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ARTICLE INFO ABSTRACT
Keywords: Chirality transfer (also called induced chirality) is a phenomenon present in chiroptical spectra that manifests itself
ROA chirality transfer as a new band or bands of an achiral molecule interacting with a chiral one. In the Raman optical activity (ROA)

Induced chirality

spectroscopy, the bands of achiral solvents have been recently observed, but the latest papers have shown that
Chiral solvents

they corresponded to the new ECD-Raman (eCP-Raman) effect. Here, we show an unambiguous example of

Calculations chirality transfer observed in the ROA spectra. The spectra registered for the (1:1) mixtures of achiral benzo-
nitrile with the enantiomers of 2,2,2-trifluoro-1-phenylethanol, 1-phenylethanol, and 1-phenylethylamine
exhibited the v(CN) vibration band at about 2230 cm™}. The ROA measurements were repeated several times
to ensure the reliability of the phenomenon. Calculations revealed the CN---HO or CN---HNH hydrogen bond
formation accompanied by the x---1 or CH.--n interactions. The interaction strength was shown to be an important
factor for the pronouncement of the ROA chirality transfer effect.

1. Introduction polarized light are different, and as a result, the spectra of the enan-

tiomers are mutual mirror images [1-5]. The methods are especially

In chiroptical methods such as electronic circular dichroism (ECD), useful for the unambiguous determination of the absolute configuration
vibrational circular dichroism (VCD), or Raman optical activity (ROA), of chiral molecules. However, they are also sensitive to the molecular
the absorption/scattering coefficients of the left- and right- circularly surrounding that influences the band position, its intensity, and even
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Scheme 1. (R)-enantiomers of model chiral solutes (different spatial arrangement of the OH group in TFPE and PE is not an error).

sign [6-22]. Therefore, these methods are used in physico-chemical
studies. Chirality transfer (ChT, or induced chirality) is a specific phe-
nomenon present in chiroptical spectra which provides unique infor-
mation about intermolecular interactions. ChT is manifested as a new
band of an achiral molecule that interacts with a chiral one. The phe-
nomenon was first described in the 1970 s for ECD spectra [23,24] and
in 2002 for VCD spectroscopy [25,26]. Based on the comparison be-
tween the experimental and calculated VCD data, it was possible to gain
insight into the hydrogen bonding network surrounding the chiral solute
[14,27-33], to distinguish the geometry of the intermolecular complex
[26,34] and to indicate the interaction sites [35,36].

In 2012 Dzwolak et al. [37] suggested the transfer of chirality from
the protein to ROA-silent solvent due to the strong binding of solvent
molecules to the main chain N-H groups with the simultaneous release
of the peptide’s carbonyl groups. However, as only one enantiomer of
the protein could be measured, the mirror image bands were not
registered, and thus this is difficult to state if the observed new band was
actually the chirality transfer phenomenon, protein conformational
change, or other effect. Another reports on the ChT phenomenon in the
ROA spectra were initiated by Sebestik et al. [38] which probably
incorrectly assigned chirality transfer to the ECD-Raman (eCP-Raman)
effect [39-43]. Strong ROA bands of achiral nitrile solvent molecules
(acetonitrile, acetonitrile-ds, and liquid HCN) were observed in chiral
helquat (HQ) dye [38]. The solvent bands were interpreted as chirality-
induced bands resulting from energy transfer from HQ to proximate
solvent molecules sharing the HQ electronic space [38]. In 2019, Li et al.
also registered ROA bands of different achiral solvents in the presence of
the (R,R)-bis(pyrrol-2-ylmethyleneamine) cyclohexane nickel(II) com-
plex [44]. The results were interpreted as the chirality transfer phe-
nomenon being a consequence of SERS-like resonance energy transfer
processes from a molecular plasmon. In 2021, Machalska et al. regis-
tered strong ROA bands of different solvents (both monosigned and
bisigned) when characterizing the atropisomeric binaphthalenylamine
of N-butyl naphthalenediimide (NDI-NH>) derivative [45]. The solvent
bands dominated the entire ROA spectrum while the chiral NDI-NH,
bands were barely visible. The unusual ROA enhancement of achiral
solvent bands was explained in terms of resonance energy transfer with
resonant Raman emission. Moreover, the surprising bisignate RROA sign
was interpreted as the result of specific conformational equilibria of the
solute in the ground and excited states [45]. However, the last papers of
Bour and co-workers showed that actually the observed phenomenon
was a new effect, called ECD-Raman, which was caused by the ECD of
colour samples combined with circularly polarized Raman scattering
[39-41]. Moreover, in some cases, the ECD-Raman spectra of the solvent
could often be stronger than the true RROA spectra of a solute [40].
Notice that the ECD-Raman bands of achiral solvents were often
observed in the pre- or resonance conditions.

Here, we showed an unambiguous example of chirality transfer in
the ROA spectra. We dissolved achiral benzonitrile (BN) in both forms of
three chiral solvents: 2,2,2-trifluoro-1-phenylethanol (TFPE), 1-phenyl-
etanol (PE), and 1-phenylethylamine (a-methylbenzyl amine, MBA)
(Scheme 1). The three solvents are structurally similar but have different
abilities for hydrogen bonding with BN. Moreover, they absorb far from
the incident beam wavelength (532 nm, Figure S1), making excitation

of the resonance ROA effect hardly possible. Therefore, in such systems,
the ECD-Raman effect was also very unlikely [39-43]. The probe ben-
zonitrile molecule exhibited the v(CN) vibration band at 2232 cm’l, in
the spectral range free from most other vibrational bands. We demon-
strated that the ROA ChT phenomenon was strongly dependent on the

strength of the interaction between the chiral and achiral molecules.
2. Materials and methods
2.1. Materials

The highest available quality samples of chiral (R)- and (S)-2,2,2-
trifluoro-1-phenylethanol (also known as o-(trifluoromethyl)benzyl
alcohol or 1-phenyl-2,2,2-trifluoroethanol) were purchased from Apollo
Scientific. Both enantiomers of 1-phenylethanol (also known as
a-methylbenzyl alcohol or styrallyl alcohol) and 1-phenylethylamine
(also known as a-methylbenzyl amine), as well as benzonitrile, were
bought from Sigma-Aldrich. All compounds were used without further
purification.

2.2. Raman and ROA measurements

Raman and ROA spectra of both enantiomers of 2,2,2-trifluoro-1-
phenylethanol, 1-phenyletanol, and 1-phenylethylamine as well as
their (1:1) molar ratio mixtures with achiral benzonitrile were measured
using ChiralRAMAN-2X™ spectrometer from BioTools Inc. equipped
with the 532 nm excitation wavelength laser and the CCD camera. The
spectra were accumulated in the 2500-250 cm ™ spectral range with a
resolution of 7 cm ™. An integration time of 1 s was used for all samples,
except PE-BN system for which it was 3 s. Other specific experimental
conditions such as laser power and data collection time were listed in
Table S1. Minor baseline corrections of both Raman and ROA spectra
were applied. Raw Raman/ROA spectra of the (1:1) systems of benzo-
nitrile with both enantiomers are also provided (Figure S3). To ensure
that that the ROA chirality transfer was a reliable effect rather than a
measurement artifact the experiments were repeated at least two times
(Figure S4) for the established conditions (laser power and mixture
stoichiometry, see Table S1).

2.3. Calculations

Conformational analysis of the studied chiral solvents and their (1:1)
and (3:3) molar ratio complexes with benzonitrile was performed
applying the Conflex [46] program in which the MMFF94s force field
was implemented. Geometry optimizations, Raman, and ROA spectra
calculations were performed by using the B3LYP DFT functional [47,48]
accounted for the Grimme’s DG3 dispersion correction [49], the
def2TZVP [50,51] or 6-31G** [52] basis sets applied for (1:1) or (3:3)
clusters, and the implicit PCM(benzonitrile) solvent model [53,54]. The
stationary structures were found by ascertaining that all of the harmonic
frequencies were real. The relative abundances calculated on the SCF or
Gibbs free energies (at room temperature) were referred to the value of
the most stable system. The spectra were assumed to have Lorentzian
shapes with 7 cm™! half-width at half-peak height. The intermolecular
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Fig. 1. ROA spectra of both 2,2,2-trifluoro-1-phenylethanol (TFPE), 1-phenyl-
ethanol (PE), and 1-phenylethylamine (MBA) dissolved in benzonitrile (BN)
in (1:1) molar ratio, as well as the Raman spectrum of pure BN.

interaction energies (AEj,) were calculated using the counterpoise
method [55] and corrected for the basis set superposition error at the
B3LYP-D3/def2TZVP level based on the B3LYP-D3/def2TZVP/PCM
geometries. All calculations were performed using the Gaussian 09
package of programs [56] and the structures were visualized using
GaussView [57]. The computational data were processed with the help of
the Tesliper software [58].

3. Results and discussion

The aim of this study was to observe the chirality transfer phenom-
enon by ROA spectroscopy. To this purpose, we registered the ROA
spectra of the (1:1) systems of benzonitrile with both enantiomers of
2,2,2-trifluoro-1-phenylethanol (TFPE), 1-phenylethanol (PE), and 1-
phenylethylamine (MBA) (Fig. 1). The chiral TFPE, PE, and MBA sol-
vents exhibited distinct abilities for intermolecular interactions and
especially the formation of hydrogen bond networks. The sole chiral
solvents were the molecules for which the first genuine ROA spectra
were measured in the early 1970 s [59-61]. Then, high-quality ROA
spectra of MBA and PE were also reported [62,63], and they agreed well
with the spectra obtained in this study. However, a good ROA spectrum
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of TFPE has not been published until now (Figure S5). The chiral model
molecules are structurally similar: PE and MBA differ in the functional
groups in the ringside chain: OH vs. NHj, while TFPE and PE have the
same OH group but the methyl group in PE is replaced by the tri-
fluoromethyl one in TFPE (Scheme 1).

The Raman spectra of PE and MBA in the 2500-250 cm ™! range are
not very influenced by the exchange of the OH and NH, groups
(Figure S5). The 1650-1540 cm~! and 1050-980 c¢cm ! ranges are
almost the same, while minor changes can be detected only between
1400 and 1150 ecm ™! (Figure S5). However, altering the CHs with the
CF3 group significantly modifies the Raman spectra of PE and TFPE
particularly below 900 cm™! (Figure S5). The ROA spectra of chiral
MBA and PE solvents also exhibit several similarities, while the spectra
of TFPE are noticeably different in the entire spectral range.

The Raman v(CN) band of BN dissolved in PE and MBA is positioned
at 2232 cm ™! - the same position as in pure BN (Fig. 1 and S6). A slight
blue-shift of v(CN) from 2232 to 2234 cm ! is observed in the Raman
spectrum of BN dissolved in TFPE (Figure S6). The v(CN) band in ROA
spectra registered for BN solutions in (R)-TFPE and (R)-PE is positioned
at 2234 and 2233 cm ™! respectively (Fig. 1). The v(CN) band is negative
for both (R)-TFPE and (R)-PE while positive for (R)-MBA. This peculiar
difference in signs was confirmed in several repeated ROA measure-
ments to ensure the reliability of the observed chirality transfer effect
(Figure S4). A slight imbalance between the mirror image of ROA v(CN)
bands was observed for TFPE-BN and PE-BN mixtures: the positive
bands were higher in intensity than their negative counterparts (Fig. 1).
We have measured the ROA spectra of achiral benzonitrile several times
to ensure the v(CN) band artifact was not accidentally positive
(Figure S6). The positive ChT ROA 1(CN) bands of higher intensity
registered for mixtures resulted from benzonitrile artifact and chirality
induced signals overlapping. It could happen that, using for example a
different setup of the spectrometer, a real ChT band would be dominated
by the oppositely directed solvent artifact, and finally, the ChT band sign
would be inverted to a wrong value. However, no mirror image ChT
pattern would be obtained for enantiomers in such a case. The fact that
V(CN) band of BN is observed and that it is reflected as a mirror image
when the enantiomeric form of the solvent is changed, definitely con-
firms the presence of the chirality transfer effect in the ROA spectra.

Presence of BN in the chiral TFPE, PE, and MBA solvents modify the
Raman spectral pattern at ca. 1600 cm ™), as well as in the ranges be-
tween 1250 and 1140 cm ™! and below 900 cm ™ *. On the other hand, the
ROA signals at ca. 1600 cm ™! and 1000 cm ™! seem to be mostly artifacts
originating from the strong polarized Raman bands of both achiral
benzonitrile and chiral compounds, which probably dominate over the
intensity of the possible signals due to the chirality induction.

Now, consider the BN-chiral solvent systems from computational
point of view. The addition of benzonitrile to 2,2,2-trifluoro-1-phenyle-
thanol, 1-phenylethanol, and 1-phenylethylamine solvents perturbs
their hydrogen bond networks, first of all by competing in the hydrogen
bonds in the role of hydrogen bond acceptor. Therefore, the energy of
the binary solvent-solvent interactions compared to the binary sol-
ute—solvent interactions is crucial. The higher the binary solute-solvent
interactions, the more pronounced effect on the ROA spectra is expected.
However, binary interactions yield only the first approximation of the
real systems and cannot explain all the details that may happen in the
systems. First, consider the stabilization energy of the binary BN-chiral
solvent systems. Estimating the stabilization energy for the BN (1:1)
complexes with flexible TFPE, PE, and MBA molecules requires calcu-
lations of all conformations of the (1:1) complexes. MBA, PE, and TFPE
molecules have different abilities for hydrogen bonding and accompa-
nying interactions: the NHy group is an electron donor group, the OH
group is mostly a proton donor group, while the CF3 one (an efficient
electron-withdrawing group [64]) makes the OH group in TFPE more
acidic than in PE. As a result, the strongest interactions with the proton-
accepting CN group were expected to occur in TFPE, while the weakest -
in MBA. Potentially, benzonitrile has three proton accepting sites: first of
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Fig. 2. The selected (1:1) (R)-TFPE-BN (top), (R)-PE-BN (middle), and (R)-MBA-BN (bottom) complexes followed by the SCF populations (Gibbs values in paren-
theses), interaction energies (AE;,, kcal/mol) and the intermolecular CN---OH or CN---NH, bond lengths. The relationship of the complex structures with the in-

tensities of the ROA chirality transfer v(CN) band (10* K) is indicated in the last line. Calculations were performed at the B3LYP-D3/def2TZVP/PCM level.

all the lone electron pair at the CN nitrogen atom, but also the triple
bond of the CN group, and the = electrons of the phenyl ring. Further-
more, hydrogen atoms in the BN ring may interact forming weak C-H:--x
hydrogen bonds [65]. However, in all calculated (1:1) complexes,
hydrogen bonds were formed between the CN group and the OH or NH;,
groups (Fig. 2 and S7-S9). Nevertheless, most structures were addi-
tionally stabilized by the n---n or CH---n interactions. Notice that BN
adopted two geometries, parallel (prl) or perpendicular (perp), with
respect to the ring of the chiral molecule. Stabilization energies of the
TFPE-BN and PE-BN complexes strongly depended on whether the SCF
or Gibbs free energies were considered (Tables S2 and S3). The SCF
level, at which the systems are minimized, favoured structures with the
CNeeeHO hydrogen bonds accompanied by the n---x or CH---m in-
teractions. Such structures accounted for ca. 90% of both TFPE-BN and
PE-BN systems (Tables S2 and S3). On the other hand, the Gibbs en-
ergies indicated the high percentage of structures with solely linear HB-
bonds accounted for ca. 50% and 30% in the TFPE-BN and PE-BN
complexes, respectively (Tables S2 and S3).

The interaction energy averaged over the population unequivocally

Table 1

Position of the ROA chirality transfer v(CN) band (freq, ecm™Y), its intensities
(ROA, 10* K), and interaction strength (AE;y, kcal/mol) calculated for the (1:1)
intermolecular complexes studied as average over the SCF or Gibbs free energy
population factors at the B3LYP-D3/def2TZVP/PCM level.

SCF Gibbs

freq” ROA AEint freq* ROA AEint
(R)-TFPE-BN 2324.2 391.7 —10.03 2333.3 951.3 —-8.73
(R)-PE-BN 2323.0 —309.8 —8.90 2324.5 —255.7 —7.81
(R)-MBA-BN 2322.8 —41.8 —6.94 2322.5 —138.5 —6.34

* the calculated sole benzonitrile v(CN) band position is 2322.9 cm L

indicated that the interactions were the strongest for TFPE, medium for
PE, and the weakest for MBA (Tables 1 and S2-54). Noticeably, the po-
sition of the population-averaged chirality transfer v(CN) band behaved
similarly as observed in the experimental spectra. It was quite the same
for MBA and PE, while slightly blue-shifted for TFPE. However, the SCF
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energy averaging suggested a blue-shift of ca. 1 cm™! while the Gibbs
free energy averaging was ca. 10 cm ™! (Table 1). On the other hand, the
position of the v¥(CN) band remained practically unchanged for MBA and
PE (Table 1).

The computational ROA intensities of the chirality transfer v(CN)
band of (1:1) complexes, whether SCF or Gibbs free energy averaged,
mostly disagree with those found experimentally (Table 1, Figures 1
and S10). The computations suggest that the v(CN) band is positive
when BN is dissolved in TFPE, while it is negative for PE and MBA,
whereas experimental spectra show the negative band for both TFPE and
PE while it is positive for MBA. Notice that the v(CN) band sign strongly
depend on the mutual orientation of two aromatic rings (Fig. 2 and
Tables S2-S4). We also considered larger (3:3) clusters; however, these
calculations did not reproduce the v(CN) band sign of the TFPE-BN
system as well (Figures S12-S15, Tables S$5-S7). On the other hand,
the results shed some light on the probable explanation of unexpected
differences in the v(CN) band sign observed for the MBA-BN system. The
NH; group, an electron and proton donor, can interact simultaneously
with one or more benzonitrile molecules, other MBA molecules, or both
of them (Figure S15). Thus, the net of intermolecular interactions pre-
sent in the MBA-BN system is different than for the chiral molecules with
the OH group (Figures S13-S15). In fact, in real systems much more
complicated clusters of interacting molecules occur. In the future, we
plan to perform molecular-dynamic calculations for a better description
of the bonding networks in which both the hydrogen bond and = in-
teractions take place. However, such a task was beyond the scope of this
study.

4. Conclusions

In this study, we observed the ROA chirality transfer manifested by
presence of the v(CN) band of achiral benzonitrile dissolved in both
enantiomers of 2,2,2-trifluoro-1-phenylethanol (TFPE), 1-phenylethanol
(PE), and 1-phenylethylamine (MBA). Several ROA measurements were
performed to ensure the reliability of the observed effect. To our
knowledge, this is the first observation of the ROA chirality transfer with
the mirror image pattern of the observed ROA ChT band.

The benzonitrile’s v(CN) Raman band was placed at ca. 2232 cm tin
PE and MBA. A slight blue-shift of v(CN) was observed for BN dissolved
in TFPE. The (1:1) complexes of BN with TFPE, PE, and MBA calculated
at the DFT level revealed the most important role of the hydrogen bonds
formed between the CN group and the OH or NH; groups. Most struc-
tures were also stabilized by the n---r or CH---x interactions. The inter-
action strength changed in the TFPE > PE > MBA order. The population-
averaged ROA chirality transfer v(CN) band position fairly matched the
experimental behaviour. For the PE-BN and MBA-BN systems, the ob-
tained v(CN) ROA band sign matched the measured one when the (3:3)
chiral/achiral BN clusters were considered. We showed that the v(CN)
band sign strongly depended on the mutual orientation of two aromatic
rings, thus, better description of the bonding networks in which both the
hydrogen bond and n-r interactions take place is required. Such a task
was beyond the scope of this study, however, it is believed the ROA
chirality transfer will become a recognized method in physicochemical
studies of intermolecularly interacting systems.
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