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Exploration of Chromophores for VCD Couplet in Biomolecularly 
Transparent Infrared Region 
Tohru Taniguchi,*a Mohamad Zarif Mohd Zubir, b Nobuyuki Haradac and Kenji Monde*a 

Interactions of two chromophores such as carbonyl groups yield a strong VCD couplet that reflects molecular structures. 
Use of VCD couplets for biomacromolecular structural studies has been hampered by severe signal overlap caused by 
numerous functional groups that originally exist in biomacromolecules. Nitrile, isonitrile, alkyne, and azido groups show 
characteristic IR absorption in the 2300-2000 cm-1 region, where biomolecules do not strongly absorb. We herein examined 
the usefulness of these functional groups as chromophores to observe a strong VCD couplet that can be readily interpreted 
by theoretical calculations. Studies on a chiral binaphthyl scaffold possessing two identical chromophores showed that nitrile 
and isonitrile groups generate moderately-strong but complex VCD signals due to anharmonic contributions. The nature of 
their anharmonic VCD patterns is discussed by comparison with the VCD spectrum of a mono-chromophoric molecule and 
by anharmonic DFT calculations. On the other hand, through studies on a diazido binaphthyl and a diazido monosaccharide, 
we demonstrated that azido group is more promising for structural analysis of larger molecules due to its simple, strong VCD 
couplet whose spectral patterns are readily predicted by harmonic DFT calculations. 

Introduction 
Through-space interactions of two suitable chromophores yield 
an exciton circular dichroism couplet, i.e., a pair of positive and 
negative Cotton effects. The sign and intensity of the couplet 
reflects the absolute arrangement of the electric dipole 
transition moments (EDTMs) associated with the chromophores. 
This phenomenon has provided a basis for a structural analysis 
method using electronic circular dichroism (ECD) spectroscopy, 
named the exciton chirality method.1-4 With proper 
understanding on EDTMs and the conformations of analyte 
molecules, the ECD exciton chirality method has revealed the 
structures of various small molecules3, 5, 6 as well as medium-
sized molecules (500 to 2,000 Da).3, 7-9 Use of this method has 
often been associated with introduction of chromophores when 
the original molecules do not show informative or strong ECD 
signals. A repertoire of UV chromophores with various 
absorption coefficients and absorption wavelength such as 
para-substituted benzoyl groups have been applied.2-4 
Chromophores with a longer absorption wavelength (e.g., para-
porphyrin-substituted benzoyl groups at 420 nm) are also 
available to extract structural information from molecules that 
are originally ECD-active to a spectrally transparent region, 

where the original molecules do not show informative 
signals.10,11 Such chromophores have also been used to enhance 
ECD signals for submicromolar analysis.3, 4 Careful use of 
chromophores with longer absorption maxima has enabled the 
analysis of much bigger molecules (e.g., biomacromolecules, 
polymers, and multimolecular systems).12-15 However, such 
bulky, hydrophobic, p conjugated chromophores are less 
favourable for studying the native structures of 
biomacromolecules. Their bulkiness and complex electronic 
natures also significantly increase the computational cost when 
theoretical calculations are used to interpret exciton couplet. 
 Meanwhile, IR chromophores, which are much smaller and 
thus less perturb biomolecular structures, have been known to 
generate a vibrational circular dichroism (VCD) couplet. This 
phenomenon was originally studied under the name of coupled 
oscillator.16 We reinvestigated VCD couplets stemming from 
C=O stretching vibrations of a series of small molecules and 
reported a correlation between the sign of the couplet and the 
dihedral angle q of two carbonyl groups.17, 18 On the basis of this 
correlation, structures of various molecules have been analysed 
with or without introduction of extra carbonyl chromophores, 
in a similar manner to the applications of the ECD exciton 
chirality method.19-30 VCD couplet is also used for signal 
augmentation that leads to VCD measurements with reduced 
sample amount and with a short acquisition time. For example, 
VCD couplet of 1 was observed even at a concentration of 2.5 
mM.17 Such a VCD couplet approach obviously is not applicable 
to molecules with almost parallel or antiparallel carbonyl 
groups and should be used with care for flexible molecules and 
multichromophoric systems as is the case for the ECD exciton 
chirality method. Theoretical studies by other groups suggested 
that such VCD couplets are only partially due to excitonic 
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interactions and warned about possible exceptions to this 
correlation.31-34 Although such exceptions have not yet been 
experimentally witnessed for C=O vibrations, use of 
computations such as density functional theory (DFT) to 
interpret VCD couplets is highly recommended. 

Structures and intermolecular interactions of 
biomacromolecules in the solution state have been studied 
using multiple analytical methods including ECD spectroscopy, 
fluorescence resonance energy transfer (FRET), and electron 
spin labels. The VCD couplet approach should serve as a new 
analysis tool with less physicochemical perturbation. Because 
biomacromolecules possess many carbonyl groups, extraction 
of their structural information needs introduction of IR 
chromophores with less overlap with their intrinsic IR 
absorption. 13C isotope labelling has been used for this purpose 
to red-shift the C=O stretching frequency by ca. 40 cm-1.35 
However, this shift is not sufficient to isolate the VCD signals 
without any overlap with 12C=O and other vibrational signals. 
VCD couplets originating from other chromophores such as C=S, 
C-O, C=N and C-H have also been studied.32, 33, 36-38 Yet to be 
examined are chromophores in the 2300-2000 cm-1 region, 
where the fundamental vibrational modes of common 
biomacromolecular functional groups do not exist. 
 Chromophores with X≡Y and X=Y=Z systems such as alkyne, 
nitrile, isonitrile, azido, allene, and carbodiimide exhibit 
characteristic IR absorptions in a spectrally transparent region 
for biomacromolecules. Some of these chromophores have 
been utilized as vibrational probes in biomacromolecular IR 
studies (e.g., oligonucleotide conformations, b-amyloid 
aggregation, and drug-protein interactions).39-41 In the present 
work, we have studied the VCD spectra of 2-6 to test the 
applicability of -CN, -NC, -C≡CH, and -N3 groups as a 
chromophore for observing their VCD couplet (Figure 1). 
Dicarbonyl 1 was also studied to show a typical VCD couplet. 
Allene and carbodiimide were excluded because of their axially 
chiral structures that yield strong intrinsic VCD signals on their 
own.42-44 The core structure 2,2¢-disubstituted-1,1¢-
binaphthalene was chosen as a C2 symmetrical, rigid scaffold to 
regulate the distance (r) and the dihedral angle (q) of the two 
chromophores. We aim for finding chromophores showing a 
strong VCD couplet whose shape is reliably predicted by 
theoretical calculations. An expected obstacle to this goal is that 
anharmonic vibrational contribution may be significant in the 
2300-2000 cm-1 region and that its influence on the VCD spectra 
of chosen chromophores has not been studied. While this study 
focuses on small model molecules, the insight obtained here 
can be transferred to study larger molecules. Here, with using 
harmonic and anharmonic DFT calculations, we discuss the 
usefulness of these chromophores as well as their anharmonic 
behaviours. 

 

Fig. 1 Structures of 1-6. Note that the stereochemical nomenclature becomes R for 2a. 

Experimental and computational details 
Experimental details 

Compounds 2, 2a, and 4 were prepared as a racemate starting 
from (±)-2,2¢-dibromo-1,1¢-binaphthyl and then 
enantioseparated using chiral column. Both enantiomers of 3 
and 5 were synthesized from (S)- and (R)-1,1¢-binaphthyl-2,2¢-
diamine. Compound 6 was synthesized from methyl a-D-
glucopyranoside (see Supporting Information). For vibrational 
spectroscopy, each sample was dissolved in CHCl3 or CDCl3 and 
placed in a 50-µm or 100-µm BaF2 cell. VCD and IR spectra were 
recorded using a JASCO FVS-6000 spectrometer with 4 cm-1 
resolution for 1500 and 16 scans, respectively. Spectra in the 
2300-2000 cm-1 region were measured using an InSb detector 
and an optical filter that passes through 2400-1900 cm-1 light, 
while those in the region below 1900 cm-1 were measured using 
an MCT detector with an optical filter that passes through light 
lower than 2200 cm-1. The modulation frequency of the 
photoelastic modulator was set to 2127 cm-1 (for the 
measurement of 2300-2000 cm-1) or 1350 cm-1 (for the 
measurement below 1900 cm-1). With these spectrometer 
settings, each sample showed a virtually mirror-image VCD 
spectrum to its enantiomer in the 2300-2000 cm-1 region (Figure 
S1). To obtain more accurate spectra, the VCD spectra of S 
enantiomers of 1-5 were corrected by their R enantiomers using 
the following equation. 
 De(S)corrected = 1/2[De(S)raw - De(R)raw] 
The VCD spectrum of 6 and all the IR spectra were corrected by 
solvent spectra obtained under the identical measurement 
conditions.  
 
Computational details 

DFT calculations were carried out on Gaussian 16 package.45 
Initial conformational search was carried out using molecular 
mechanics on Spartan 18 program.46 Obtained geometries 
within 20 kJ/mol from the most stable were submitted to DFT 
optimization at B3PW91/6-311++G(d,p) level of theory, which 
predicted only one conformer for each compound within 2.0 
kcal/mol energy window. For these geometries, IR and VCD 
spectra were calculated using the same level of theory. The 
calculated frequencies, dipole strength, and rotational strength 
were converted to IR and VCD spectra on GaussView 6 software 
using a peak half-width at half height of 6 cm-1. Anharmonic 
calculations of 2, 2a, and 3 were performed on a default 
program implemented in Gaussian 16. Calculated frequencies 
were scaled using factors mentioned in figure captions. 
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Results and discussion 
Conformational analysis and harmonic vibrational calculations 

To study the relative orientation of the two chromophores in 1-
5, MMFF conformational search and the following structural 
optimization at DFT/B3PW91/6-311G++(d,p) were carried out 
for their (S)-enantiomers. Only one stable conformer each 
existed for 2-4 due to the rigidity of the binaphthalene scaffold 
and the sp hybridized linear shape of nitrile, isonitrile, and 
alkyne (Figure 2a). For the calculations of 2, chloroform 
molecules coordinating to nitrile groups are explicitly included 
as this treatment provided a better VCD agreement in the case 
of anharmonic calculations (vide infra). Dicarbonyl model 
compound 1 also displayed only one conformer. Interestingly, 
compound 5 also showed only one conformer within a 2.0 

kcal/mol energy window despite the rotatable s bonds 
between the naphthalene moiety and the chromophoric 
substituents. See Figure S2a for computational results of less 
stable conformers of 5. 

Using these conformers, r and q of 1-5 were analysed. This 
work defined these values based on the ideal localization of the 
vibrational motions of these chromophores. Namely, r was 
defined as the distance between two centres of the masses of 
atoms consisting of C=O bond (for 1), each triple bond (for 2-4), 
or of azido (for 5), whereas q was defined as the dihedral angle 
made by four atoms consisting of two C=O bonds (for 1) or triple 
bonds (for 2-4), or by the four terminal nitrogen atoms N3, N1, 
N1¢, and N3¢ (for 5). Except for 1 and 5, two chromophores in 
these structures were oriented with r and q values of ca. 4	Å and 
+90°, respectively (Figure 2a and Table 1). 

 
Fig. 2 (a) Most stable conformers of (S)-1, (S)-2•2CHCl3, (S)-3, (S)-4, and (S)-5. (b) VCD (top) and IR (bottom) of measured (black) and calculated (red for harmonic DFT and blue for 
anharmonic DFT) spectra. Wavenumbers at the extrema of observed VCD signals are labelled in italic. Measurement conditions: c 0.04 M in CDCl3 (for 1), 0.2 M in CHCl3 (for 2 and 
3), 0.6 M in CHCl3 (for 4), or 0.04 M in CHCl3 (for 5); l 50 µm. Calculation conditions: B3PW91/6-311++G(d,p). Frequency scaling factors: 0.953 (for 1), 0.951 (for 2, harmonic), 0.967 
(for 2, anharmonic), 0.966 (for 3, harmonic), 0.987 (for 3, anharmonic), 0.952 (for 4), and 0.930 (for 5). 

  

(a)

(b)

(S)-1

calcd
obsd calcd obsd

calcd
obsd calcd obsd calcd obsd

[cm-1] [cm-1] [cm-1] [cm-1] [cm-1]

De

De

e e

De

De

e e

De

De

e e

De

De

e e

De

De

e e

VCD

IR

VCD

IR

VCD

IR

VCD

IR

VCD

IR

harm
anharm (x 10-1)

harm
anharm

1699

1722

2214

22232237

2230

2247 2111

2119

2131

2143

2100

2109

2118

(S)-2 • 2CHCl3 (S)-3 (S)-4 (S)-5



ARTICLE Journal Name 

4  | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

Table 1 Interchromophoric distance (r) and dihedral angle of two chromophores (q) of the most stable conformers of 1-6, and predicted scaled frequencies (nn), dipole strengths 
(Dn), and rotational strengths (Rn) for the stretching vibrations of the discussed chromophores calculated at harmonic DFT/B3PW91/6-311++G(d,p). See captions of Figure 2-4 for the 
applied scaling factors. 

 (S)-1 (S)-2 • 2CHCl3 (S)-3 (S)-4 (S)-5 (R)-2a • CHCl3 6 

r	[Å]	 3.2 4.3 4.2 4.4 5.3 - 5.6 

q [°] -116 +97 +95 +94 -23 - +122 

n1 [cm-1] 1696.9 2230.7 2118.7 2101.1 2110.2 2227.6 2107.1 

D1 [10-40 esu2 cm2] 1034 120 424 11.7 2124 160 1846 

R1 [10-44 esu2 cm2] -706 -239 +537 +23.6 +260 +2.3 +378 

n2 [cm-1] 1722.2 2230.9 2119.8 2101.3 2118.4 - 2118.9 

D2 [10-40 esu2 cm2] 232 152 381 13.7 2169 - 558 

R2 [10-44 esu2 cm2] +483 +243 -545 -25.0 -316 - -558 

Fundamental vibrational transitions of the most stable 
conformers of 1-5 were calculated using harmonic DFT 
calculations at the B3PW91/6-311++G(d,p) level of theory. Two 
fundamental vibrational modes were predicted in the 2300-
2000 cm-1 region for each 2-5. Corresponding C=O stretching 
modes of 1 were predicted at around 1700 cm-1 (scaled 
frequency). The dipole strength Dn and the rotational strength 
Rn associated with these vibrational modes are summarized in 
Table 1 and the simulated VCD and IR spectra based on these 
values are shown in Figure 2b. Among 1-5, Dn and Rn values of 
dialkyne 4 were 10 to 100 times smaller compared to those of 
the other molecules, as expected from the non-polar nature of 
-C≡CH group, which leads to very weak IR absorption for C≡C 
stretching. This indicated experimental difficulties in observing 
a VCD couplet of 4. Rn of 1, 2, 3, and 5 were predicted to be in 
the same order of magnitude despite the differences in the 
values of r, q, and Dn. Nevertheless, due to the small frequency 
differences of the two harmonic modes (n2 – n1) of 2 and 3, their 
positive and negative components were predicted to mostly 
compensate each other. The frequency of the two azido 
vibrational modes of 5 differ by 8 cm-1, which gave rise to a 
predicted strong VCD couplet. 

 
Experimental spectra of dinitrile, diisonitrile, and dialkyne 
compounds 

VCD spectra in the 2300-2000 cm-1 region have rarely been 
documented, especially since the development of Fourier-
transform (FT) VCD spectrometers.44, 47-50 To achieve a high S/N 
ratio in this region, we inserted an optical filter that passes 
through 2400-1900 cm-1 light to a FT-VCD spectrometer and 
used an InSb detector. Furthermore, to maximize the reliability 
of the observed spectra, both enantiomers of 2-5 were 
prepared and the VCD spectra of the enantiomeric pairs were 
compared. Each enantiomeric pair showed almost mirror-image 
VCD patterns in the 2300-2000 cm-1 region (Figure S1), which 
validated the accuracy of the VCD measurement in this region. 

The following spectral analysis is based on the “enantiomer-
corrected” VCD spectra of (S)-enantiomers of 1-5 (Figure 2b). 

Two nitrile groups (2) and isonitrile groups (3) gave rise to 
VCD signals with De of an order of 0.01, while two azido groups 
(5) and carbonyl groups (1) generated 10- to 100-fold stronger 
VCD absorption. Meanwhile, 4 showed a negligibly small VCD 
band with very small IR absorption (De 0.001 and e 16 at 2100 
cm-1), consistent with the calculated small Dn and Rn values. 
Thus, we concluded that the terminal C≡CH group is not 
suitable for sensitively observing VCD couplet. 
 A VCD couplet originating from C=O stretching vibrations is 
presented by (S)-1 (De -0.31 at 1699 cm-1 and De +0.27 at 1722 
cm-1). In this case the IR absorption bands also split. Its negative-
positive VCD couplet was well reproduced by harmonic DFT 
calculations (Figure 2b). In contrast, the observed VCD of 
dinitrile 2 and diisonitrile 3 were more complex and showed a 
greater number of peaks compared to the harmonically 
calculated simple VCD spectra. With alternating positive and 
negative patterns of the observed VCD spectra, reliable 
interpretation of these VCD spectra in terms of VCD couplet is 
not possible. Similarly, attempts to correspond the harmonically 
predicted VCD signals of 2 and 3 to two of the observed VCD 
peaks are not appropriate. Previous VCD studies on deuterated 
molecules reported somewhat similar VCD patterns in the 2300-
2000 cm-1 region and ascribed these to anharmonic VCD 
signals.48, 49 Indeed, the IR band of 3 at 2119 cm-1 showed a 
wider skirt on the higher frequency side, which indicated 
involvement of anharmonic signals. Dinitrile 2 yielded a more 
symmetrical IR band, but nitrile groups are also known to 
exhibit anharmonic signatures in biomolecular IR studies.51 
Therefore, the complex, yet strong VCD features of 2 and 3 were 
ascribed to anharmonic VCD signals involving -CN and -NC 
vibrations, respectively. 
 
Analysis of anharmonic VCD features of dinitrile and diisonitrile 
compounds 
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As mentioned earlier, this work aims for identifying 
chromophores exhibiting a strong VCD couplet that can be 
interpreted by theoretical calculations toward its applications 
to structural analysis of biomacromolecules. Nitrile and 
Isonitrile groups showed strong VCD signals, but the complex 
signal patterns seemed disadvantageous for structural analysis. 
Nonetheless, the usefulness of nitrile functionality as an IR 
reporter in biochemistry and the scarcity of insight into 
anharmonic VCD in the 2300-2000 cm-1 region prompted us to 
further investigate the VCD of 2 and 3 regarding on the 
following two questions:  

(1) Harmonic VCD signals are known to be augmented by 
interactions of two IR chromophores, but are 
anharmonic VCD signals also augmented by such 
interactions?  

(2) Are these anharmonic VCD spectra still useful for 
extracting structural information of the analyte 
molecule by using anharmonic DFT calculations? 

To address the first question, mononitrile (R)-2a was 
synthesized to analyse its VCD spectrum in comparison with 
that of dinitrile (S)-2. Mononitrile 2a was prepared as a 
racemate and then enantioseparated using CHIRALPAK® IB 
column, which led to the first-eluted (S)-(-)-2a and the second-
eluted (R)-(+)-2a (Figure 3a, Figure S3).52 Enantiopure (R)-2a 
showed an IR band at 2228 cm-1 whose intensity is half of that 
found for dinitrile (S)-2 (Figure 3b). Meanwhile, no discernible 
VCD signals were observed for (R)-2a. Both harmonic and 
anharmonic (vide infra) DFT calculations of (R)-2a•CHCl3 (Figure 
3c) predicted ca. 100-fold smaller VCD signals compared to 
those calculated for 2 (Table 1 and Figure 3b). These results, for 
the first time, experimentally verified that interactions of 
chromophores enhance anharmonic VCD intensity. 

 
Fig. 3 (a) Preparation of enantiomerically pure 2a. (b) VCD (top) and IR (bottom) of 
measured (black) and calculated (red for harmonic DFT and blue for anharmonic DFT) 
spectra of (R)-2a. (c) Most stable conformer of (R)-2a•CHCl3. Measurement conditions: 
c 0.2 M in CHCl3, l 100 µm, VCD spectrum of (R)-(+)-2a was corrected by that of (S)-(-)-
2a. Calculation conditions: B3PW91/6-311++G(d,p). Frequency scaling factors: 0.950 (for 
harmonic) and 0.967 (for anharmonic).  

 Regarding on the second question, because the complex 
VCD signals of 2 and 3 were generated by interplays of two 
chromophores, the spectral patterns should reflect the 
orientation of chromophores as well as their local environment. 
Interpretation of anharmonic VCD spectra by means of 
anharmonic calculations has been reported,53, 54 but their utility 
in the 2300-2000 cm-1 region has not been studied. Aiming at 
correlating anharmonic VCD signals with molecular structures, 
we performed VCD calculations of (S)-2 and (S)-3 using 
anharmonic DFT settings implemented in Gaussian 16 program. 
Among several functionals and basis sets tested, B3PW91/6-
311++G(d,p) level well reproduced the observed VCD features 
of 3 (Figure 2b). Namely, experimentally observed small 
negative band at 2111 cm-1, strong positive band at 2119 cm-1, 
strong negative band at 2131 cm-1, and moderately strong 
positive band at 2143 cm-1 were all seen in the calculated 
spectrum with similar shape and intensity. Application of the 
same level of theory to (S)-2 with two explicit chloroform 
molecules resulted in a VCD spectrum partially similar to the 
observed one. The observed positive VCD peak at 2230 cm-1 and 
negative one at 2237 cm-1 may have cancelled out in the 
anharmonically predicted VCD spectrum. Comparison of the 
observed spectra and anharmonically calculated ones in the 
region below 1900 cm-1 also showed a moderate agreement 
(Figure S4). Overall, these preliminary results showed promise 
for deducing molecular structures from anharmonic VCD signals. 

These results also highlighted obstacles to be overcome for 
studying biomacromolecules using these chromophores. First, 
the high computational cost for anharmonic DFT (ca. 100 times 
longer computational time than harmonic DFT) hampers the 
VCD calculations of many candidate structures. Second, solvent 
effects may be properly included into VCD calculations to well 
reproduce observed spectral patterns.55 In the case of dinitrile 
2, solvent effects (e.g., implicit and explicit) drastically changed 
predicted anharmonic VCD results (Figure S5). Last, the 
dependence of the predicted VCD shape to the basis set and 
functional of a given system is yet to be investigated. See Figure 
S5 for anharmonic VCD spectra of 2 predicted by other 
calculation conditions. Although investigation of the second and 
last points are in progress by our group, chromophores with less 
anharmonic nature seem more practical. 
 
VCD couplet by diazido compounds 

Unlike nitrile and isonitrile chromophores, the interaction 
between two azido groups in (S)-5 produced a rather simple 
positive-negative VCD couplet. This observation was in line with 
the previous insight that accidental Fermi resonance is less 
obvious for azido group.40, 56 Moreover, the observed VCD 
intensities (De +0.12 at 2109 cm-1 and De -0.13 at 2118 cm-1) are 
one order higher than those of nitrile and isonitrile (Figure 2b). 
This positive-negative couplet was accurately reproduced by 
harmonic VCD calculations of (S)-5. Thus, azido group fulfills the 
aforementioned requirements as VCD chromophores to extract 
structural information of biomacromolecules. 

To test the applicability of azido group to biomolecules, we 
prepared a diazido monosaccharide derivative 6, whose azido 
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groups are connected to sp3 aliphatic carbons. The 
experimental VCD spectrum of 6 in CHCl3 showed a strong 
positive-negative couplet without any obvious anharmonic VCD 
signals (De +0.10 at 2104 cm-1 and De -0.034 at 2119 cm-1) 
(Figure 4a). Such a positive-negative couplet of 6 was also 
observed in a DMSO-h6 - H2O (9:1) mixed solvent (Figure S6). 
We also carried out MMFF conformational search and the 
following DFT structural optimization to investigate the 
orientation of the azido groups in 6. Despite the rotatable 
nature of the s bonds between the azido group and the 
pyranose ring, only one conformer with r of 5.6 Å and q of +122° 
was found within a 3.0 kcal/mol energy window at B3PW91/6-
311++G(d,p) (Figure 4b). The second most stable conformer 
with DE = 3.12 kcal/mol differed only in the rotation of C1 
methoxy group (Figure S2b). Harmonic VCD calculations of the 
most stable conformer well reproduced the positive-negative 
couplet (Figure 4a), which supported the applicability of azido 
chromophores to structural analysis of biomolecules. Spectral 
agreement between the observed and the calculated was also 
seen in the region below 1600 cm-1 (Figure S7). Azido VCD 
couplets are reliably predicted also with using a smaller level of 
theory (B3PW91/6-31G(d)) as shown in Figure S8. Another 
practical advantage of azido is that protocols for its 
incorporation to various biomolecules have been established 
and some of azido-containing biomolecules (e.g. amino acids 
and sugars) are commercially available owing to the 
development of bioorthogonal alkyne-azide chemistry.57 
Application of azido groups to more complex molecular systems 
should be reported in due course. 

 
Fig. 4 (a) VCD (top) and IR (bottom) of measured (black) and calculated (red) spectra of 
6. (b) The most stable conformer of 6. Newman projections for C2-N and C3-N bonds are 
shown at the bottom, in which dihedral angles made by azido group and methine C-H 
are illustrated by red arrows. Measurement conditions: c 0.04 M in CHCl3, l 50 µm. 
Calculation conditions: harmonic DFT at B3PW91/6-311++G(d,p). Frequency scaling 
factor: 0.927. 

Clockwise orientation of two azido groups of 6 showed a 
positive-negative VCD couplet, while anticlockwise 5 with a 
small dihedral angle (q -23°) also exhibited a positive-negative 
couplet. Thus, azido VCD couplets of 5 does not follow a coupled 

oscillator model.16 The stretching vibrations of two azido groups 
in both 5 and 6 were predicted to be out-of-phase for the lower 
frequency transition and in-phase for the higher frequency one. 
To obtain further insight into the relationship between the 
chromophoric orientation and the signal pattern, we calculated 
the VCD spectra of two azidomethane (CH3-N3) molecules and 
two azidobenzene (Ph-N3) molecules. VCD computations of 
these model systems with 10° incremental changes of q showed 
a clear dependence of VCD pattern to q (Figure 5). For example, 
the intensity of the couplet becomes smaller when q is close to 
0° and 180°. These results indicated that the EDTM of azido 
vibrational modes may be approximated to lie on the line 
connecting N1 and N3. Azidomethane molecules and 
azidobenzene molecules each placed with q of ca. -23° showed 
a negative-positive VCD couplet. The discrepancy between the 
VCD properties of these bimolecular computational systems 
and those of 5 suggested that the VCD signals generated from 
N=N=N stretching vibration is readily perturbed by molecular 
structures other than azido moieties. Thus, we recommend to 
always use theoretical calculations for interpreting azido VCD 
couplets. 

 
Fig. 5 Calculated VCD spectra of two simple azides as a function of the dihedral angle q 
with fixed values of a, a¢, and d. (a) Definitions of the values a, a¢, d, and q in this work. 
(b) Calculated VCD spectra of two azidobenzene molecules. Two phenyl groups are in cis 
orientation. (c) Calculated VCD spectra of two azidomethane molecules. Two methyl 
groups are in trans orientation. For both azidobenzene and azidomethane, structures 
with q = 0° are drawn. Calculation conditions: B3PW91/6-311++G(d,p). 

Conclusions 
VCD spectroscopy is a useful technique to analyse the structure 
of biomolecules, but its use for biomacromolecules has been 
limited due to the low signal intensity and severe signal overlap. 
This study demonstrated that introduction of chromophores in 
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the 2300-2000 cm-1 region yields strong VCD signals that reflect 
molecular structures. Nitrile and isonitrile groups exhibited 
strong but complex anharmonic VCD signals. This work revealed 
that interplays between two chromophores enhance 
anharmonic VCD intensities. We also demonstrated a possibility 
that complex anharmonic VCD signals can be interpreted by 
means of anharmonic DFT calculations. Azido group is more 
advantageous due to its stronger VCD couplet whose pattern 
can be readily predicted by harmonic DFT calculations. In 
combination with other techniques (e.g., 2D IR, FRET and ESR), 
VCD spectroscopy using these chromophores should facilitate 
future structural studies of biomacromolecules in the solution 
state. 
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