5H4-CO-aeg-OtBu]2 (2): Ferrocenedicarboxylic acid (548 mg,
2.0 mmol), dichloromethane (80 mL), HBTU (758 mg, 2.0 mmol),
HOBt·H2O (305 mg, 2.0 mmol), DIPEA (1.4 mL, 8 mmol) and H-
aeg-OtBu (435 mg, 2.5 mmol) were combined, and the reaction
mixture stirred at room temperature for 20 h. Additional HBTU
(758 mg, 2.0 mmol), HOBt·H2O (305 mg, 2.0 mmol), DIPEA
(1.4 mL, 8 mmol) and H-aeg-OtBu (435 mg, 2.5 mmol) were added
and the reaction was continued for another 20 h. The crude prod-
uct was purified by column chromatography (silica, EtOAc/EtOH,
1:1). Yield 0.83 g (71%) of orange foam. HR-MS (TOF ES+): m/z
exp. 587.2523 and calcd. 587.2532 for [M + H]+. 1H NMR
(CDCl3): δ = 7.57 (m, 2 H, HNH), 4.58 (br. s, 4 H, HFc-α), 4.39 (br.
s, 4 H, HFc-β), 3.49–3.44 (m, 4 H, HBb-2), 3.35 (s, 4 H, HBb-5), 2.90
(t, J = 5.6 Hz, 4 H, HBb-3), 1.85 (br. s, 1 H, HBb-4), 1.44 (s, 18
H, HOtBu) ppm. 13C NMR (CDCl3): δ = 171.41 (COester), 170.13
(COamide), 81.69 (CtBu-q), 77.51 (CFc-i), 71.20 (CFc-α), 70.52 (CFc-β),
51.23 (CBb-5), 48.81 (CBb-3), 39.33 (CBb-2), 28.02 (CtBu-Me) ppm.

Fe[C5H4-CO-aeg(dpa-ph)-OtBu][C5H5] (3): dpa-ph-CO2H (0.29 g,
1.0 mmol), dichloromethane (30 mL), HBTU (0.38 mg, 1.0 mmol),
HOBt·H2O (153 mg, 1.0 mmol), DIPEA (1.05 mL, 10 mmol) and
ferrocenoyl mono-backbone 1 (235 mg, 0.6 mmol) were combined,
and the reaction mixture stirred at room temperature for 48 h. An
additional Dpa-ph-CO2H (291 mg, 1.0 mmol), dichloromethane
(30 mL), HBTU (379 mg, 1 mmol), HOBt·H2O (153 mg, 1.0 mmol)
and DIPEA (1.05 mL, 10 mmol) were added and the reaction was
continued for another 48 h. The crude product was purified by col-
umn chromatography (silica, 0 � 10% MeOH in EtOAc). Yield
0.32 mg (81%) of orange solid. HR-MS (TOF ES+): m/z exp.
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660.2245 and calcd. 660.2273 for [M + H]+. 1H NMR ([D6]-
DMSO), max./min. where observed: δ = 8.26 (br. s., 2 H, Hpy-6),
7.91–7.87 (br. m, 1 H, NH), 7.71 (t, J = 7.5 Hz, 2 H, Hpy-4), 7.38/
7.32 (d, J = 7.5 Hz, 2 H, Hph-3,5), 7.10–6.96 (m, 6 H, Hph-2,6,
Hpy-3 and Hpy-5), 4.71/4.76 (br. s, 2 H, HFc-β), 4.33 (br. s, 2 H,
HFc-β), 4.11/4.16 (s, 5 H, HFc-unsubst.), 3.69–3.38 (m, 6 H, HBb-2,
HBb-4 and HBb-5), 1.45/1.36 (s, 9 H, HOtBu), max./min. ratio 58:42.

Fe[C5H4-CO-aeg(dpa-ph)-OtBu]2 (4): Dpa-ph-CO2H (0.29 g,
1.0 mmol), dichloromethane (30 mL), HBTU (0.38 g, 1.0 mmol),
HOBt·H2O (0.15 g, 1.0 mmol), DIPEA (1.05 mL, 10 mmol) and
ferrocenoyl bis-backbone 2 (0.19 g, 0.32 mmol) were combined and
the reaction mixture stirred at room temperature for 72 h. The
crude product was purified by column chromatography (silica,
EtOAc/EtOH, 1:1). Yield 300 mg (83%) of orange foam. HR-MS
(TOF ES+): m/z = exp. 1133.4346 and calcd. 1133.4336 for [M +
H]+. 1H NMR ([D6]DMSO) max./min. where observed: δ = 8.25
(d, J = 4.0 Hz, 2 H, HPy-6), 8.05–7.92 (br. s, 1 H, HNH), 7.69 (dt
and 7.5, J = 1.7 Hz, 2 H, Hpy-4), 7.37–7.27 (br. s, 2 H, Hph-3,5),
7.09–6.98 (m, 6 H, Hph-2,6, Hpy-3 and Hpy-5), 4.72–4.65 (m, 2 H,
HFc-α), 4.29–3.94 (m, 4 H, HFc-b and HBb-5), 3.60–3.41 (m, 4 H,
HBb-2 and HBb-3), 1.44/1.34 (s, 9 H, HOtBu), max./min. 60:40.

Fe[C5H4-CO-aeg(py)-OtBu][C5H5] (5): 4-Pyridinecarboxylic acid
(260 mg, 1.5 mmol), dichloromethane (60 mL), HBTU (569 mg,
1.5 mmol), HOBt·H2O (230 mg, 1.5 mmol), DIPEA (1.05 mL,
10 mmol) and ferrocenoyl mono-backbone 1 (579 mg, 1.5 mmol)
were combined and allowed to react for 48 h. The crude product
was purified by column chromatography (silica, 0 � 10% MeOH
in EtOAc). Yield 440 mg (58%) of orange-red viscose oil. HR-MS
(TOF ES+): m/z exp. 506.1733 and calcd. 506.1742 for [M + H]+.
1H NMR ([D6]DMSO) max./min. where observed: δ = 8.48–8.47
(m, 2 H, Hpy-2,6), 7.95–7.94/7.78–7.77 (m, 1 H, HNH), 7.28–7.26/
7.22–7.21 (m, 2 H, Hpy-3,5), 4.79/4.73 (br. s, 2 H, HFc-α), 4.37/4.34
(br. s, 2 H, HFc-β), 4.15 (br. s, 5 H, HFc-unsubst.), 4.00/4.28 (br. s, 2
H, HPy-α), 3.86/3.67 (br. s, 2 H, HBb-5), 3.48–3.38 (m, 4 H, HBb-2

and HBb-3), 1.38/1.41 (s, 9 H, HOtBu), max./min. ratio 68:32.

Fe[C5H4-CO-aeg(py)-OtBu]2 (6): 4-Pyridinecarboxylic acid
(0.374 g, 1.65 mmol), dichloromethane (20 mL), HBTU (0.610 g,
1.65 mmol), HOBt·H2O (306 mg, 1.6 mmol), DIPEA (1.4 mL,
8.0 mmol) and ferrocenoyl bis-backbone 2 (0.48 g, 0.82 mmol) were
used and the reaction mixture was stirred at room temperature for
24 h. Additional 4-pyridinecarboxylic acid (0.374 g, 1.65 mmol),
dichloromethane (20 mL), HBTU (0.610 g, 1.65 mmol),
HOBt·H2O (0.31 g, 1.6 mmol), DIPEA (1.4 mL, 8 mmol) were
added and the reaction was continued for another 24 h. Additional
4-pyridinecarboxylic acid (0.374 g, 1.65 mmol), dichloromethane
(20 mL), HBTU (0.610 g, 1.65 mmol), HOBt·H2O (0.31 g,
1.6 mmol), DIPEA (1.4 mL, 8.0 mmol) were added and the reac-
tion continued for the third time for 24 h. The crude product was
purified by column chromatography (silica, EtOAc/EtOH, 1:1).
Yield 0.68 g (98%) of orange foam. HR-MS (TOF ES+): m/z exp.
825.3280 and calcd. 825.3274 for [M + H]+; 1H NMR ([D6]-
DMSO), max./min. where observed: δ = 8.49–8.46 (m, 4 H,
HPy-2,6), 8.04–8.00/7.88–7.85 (m, 2 H, HNH), 7.27/7.21 (d, J =
5.0 Hz, 4 H, HPy-3,5), 4.73–4.69 (m, 4 H, HFc-α), 4.32–4.29 (m, 4 H,
HFc-β), 4.00 (s, 2 H, HPy-α), 3.89 (s, 2 H, HPy-α), 3.68–3.12 (m, 12
H, HBb), 1.38/1.41 (s, 18 H, HOtBu), max./min. ratio 64:36.

ReI Complexes 3Re–6Re, General Procedure: Re(CO)5Cl and the cor-
responding ferrocenoyl peptide 3–6 were suspended in chloroform
and refluxed overnight.[10] The reaction mixture was cooled to
room temperature, evaporated to a small volume. The compounds
were then purified through column chromatography using an
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dichloromethane/methanol gradient (0 to 5%). The rhenium com-
plexes 3Re–6Re were stored in the dark.

[{Fe[C5H4-CO-aeg(dpa-ph)-OtBu][C5H5]}Re(CO)3Cl] (3Re): Re-
(CO)5Cl (22 mg, 0.06 mmol), 3 (39.8 mg, 0.06 mmol) and chloro-
form (30 mL) were reacted. Yield 23.8 mg (59.1%), orange solid.
HR-MS (TOF ES+): m/z exp. 964.1339 and calcd. 964.1287 for
[C39H38ClFeN5O7

185Re]+; 1H NMR ([D6]DMSO), max./min.
where observed: δ = 8.82–8.79 (m, 2 H, Hpy-6), 8.20–8.13 (m, 2 H,
Hpy-4), 7.85/7.92 (br. s, 1 H, HNH), 7.67/7.77 (d, J = 8.3 Hz, 2 H,
Hph-3,5), 7.60–7.30 (m, 6 H, Hph-2,6, Hpy-3 and Hpy-5), 4.69/4.76 (br.
s, 2 H, HFc-α), 4.33–4.31 (m, 2 H, HFc-β), 4.16/4.08 (s, 5 H,
Fcunsubst.), 4.06–4.00 (m, 2 H, HBb-5), 3.62–3.35 (m, 4 H, HBb-2 and
HBb-3), 1.45/1.33 (s, 9 H, HOtBu), max./min. ratio 59:41. IR (KBr):
ν̃ = 3357, 3084, 2978, 2933, 2019, 1908, 1896, 1736, 1644, 1601,
1528, 1479, 1464, 1431, 1368, 1320, 1283, 1242, 1154 cm–1.

[{Fe[C5H4-CO-aeg(dpa-ph)-OtBu]2}{Re(CO)3Cl}2] (4Re): Re(CO)5-
Cl (25 mg, 0.07 mmol), 4 (57 mg, 0.04 mmol) and chloroform
(30 mL) were used. Yield 31.2 mg (52.8%), orange solid. HR-MS
(TOF ES+): m/z exp. 1745.2523 and calcd. 1745.2589 for [M +
H]+; 1H NMR ([D6]DMSO), max./min. where observed: δ = 8.80
(br. s, 2 H, HPy-6), 8.17–8.12 (m, 2 H, HPy-4), 8.01–7.89 (br. s, 1 H,
HNH), 7.65/7.75 (d, J = 8.3 Hz, 2 H, Hph-3,5), 7.57–7.32 (m, 6 H,
Hph-2,6, Hpy-3 and Hpy-5), 4.71–4.62 (m, 4 H, HFc-α), 4.29–4.02 (m,
8 H, HFc-β and HBb-5), 3.60–3.41 (m, 4 H, HBb-2 and HBb-3), 1.44/
1.30 (s, 9 H, HOtBu), max./min. ratio 57:43. IR (KBr): ν̃ = 3365,
3085, 2978, 2932, 2019, 1914, 1898, 1735, 1644, 1612, 1533, 1513,
1479, 1465, 1434, 1313, 1282, 1228, 1197, 1153 cm–1.

[{Fe[C5H4-CO-aeg(py)-OtBu][C5H5]}2Re(CO)3Cl] (5Re): Re(CO)5Cl
(66 mg, 0.18 mmol), 5 (151 mg, 0.30 mmol) and chloroform
(30 mL) were used. Yield 127 mg (64.7%), orange solid. HR-MS
(TOF ES+): m/z exp. 1317.2500 and calcd. 1317.2448 for [M +
H]+; 1H NMR ([D6]DMSO), max./min. where observed: δ = 8.57
(br. s, 4 H, HPy-2,6), 7.95/7.78 (br. s, 2 H, HNH), 7.44–7.40 (m, 4 H,
HPy-3,5), 4.75/4.72 (br. s, 4 H, HFc-α), 4.35/4.33 (br. s, 4 H, HFc-β),
4.14 (s, 5 H, Fcunsubst.), 4.00/4.30 (s, 4 H, Hpy-α), 4.00/3.77 (s, 4 H,
HBb-5), 3.53–3.38 (m, 8 H, HBb-2 and HBb-3), 1.37/1.41 (s, 18 H,
HOtBu), max./min. ratio 67:33. IR (KBr): ν̃ = 3354, 3095, 2979,
2934, 2021, 1913, 1886, 1737, 1649, 1529, 1452, 1429, 1368, 1291,
1232, 1155 cm–1.

[{Fe[C5H4-CO-aeg(py)-OtBu]2}Re(CO)3Cl] (6Re): Re(CO)5Cl
(26 mg, 0.07 mmol), 6 (60 mg, 0.07 mmol) and chloroform (30 mL)
were reacted. Yield 52.5 mg (63.9%), orange solid. HR-MS (TOF
ES+): m/z exp 1131.2368 and calcd. 1131.2330 for [M + H]+; 1H
NMR ([D6]DMSO), max./min. where observed: δ = 8.45–8.42/
8.36–8.35 (m, 4 H, HPy-2,6), 8.06–7.97/8.65–8.56 (m, 2 H, HNH),
7.33–7.30/7.23–7.22 (m, 4 H, HPy-3,5), 4.67/4.61/4.56 (br. s, 4 H,
HFc-α), 4.13/4.18 (br. s, 4 H, HFc-β), 4.04–3.76/4.24 (m and s, 12 H,
HPy-a, HBb-5 and HBb-2) 3.57–3.44 (m, 4 H, HBb-3), 1.39/1.46 (s, 18
H, HOtBu) ppm. IR (KBr): ν̃ = 3353, 3091, 2979, 2930, 2021, 1912,
1885, 1738, 1656, 1529, 1458, 1429, 1369, 1291, 1231, 1153 cm–1.

Supporting Information (see also the footnote on the first page of
this article): Example NMR spectra and FTIR spectra.
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J. Inorg. Chem. 2007, 14, 2014–2024.

[14] D. R. Scott, R. S. Becker, J. Chem. Phys. 1961, 35, 516–531.
[15] a) Y.-S. Yang, Y.-D. Lin, Y.-H. Lin, F.-L. Liao, J. Org. Chem.

2004, 69, 3517–3525; b) S.-L. Zheng, X.-M. Chen, Aust. J.
Chem. 2004, 57, 703–712; c) D. E. Morris, Y. Ohsawa, D. P.
Segers, M. K. DeArmond, K. W. Hanck, Inorg. Chem. 1984,
23, 3010–3017; d) C. Seward, J. Pang, S. Wang, Eur. J. Inorg.
Chem. 2002, 1390–1399.

[16] N. M. Shavaleev, A. Barbieri, Z. R. Bell, M. D. Ward, F. Barig-
elletti, New J. Chem. 2004, 28, 398–405.

[17] R. Martínez, I. Ratera, A. Tárraga, P. Molina, J. Veciana,
Chem. Commun. 2006, 3809–3811.

[18] A. J. Bard, L. R. Faulkners, Electrochemical Methods, Funda-
mentals and Applications, 2nd ed., John Wiley & Sons, New
York, 2001.

[19] K. Bushell, C. Gialou, C. H. Goh, N. J. Long, J. Martin,
A. J. P. White, C. K. Williams, D. J. Williams, M. Fontani, P.

Eur. J. Inorg. Chem. 2009, 613–621 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 621

Zanello, J. Organomet. Chem. 2001, 637–639, 418–425.
[20] a) J.-C. Moutet, E. Saint-Aman, G. Royal, S. Tingry, R. Ziessel,

Eur. J. Inorg. Chem. 2002, 692–698; b) A. Ion, M. Buda, J.-C.
Moutet, E. Saint-Aman, G. Royal, I. Gautier-Luneau, M.
Bonin, R. Ziessel, Eur. J. Inorg. Chem. 2002, 1357–1366; c)
F. E. Appoh, D. S. Thomas, H.-B. Kraatz, Macromolecules
2006, 39, 5629–5638.

[21] a) D. L. Reger, K. J. Brown, J. R. Gardinier, M. D. Smith, J.
Organomet. Chem. 2005, 690, 1889–1900; b) M. P. Juliarena,
G. T. Ruiz, E. Wolcan, R. O. Lezna, M. R. Feliz, G. Ferraudi,
J. Guerrero, Organometallics 2007, 26, 272–280.

[22] A. Atkins, J. de Paula, Physical Chemistry, 7th ed., Freeman,
New York, 2002.

[23] J. Cavanagh, W. J. Fairbrother, A. G. Palmer III, M. Rance,
N. J. Skelton, Protein NMR Spectroscopy Principles and Prac-
tice, 2nd ed, Academic Press, Burlington, MA, 2007.

[24] J. Brooks, Y. Babayan, S. Lamansky, P. I. Djurovich, I. Tsyba,
R. Bau, M. E. Thompson, Inorg. Chem. 2002, 41, 3055–3066.

[25] A. P. Krapcho, C. S. Kuell, Synth. Commun. 1990, 20, 2559–
2564.

[26] S. I. Kirin, H. P. Yennawar, M. E. Williams, Eur. J. Inorg.
Chem. 2007, 3686–3694.

Received: August 29, 2008
Published Online: January 14, 2009


