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Abstract: A new method to detect the vibrational circular
dichroism (VCD) of a localized part of a chiral molecular
system is reported. A local VCD amplifier was implemented,
and the distance dependence of the amplification was inves-
tigated in a series of peptides. The results indicate a character-
istic distance of 2.0+0.3 bonds, which suggests that the
amplification is a localized phenomenon. The amplifier can
be covalently coupled to a specific part of a molecule, and can
be switched ON and OFF electrochemically. By subtracting the
VCD spectra obtained when the amplifier is in the ON and
OFF states, the VCD of the local environment of the amplifier
can be separated from the total VCD spectrum. Switchable
local VCD amplification thus makes it possible to “zoom in”
on a specific part of a chiral molecule.

I n most (bio)molecular systems, the functionality is related to
a spatially restricted region of the molecule, such as the active
site of an enzyme. A detailed understanding of the relation
between molecular structure and functionality thus requires
the ability to zoom in on that specific part of the system.
Ideally, one would like to place a molecular beacon at any
specific location in a molecular system so as to “illuminate”
only that specific environment. Vibrational circular dichroism
(VCD), the circular dichroism associated with vibrational
transitions of chiral molecules, is intrinsically capable of
probing the spatial structure and conformational changes of
molecules in solution. Consequently, in the last two decades,
VCD has emerged as a powerful analytical method for
absolute-structure determination.!'?"! However, as all parts of
the molecule contribute to the VCD spectrum, band overlap
often results in congested spectra with limited information
regarding specific normal modes. To address this problem, we
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demonstrate here the implementation of a local VCD
amplifier, which can 1) be covalently bound to a specific
part of a molecule and 2) be switched on and off electro-
chemically to provide VCD enhancement in a spatially
restricted part of the target molecule.

Recent investigations have shown VCD signal enhance-
ments of more than two orders of magnitude when electroni-
cally excited states were strongly coupled to the vibrational
manifold of the molecules. The theoretical foundations of the
amplification effect have been described in detail else-
where??! and experimentally confirmed in recent stud-
ies.? 2! We use this effect to locally enhance the VCD of
a specific part of a molecule. We investigate the distance
dependence of the amplified VCD response in a systematic
way using an electroactive moiety that is covalently coupled
to a chosen location in a series of peptides using simple
chemistry.””) With this approach, we are able to switch the
amplifying source ON and OFF simply by adjusting the
electrochemical potential, and we can locally amplify the
VCD response. By subtracting the VCD spectra in the ON
and OFF states, it is possible to isolate the VCD response of
the local environment from the total VCD spectrum. We
believe that this approach might ultimately lead to the
development of a chirality-sensitive probe with which local
effects, such as drug-receptor interactions,”! biosensing key-
lock mechanisms,®>' and active sites in proteins and
enzymes,”? can be investigated.

As a first step in this direction, we used an optically
transparent thin-layer electrochemical (OTTLE) VCD
setup® to study the VCD response of a series of peptides
that were covalently bound to an electrochemically switch-
able VCD amplifier. For this specific purpose, we chose
ferrocene (Fc) as the external VCD amplifier. In its neutral
Fe?* form, ferrocene has a closed-shell electronic configura-
tion with electronically excited states well separated from the
electronic ground state. In contrast, the one-electron-oxidized
ferrocenium cation has an open-shell configuration (Fe*")
with low-lying electronically excited states, which strongly
enhance VCD.PY The electroactive group can be electro-
chemically switched ON (open shell) and OFF (closed shell),
thus providing a handle for controlled manipulation of the
magnitude of the VCD response. An understanding of the
spatial sensitivity of the VCD amplification effect is required
to predict which molecular entities will be influenced most
upon activation of the redox switch. We thus investigated the
distance dependence of the VCD amplification in backbone
amide I vibrational modes of ferrocenyl-based peptides using
VCD spectroelectrochemistry.*™ The relative ease with which
this unit can be incorporated at specific locations within
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a larger molecular system makes it well suited for probing
local structure with VCD.

Hereinafter, the designations OFF and ON will be used to
describe the two relevant electronic configurations of the
electroactive group (ferrocenyl, Fc). We will thus refer to
ferrocene in its neutral closed-shell configuration (Fe?",
singlet, no unpaired electrons) as the OFF configuration,
whereas the oxidized, cationic open-shell configura-
tion (Fe*', doublet, one unpaired electron) will be
referred to as the ON configuration. The ON

Angewandte

configuration, the frequency of amide-I mode 1 increases by
19 cm™!, while the frequency of amide-I mode 2 increases by
only 3.5cm™'. The C=O methyl ester vibrational mode (3)
does not undergo any frequency shift (see Table 1). Our
spectral window shows well-separated bands for the vibra-
tional modes under investigation, thus allowing for a clear
comparison of VCD intensities (Figure 1).

Table 1: Frequency shifts and anisotropy factors (g= A¢/¢) for the vibrational modes
1, 2, and 3 in the OFF and ON configurations of Fc-(L)-Ala-Ala.

configuration generates an electronic manifold with

low-energy electronically excited states, that is, it ., OFF , C,)N ,
s » e Mode Av[cm™] £ Ae g € Ae g
activates” the VCD amplification, whereas the OFF
configuration turns off the amplification by returning ! 19.0 1024 0.01  9.7x 10:? 1380 0.10  7.2x1 0:2
the electronic manifold to its original configuration, 2 3.5 820 002 2.4x10 ) 840 0.05 5.5x10
3 0 640 0.01 1.6x10° 650 NA NA

without low-lying electronically excited states.

In Figure1 (right), we show the molecular
structure of the first prototype, a ferrocene moiety
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Figure 1. Left: A, B) Infrared absorption (A) and VCD spectra (B) of the

Fc-(L/p)-Ala-Ala ester (1072m) in CD;CN (107" M Bu,NPFg, 200 pm optical path

length). The VCD spectra of the ON configuration are offset for clarity.

C) Difference spectrum of the VCD spectra in the ON and OFF configurations.
Right: Molecular structure of Fc-(L)-Ala-Ala. A ruler is shown next to the peptide
backbone to highlight the distance between the ferrocene moiety and the amide

and ester groups.

that is connected to the L-Ala-L-Ala methyl ester (Fc-(L)-Ala-
Ala). The chemical groups that serve as a probe for the spatial
extent of the VCD enhancement are labeled based on their
increasing distance from the electroactive group and refer-
enced by the ruler plotted next to the molecular structure as
a guide to the eye. Figure 1 A (left) shows infrared absorption
spectra of Fc-(L)-Ala-Ala in the OFF (solid line) and ON
(dashed line) configurations. We can promptly assign three
vibrational modes, which are labeled according to their
positions as displayed in Figure 1 (right). In the OFF
configuration, there are two amide I vibrational modes (1
and 2) at 1650 and 1684 cm ™', respectively. Band 3 at higher
frequency (ca. 1750 cm™") are due to the methyl ester C=O
stretching. Upon electrochemical switching to the ON
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NA=not applicable.

Figure 1B displays the VCD spectra for the OFF/
ON configurations. Comparison of the VCD signal
intensities for vibrational modes 1, 2, and 3 (OFF) and
the corresponding modes 1’, 2, and 3’ (ON) readily
shows the amplified VCD response in the ON config-
uration. As a direct measure of the amplification
magnitudes we used the anisotropy factors g = Ae/e of
each vibrational mode. The results reported in Table 1
indicate that the signal intensity of the amide I (Ala;)
vibration was amplified most, whereas the amide I
(Ala,) signal was only slightly enhanced (the C=0O
methyl ester (Ala;) VCD intensity lies within the noise
of the measurement and therefore cannot be evaluated
accurately). The amplification thus seems to be
stronger for the amide I mode closest to the ferrocene
moiety than for the other amide I and the C=O methyl
ester modes. In Figure 1C, the ON-OFF difference
spectrum is shown. As the intensities of the bands in
the VCD spectrum of the system in the ON config-
uration are strongly dependent on the distance from
the amplifying unit, this spectrum “zooms in” on the
part of the system that is within the amplification
range.

The above observations indicate that the normal
modes close to the ferrocene are most prone to VCD
enhancement. We extended the probing range to gain
further insight into the distance dependence of the
VCD enhancement. To this purpose, we compared the
amplification factors of the VCD signals in a tripeptide
(Ala-Pro-Ala) attached to ferrocene, see Figure 2 (right) for
the molecular structure. Ala-Pro-Ala was specifically chosen
for this study because of its well-separated amide I frequen-
cies, allowing us to separate the VCD bands for better
evaluation of signal intensity and amplification. The proline
residue has a distinct red-shifted amide I vibrational fre-
quency compared to that of alanine. Moreover, the electron-
withdrawing character of the amide functional group in Ala,
leads to distinct amide I frequencies for the two alanine
moieties. Figure 2 A shows the infrared absorption spectrum
of Fc-(L)-Ala-Pro-Ala (OFF configuration), which shows
three amide I modes (Ala,, Pro,, and Ala;) and one methyl
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expected, the overall VCD signal intensities
(Figure 2D) were considerably enhanced
compared with those of the bands in the
OFF configuration. Figure 2E displays the
ON-OFF difference VCD spectrum. We find
that the signals from normal modes 3 and 4
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Figure 2. Left: A-D) Infrared absorption (A, C) and VCD spectra (B, D) of Fc-(L)-Ala-Pro-
Ala (1072m) in CD,CN (107" m Bu,NPF;, 200 um optical path length) for the OFF and ON
configurations, respectively. E) Difference spectrum of the VCD spectra in the ON and
OFF configurations. Right: Molecular structure of Fc-(L)-Ala-Pro-Ala. A ruler is shown next
to the peptide backbone to highlight the distance between the ferrocene moiety and the

amide and ester groups.

ester C=0 stretching mode (Ala,) in the spectral window. As
expected, all three modes have distinct frequencies as
evidenced by the Lorentzian curves that fit the FTIR
spectrum. We assigned the frequencies of the four modes as
follows: Pro, (1642 cm™), Ala, (1657 cm™"), Ala; (1687 cm ™),
and Ala, (1745cm™). The subscripts correspond to the
numbered positions in Figure 2 (right). In Figure 2B, we
show the VCD spectrum of Fc-(L)-Ala-Pro-Ala with ferro-
cene in the OFF configuration. Three features are readily
identified in the spectrum and assigned according to the
numbering in Figures 2 A. The molar absorption coefficients
(¢) and the differential absorption coefficients (A¢) are listed
in Table 2.

The infrared absorption and VCD spectra of Fc-(L)-Ala-
Pro-Ala in the ON configuration are shown in Figure 2 C,D.
All of the infrared bands were blue-shifted except for Ala,
(see Table 2), although the modes were not equally affected
by the oxidation of the ferrocenyl moiety (Table2). As

Table 2: Frequency shifts and anisotropy factors (g=Ag¢/¢) for the vibrational
modes 1, 2, 3, and 4 in the OFF and ON configurations of Fc-(L)-Ala-Pro-Ala.

are suppressed, and that the amplifying unit
again zooms in on the nearby normal modes
1 and 2. However, the amplification factors
for the individual modes differ considerably.
Again, to accurately compare the intensity
enhancements for each mode, we determined
their anisotropy factors (g = A¢/e) in the OFF
and ON configurations. In Figure 3, the
amplification factor, defined as the ratio g/
g, was plotted as a function of the distance of
the normal mode to the electroactive moiety
for Fc-(L)-Ala-Ala and Fc-(L)-Ala-Pro-Ala.
The correlation between g'/g and the distance
of the amide groups from the Fc moiety
provides clear evidence that the enhancement
decays strongly with increasing distance from
the amplifier.

To quantify the spatial extent of the
amplification we have performed a fit to the
data points in Figure3 to the function
1+Ae ™ where the variable x represents
the distance (in number of bonds) between
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Figure 3. VCD amplification factors (g'/g) as a function of the distance
(number of covalent bonds) from the electroactive group to each of
the indicated functional groups of Fc-(L)-Ala-Ala and Fc-(L)-Ala-Pro-Ala.

the chemical group and the amplifying center. From the fit we
obtain a characteristic distance R, of 2.0 +0.3 bonds, that is,
the VCD amplification is reduced by a factor of 1/
e for a chemical group that is at a distance of two
bonds from the amplifying center. This characteristic
distance may be different for other types of com-

OFF ON pounds and other types of bonds, for example, in
Mode Av[cm™] e Ae g g A g conjugated double bonds or in bonds with different
1 17.84 534 0.03 5.6x10° 476 026 5.4x10°* spatial orientation.
2 9.88 738 0.07 9.4x10° 875 026 2.9x10°* To conclude, we have shown how amplified
3 2.32 348 002 57x10° 354 002 5.6x10° vibrational circular dichroism can be used to zoom
4 0 483 NA NA 478 NA NA

in on specific parts of biomolecular systems. To this

NA =not applicable.
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purpose, we have investigated ferrocenyl-substituted
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peptides, which are prototypical examples of how a switchable
amplifying unit (ferrocene) can be incorporated into a larger
structure, such as a protein. In the OFF configuration, no
amplification occurs, whereas in the ON configuration, low-
energy excited states are present that enhance the VCD by
more than one order of magnitude. The observed distance
dependence of the VCD enhancement along the peptide
backbone shows that the amplification is a localized phenom-
enon. Hence, the ON-OFF VCD difference spectrum is
exclusively sensitive to the chiral structure in the direct
neighborhood of the amplifier, whereas the signals from
normal modes that are further removed from the amplifier
are eliminated. Switchable VCD amplification thus provides
a unique method to determine local chiral structure in
complex (bio)molecular systems.
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