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Abstract

Vibrational reporters have shown significant promise as sensitive probes of local environments in
proteins and nucleic acids. The utility of two potential vibrational probes, the cyanate and azide
groups in phenyl cyanate and 3-azidopyridine, respectively, has been hindered by accidental Fermi
resonance. Anharmonic coupling, between the fundamental -OCN or —N3 asymmetric stretch
vibration with a near resonant combination band, results in an extremely broad and complex
absorption profile for each of these probes. A total of eight phenyl cyanate and six 3-azidopyridine
isotopomers were synthesized and studied. Isotopic editing effectively modulated the accidental
Fermi resonance — the absorption profiles of several isotopomers were greatly simplified while
others remained complex. The origins of the observed profiles are discussed. Addition of a single
neutron to the middle atom of the oscillator converted the absorption profile to essentially a single
band resulting from either the cyanate or azide asymmetric stretch vibration.
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The use of vibrational reporters as sensitive and site-specific probes of local environments in
proteins and nucleic acids has become an important biophysical technique in the past
decade. 1-20 The rise of 2D IR methods has made vibrational probes even more attractive
because of the increased sensitivity and the ability to investigate molecular dynamics
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afforded by this technique. 3:12-14.21-24 The vibrational Stark effect of these probes has also
been utilized to extract information about local electric fields in proteins. 2°

Synthetic methodologies are available for the incorporation of small two- or three-atom
probes such as azides, nitriles, and thiocyanates into small peptides, large proteins, and
nucleic acids. 14.17.19.26-29 These three vibrational probes have proven particularly useful
because they absorb in the relatively transparent spectral window between the carbonyl and
C-H stretching regions, that is, from approximately 1900 to 2700 cm™~1. The development of
additional probes, including the cyanate group3C and carbon-deuterium bonds,31:32 is under
investigation specifically because they also absorb in this region. Although this region of the
infrared spectrum is free from competing allowed (within the harmonic approximation)
fundamental transitions, it does contain many dark overtone or combination states because
of the plethora of absorbances in the fingerprint region (500-1500 cm™1). Thus, it is quite
common to observe complex absorption profiles for azides, 29-33-35 nitriles,36 and
cyanates30:37 likely due to strong anharmonic couplings (e.g., accidental Fermi resonance)
between the fundamental transition and these overtone or combination states.

The FTIR spectrum of phenyl cyanate in Figure 1A shows at least three absorbance bands in
the —OCN asymmetric stretching region. Based upon the position of the bands and literature
precedent, 39 we assign the band with the largest relative intensity at 2278.0 cm™ to the
cyanate asymmetric stretch. Similarly, the linear IR spectrum of 3-azidopyridine in the azide
asymmetric stretching region shows at least three components with the strongest feature at
2135.3 cm™L. In agreement with previous work, we assign this feature to the azide
asymmetric stretch. 3% These complex absorbance profiles present several problems for the
practical implementation of these FTIR probes to study local biomolecular environments.
Ideally, the linear IR spectrum for each of these probes would show a single absorbance
band resulting from the —OCN or —N3 asymmetric stretch whose position and width would
systematically depend on its local environment. The complex absorption profile observed
for both of these molecules is dependent upon local environment, however observed spectral
shifts could be the result of multiple factors. 30:3% For instance, observed changes in the
absorption profile could be the result of solvent-induced frequency shifts of the cyanate or
azide asymmetric stretch and/or the combination band(s) in addition to changes in the
strength of the anharmonic coupling between these modes. The deconvolution of the
observed shifts into these two effects requires 2D IR spectroscopy. 30:35

Here, we have attempted to increase the utility of the cyanate and azide asymmetric stretch
in phenyl cyanate and 3-azidopyridine, respectively, as effective vibrational reporters of
local environment using either linear or 2D IR spectroscopy by modulating the accidental
Fermi resonance present in both molecules. One of the principal requirements for accidental
Fermi resonance is that the transitions involved have similar energies. 36:38-40 Therefore, our
strategy involved altering the energy of the cyanate and azide asymmetric stretch and/or the
energy of the near resonant combination band by the addition of a neutron to one or more of
the atoms of the probe and/or to the ring atoms. Isotopic substitution is the least intrusive
change possible and because of the relationship between reduced mass and vibrational
frequency it will modulate vibrational energies of modes involving motion of the labeled
atoms. This perturbation could also potentially modulate the accidental Fermi resonance and
thus the absorption profile of each probe. Several synthetic routes were developed (see
Supporting Information) to allow selective isotopic labeling of key atoms in the molecules.
Thus, multiple isotopomers of phenyl cyanate and 3-azidopyridine were synthesized and
characterized to determine the optimal isotopic labeling strategy to simplify the absorption
profile of each of these potentially effective vibrational reporters of local environment.
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Phenyl Cyanate

Hochstrasser et al.3 postulated that the accidental Fermi resonance in phenyl cyanate
involves the anharmonic coupling between the cyanate asymmetric stretch and a
combination band. The combination band is thought to be composed of the COC stretching
mode and a second mode involving COC and ring motions. 30 Therefore our isotopic
strategy first focused on modulating the energy of the fundamental cyanate asymmetric
stretch through 13C or 15N labeling of this group. Secondly, we sought to modulate the
energies of the vibrations involved in the combination band by deuteration of the ring.
Finally, multiple combinations of cyanate and ring isotopic labeling were employed to
determine if multiple or single isotopic labels were most effective at simplifying the
complex absorption profile resulting from the accidental Fermi resonance.

The cyanate region of the FTIR spectra of unlabeled phenyl cyanate and seven isotopomers
are shown in Figure 2. Figure 2A includes the FTIR absorbance spectrum of unlabeled
phenyl cyanate and three isopomers designed to shift the cyanate asymmetric stretch.
Specifically, 15N, 13C, or 13C15N labeling of the cyanate group generated the isotopomers
PhOCI5N, PhO3CN, and PhO13C15N, respectively. Similar to the unlabeled PhOCN, the
FTIR spectrum of PhOC1°N showed a complex IR absorption profile consisting of at least
three spectral components. However, the highest frequency component of the PhOCN
profile had the largest intensity, while the lowest frequency component (2218.7 cm™1) of the
PhOCI5N profile had the largest intensity. Assigning the cyanate stretch to the band with
largest relative intensity results in a 59 cm™~1 red shift of the cyanate asymmetric stretch in
PhOCI5N relative to PhOCN. The direction of this experimental shift is expected based
upon the change in the reduced mass of the oscillator.

In order to increase the energy difference between the —OCN stretch and the combination
band, the —OCN asymmetric stretching frequency was modulated by 13C and 13C15N
labeling of the cyanate group. A greatly simplified absorbance profile results with
essentially one band at 2198.5 and 2178.7 cm™1 for PhO13CN and PhO13C1N, respectively.
The accidental Fermi resonance has been effectively modulated as the strength of the
anharmonic coupling was significantly reduced. 2D IR measurements are required to fully
access the strength of any remaining anharmonic coupling. 30 Regardless, the presence of
essentially a single IR absorbance band renders these two isotopomers as practical linear IR
probes of local environments as illustrated by the sensitivity of the cyanate asymmetric
stretching frequency of PhO13CN to solvent (see Supporting Information).

An alternative strategy to modulate the accidental Fermi resonance in PhOCN is to alter the
energy of the near resonant combination band. Since the combination band is postulated to
involve ring motions, the aromatic ring of phenyl cyanate was deuterated. The FTIR
absorbance spectra of Ds-PhOCN in the cyanate region is shown in Figure 2B. Deuteration
of the ring results in a simpler absorption profile compared to PhOCN providing further
support that ring motion is involved in the near resonant combination band. However, the
profile still consists of multiple bands with the largest component occurring at 2259.2 cm™1,
Although deuteration of the ring appears to modulate the complicating accidental Fermi
resonance, this isotopic labeling strategy is less desirable than labeling the cyanate group
since C-D stretching vibrations also occur in the spectral region of interest. Consequently,
the cyanate group was labeled in addition to ring deuteration to shift the cyanate stretch
away from potentially interfering C-D vibrations.

The FTIR spectrum of Ds-PhOC1°N shows a simpler absorption profile compared to Ds-
PhOCN although the line shape of the main spectral band at 2239.0 cm~! does shows some
asymmetry. The FTIR spectra of Ds-PhO13CN and Ds-PhO13C15N result in complex
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absorption profiles rivaling the complexity of the absorption profile of PhOCN. Each of
these isotopomers clearly modulated the accidental Fermi resonance, as evidenced by the
differences of the absorption profiles in the cyanate region. However, none of the deuterated
isotopomers resulted in an absorption profile as simple as those observed for PhO13CN and
PhO3CION.

3-Azidopyridine

Isotopic labeling was also employed to modulate the accidental Fermi resonance present in
the FTIR spectrum of 3-azidopyridine in the azide asymmetric stretching region as shown in
Figure 3. 35 Similar to phenyl cyanate, the nitrogen atoms involved in the azide asymmetric
stretch or the ring hydrogens of 3-azidopyridine were selectively isotopically labeled to
increase the energy difference between the azide asymmetric stretch vibration and the
interfering combination band. The labeling of the azide group was performed to shift the
azide asymmetric stretch while the ring deuteration was intended to modulate the energy of
the near resonant combination band. Additionally, 1°N labeling of the internal nitrogen atom
of the azide group was expected to modulate the energy of the —N3 asymmetric stretch and
potentially the near resonant combination band.

The absorption profile for D4-PyrNNN shown in Figure 3 contains two primary spectral
components at 2106.9 and 2122.8 cm~1 with the latter band having the larger intensity. The
separation between these two components is significantly less than the separation between
the lowest and highest frequency components of the IR absorption profile of PyrNNN. This
change in band position and separation suggests that ring deuteration did modulate the
accidental Fermi resonance present in this spectral window although a single absorbance
band for the —N3 asymmetric stretch was not obtained.

Figure 3 also shows the FTIR absorbance spectra of Pyrl>NNN, PyrNN°N, PyrN1°NN, and
PyrN1°NI5N in the azide region. These isotopomers label the three nitrogen atoms that are
involved in the azide asymmetric stretch vibration, either individually or in combination
with another label. The azide asymmetric stretching frequency (taken to be the band with the
largest intensity) for Pyrl>NNN, PyrNN1°N, PyrN1°NN, and PyrN°N1°N occurs at 2121.1,
2080.3, 2067.3, and 2044.2 cm™1, respectively. The direction of these observed shifts
relative to PyrNNN is expected based upon changes in the reduced mass of the oscillator.
These data clearly demonstrate that 1°N isotopic labeling of the azide group shifts the azide
asymmetric stretching frequency and subsequently modulates the accidental Fermi
resonance.

The IR absorption profile of each of these 15N isotopomers is simpler than unlabeled 3-
azidopyridine. Specifically, the absorption profiles for Pyrl>NNN, PyrN15NN, and
PyrNI5NI5N consist of essentially one band due to the azide asymmetric stretch vibration,
while the spectrum of PyrNN2°N consists of multiple spectral components. The observed
intensity profile for PyrNN1°N is similar to PhOCI®N where the band with the largest
intensity is on the low frequency side of the absorption profile, which is opposite of the
relative intensity profile of the spectral components present in PyrNNN and PhOCN.

Comparing the two systems, it was observed that adding a neutron to either the middle or a
combination of the middle and terminal atoms of the three-atom oscillator resulted in a
linear IR absorbance spectrum consisting of essentially a single absorbance band resulting
from the asymmetric vibration of the cyanate or the azide group. The success of this isotopic
labeling strategy is likely due to the significant shift of the energy of the fundamental
cyanate or azide asymmetric stretch away from the interfering combination band. This
possibility was supported by DFT calculations, at the B3PW91/6-31++G(d,p) level, of the
anharmonic fundamental frequencies, overtones, and combination bands (see Supporting
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Information for details). Specifically, the DFT calculations revealed 13 overtone or
combination bands within 35 cm™~1 of the cyanate asymmetric stretch vibration of phenyl
cyanate. Similarly, 10 overtone or combination bands were calculated to be within 35 cm™1
of the azide asymmetric stretch vibration of 3-azidopyridine. The overtone and combination
bands in phenyl cyanate and 3-azidopyridine primarily involve ring motions although one of
the combination bands includes the COC or CNN stretch, respectively, consistent with
previous studies. 393> Upon isotopic labeling of the middle or the middle and terminal
atoms of the cyanate group, the energy difference between the cyanate asymmetric stretch
vibration and all of the overtone and combination bands increased significantly. Isotopic
labeling of the middle or the middle and terminal atoms of the azide group resulted in a
significant increase in the energy difference between the azide asymmetric stretch vibration
and eight of the overtone and combination bands. This difference is due to a significant shift
in the energy of the cyanate and azide asymmetric stretch vibration, since the energies of the
overtone and combination bands remain relatively constant.

This labeling strategy coupled with ring deuteration in phenyl cyanate resulted in a complex
absorption profile even though the cyanate asymmetric stretch was significantly shifted in
energy compared to PhOCN. In these cases, the combination band may have shifted in
energy upon ring deuteration thereby remaining in near resonance with the fundamental —
OCN stretch. Alternatively, the shifted fundamental cyanate stretch may have become in
near resonance with other combination or overtone bands present in this spectral window.
An additional potential complicating factor with the deuterated isotopomers is the presence
of C-D stretching vibrations in this region.

The origin of the simplification in the IR absorption profile of Pyr!>NNN in the azide region
is likely different than PyrN15NN and PyrN1°N1°N. The modulation of accidental Fermi
resonance in Pyrl>NINN is probably due to a shift in one of the vibrational modes involved
in the near resonant combination band (since isotopic labeling of the internal nitrogen atom
of the azide group results only in a marginal shift of the azide asymmetric stretch vibration)
and/or a significant decrease in the strength of the anharmonic coupling between the
fundamental azide asymmetric stretch vibration and the near resonant combination band.

Conclusions

Isotopic editing was shown to effectively modulate the accidental Fermi resonance present
in the —OCN and —N3 region for unlabeled phenyl cyanate and 3-azidopyridine, respectively.
This modulation was evident by changes in the complex absorption profiles present in this
spectral window for both molecules. The labeling strategy sought to alter the energy of the
fundamental —OCN or —N3 asymmetric stretch vibration and/or the energy of the near
resonant combination band to simplify the resulting IR absorption profile. Several
isotopomers of each molecule resulted in essentially a single IR absorbance band due to the
cyanate or azide asymmetric stretch vibration. Adding a single neutron to the middle atom
or a neutron to each of the middle and terminal atoms of the three-atom cyanate or azide
group resulted in this simplification. Additionally 1°N labeling of the internal nitrogen atom
of the azide group of 3-azidopyridine resulted in an absorption profile consisting of a single
band. This result suggests that a 170 isotopic variant of phenyl cyanate may also yield a
single absorbance band. The presence of essentially one absorbance band corresponding to
either the -OCN or —N3 asymmetric stretch for these isotopomers greatly expands the
practical utilization of FTIR spectroscopy with these vibrational reporters.

The methodology of utilizing isotopic editing to enhance the practical use of linear FTIR
vibrational probes has the potential to be generally applicable to systems that suffer from
complicated absorption profiles due to accidental Fermi resonance. However, synthetic
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limitations could potentially impact the use of this methodology in some systems and
isotopic labeling may not result in significant simplifications of IR absorption profiles
resulting from accidental Fermi resonance interactions in all systems.38 Regardless, isotopic
editing was shown to be a highly effective means to modulate the accidental Fermi
resonance in two systems containing a sensitive three-atom vibrational reporter of local
environments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A. FTIR absorbance spectra of phenyl cyanate (PhOCN) in the cyanate asymmetric
stretching region. B. FTIR absorbance spectrum of 3-azidopyridine (PyrNNN) in the azide
asymmetric stretching region. Both molecules were dissolved in tetrahydrofuran (THF) and
the spectra were recorded at 298 K. The maximum absorbance of each spectrum has been
normalized to unity. The DFT optimized structure of each molecule at the B3PW91/6-31+
+G(d,p) level is shown in the insets.
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Figure 2.

FTIR absorbance spectra of isotopomers of phenyl cyanate in the cyanate asymmetric
stretching region recorded at 298 K in THF. The maximum absorbance of each spectrum has
been normalized to unity and the spectra have been offset for comparison. Panel A includes
the IR spectra of PAOCN, PhOC15N, PhO13CN, and PhO13C15N. The IR spectra of Ds-
PhOCN, D5-PhOC°N, D5-PhO13CN, and Ds-PhO2C15N are shown in Panel B.
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FTIR absorbance spectra of PyrNNN, D4-PyrNNN, PyrI®NNN, PyrNN1°N, PyrN15NN and

PyrN15N15N in the azide asymmetric stretching region recorded at 298 K in THF. The

maximum absorbance of each spectrum has been normalized to unity and the spectra were

offset for comparison.
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