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The resolution of enantiomers of extended metal atom chains of
the type Ni3[(C5H5N)2N]4Cl2 has been accomplished by chromato-
graphic methods in solution, and the chirality was determined using
vibrational circular dichroism, electronic circular dichroism, optical
rotatory dispersion, and density functional theory calculations.

Among the multifarious approaches1,2 to making molecular
wires is one that aims to take the image of a real-life wire
and scale it down to the greatest possible extent, as shown
in Figure 1. Most efforts to follow this particular approach
have entailed the use of poly(pyridylamide) ligands (Chart
1). In this way, the metals Cr (n ) 0-2), Co (n ) 0-2), Ni
(n ) 0-3), Cu (n ) 0), Ru (n ) 0), and Rh (n ) 0) have
been incorporated into molecules of the type shown in Figure
2 for the case ofn ) 0, and some of their properties
(especially) forn ) 0 have been studied in detail.2 For n )
0, the anion, dpa, is derived from dipyridylamine. One of
the intrinsic properties of the chirality of extended metal atom
chains (EMACs) is that they have a helical winding of the
four insulating polypyridyl ligands around the central metal
wire, but these species are typically isolated as racemic
crystals. In one case where chiral crystals are formed,
[Co3(dpa)4(CH3CN)2](PF6)2,3 the enantiomorphous crystals

had to be separated by hand. To determine whether the
conformation wasP or M4 (Chart 2), each crystal had to be
examined by X-ray crystallography. A general, simple
approach for resolving chiral EMAC-type molecular wires,
and establishing their chirality, is presented here for the first
time.

The results given here are for Ni3(dpa)4XCl molecules,
where X represents Cl (1a) or OH (1b). Extensive efforts to
obtain single crystals of the individual enantiomers were
unsuccessful, but a few racemic crystals that appeared
because of incomplete separation revealed that there was a
roughly 1:1 mixture of Cl- and OH- axial anions. The
replacement of Cl by OH evidently occurs in the course of
the chromatographic separation. The separation of theP and
M isomers was achieved by use of a preparative chromato-
graphic procedure using a macrocyclic glycopeptide-based
chiral stationary phase.5,6

After collection of each enantiomer as it eluted from the
column, the solvent from each enantiomeric mixture was
evaporated to dryness. The samples were then dissolved in
dichloromethane and washed with deionized water to remove
the salt that was left from the mobile phase. The desiccant
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Figure 1. How a normal wire (a) may be reduced to the smallest possible
molecular wire (b).

Chart 1. Poly(pyridylamide) Ligands
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sodium sulfate was added to each of the enantiomer/
dichloromethane mixtures and then allowed to stand for
several hours to remove excess water. The sodium sulfate
was then removed, and the dichloromethane was evaporated,
leaving the resolved EMAC enantiomers.

To determine the absolute configuration of each enanti-
omer, chiroptical spectroscopic techniques were utilized.
These included7 vibrational circular dichroism (VCD),
electronic circular dichroism (ECD), and optical rotatory
dispersion (ORD). The final interpretation was assisted by
density functional theory (DFT) calculations. In this report,
the labels (+)589nm and (-)589nm are employed to designate
the signs of optical rotation (OR) of the enantiomers at 589
nm.

The vibrational absorbance (VA) and VCD spectra of
(+)589nm-1 and (-)589nm-1 were recorded in the mid-IR
spectral region, from 2000 to 900 cm-1, with a 1 h data
collection time, at 8 cm-1 resolution.8 In the absorption and
VCD spectra, shown in Figure 3, the solvent spectra were
subtracted to establish the zero baseline. Additionally, a small

frequency region between∼1238 and 1196 cm-1 has been
excluded because the presence of a strong solvent absorption
band in this region makes the solvent subtraction difficult.

OR as a function of the concentration was measured on
an Autopol IV polarimeter, using a 1.0 dm cell. Solutions
of (+)589nm- and (-)589nm-1 in a CHCl3 solvent were prepared
by successive dilutions from a parent stock solution. OR
measurements were made at all wavelengths accessible by
the polarimeter: 633, 589, 546, 436, 405, and 365 nm. These
concentration-dependent studies have resulted in data points
ranging in concentration from∼0.00013 to 0.000013 g/mL
for the (-)589nmenantiomer and from∼0.000181 to 0.0000181
g/mL for the (+)589nm enantiomer. The intrinsic rotation,
which represents specific rotation at infinite dilution, was
extracted from the ORs at different concentrations.

The calculations of vibrational frequencies, IR absorptions,
VCD, and ECD were performed with theGaussian 03
program.9 Geometry optimization was first carried out with
the B3LYP functional. The same functional was also used
for the VA and VCD calculations. On the basis of previous
experience,10 the BHLYP functional, which uses an increased
admixture of Hartree-Fock exchange in time-dependent
DFT calculations, was also employed. The LANL2DZ basis
set11 was used for all computations. A Kramers-Kronig
transform of the calculated ECD intensities provided the
ORD spectrum.12 The theoretical absorption and VCD spectra
were simulated with Lorentzian band shapes and a 5 cm-1

half-width at half-peak height. The calculated vibrational
frequencies have been scaled by a factor of 0.9612. The
theoretical ECD spectrum was simulated from the first 50
singletf singlet electronic transitions using Gaussian band
shapes and a 20 nm half-width at 1/e of peak height.
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Figure 2. (a) Schematic drawing of an M3(dpa)4X2 EMAC. (b) End view
showing the helicity (P in this case).

Chart 2. Representation of theP helicity of Dipyridyl Ligands

Figure 3. VA (panel A) and VCD spectra of1. The experimental VCD
spectra are shown for both enantiomers in panel B. Calculated spectra for
P-1a (topmost trace in panels A and C) were obtained with B3LYP/
LANL2DZ. Calculated spectra in panels A and C have been shifted up for
clarity.
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Panel A in Figure 3 shows the observed VA spectrum from
1100 to 1750 cm-1 and the calculated spectrum for theP
enantiomer. The absorption bands are labeled, and a key to
the assignments is provided as Supporting Information. The
computation was done for1a, and no account was taken of
the fact that some axial OH groups were present in the
experimental sample. This is why the Ni-O-H bending
mode at ca. 1700 cm-1 is not in the computed spectrum.
The∼1190-1240 cm-1 gap corresponds to strong absorption
interference from the CHCl3 solvent. Panel B of Figure 3
shows the mirror-image VCD spectra of the (+)589nm and
(-)589nmenantiomers. In panel C, the VCD spectrum of the
(-)589nm enantiomer is compared with the VCD spectrum
calculated for theP enantiomer.

The mirror-image ECD spectra13 of the (+)589nm and
(-)589nm enantiomers of1b and their comparison to the
predicted ECD spectrum for theP enantiomers are shown
in Figure 4. It is clear that the (-)589nm enantiomer hasP
helicity, in agreement with the conclusion from the VCD
results. The experimental ORD spectrum in the 400-650
nm region for the (-)589nm enantiomer shown in Figure 5
exhibits a negative-positive-negative feature, which is
reproduced by the ORD predicted for theP-helical structure.
As for the ECD, the predicted positive ORD maximum at
533 nm and zero crossing positions at 458 and 573 nm are
shifted from the corresponding positions (436, 414, and 500
nm, respectively) in the experimental ORD. These shifts are

not unusual because it is well-known14 that DFT calculations
do not yield accurate wavelengths for the electronic transi-
tions.

The agreement between the theoretical and experimental
chiroptical spectra (VCD, ECD, and ORD) leads to the
conclusion that the (-)589nmenantiomer of1 has theP-helical
configuration and, conversely, the (+)589nmenantiomer of1
has theM-helical configuration.
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(13) The ECD spectra were recorded on a Jasco J720 spectrometer in the

200-800 nm region, using a 0.01 cm path length cell. The concentra-
tion was∼0.00129 M in a CHCl3 solvent. (14) Bauernschmitt, R.; Ahlrichs, R.Chem. Phys. Lett.1996, 256, 454.

Figure 4. Electronic CD spectra of1. Experimental ECD spectra are shown
for both enantiomers in the right panel. The predicted spectrum forP-1a
(topmost trace in the left panel) was obtained with time-dependent BHLYP/
LANL2DZ and shifted up for clarity.

Figure 5. ORD spectra of1. The right panel shows experimental spectra
for the two enantiomers, while the left panel shows a comparison between
the predicted ORD for theP enantiomer of1 and the experimental spectrum
for the (-)589nm enantiomer of1.
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