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The VCD spectra of several chiral compounds containing the CF3 group are reviewed and analyzed. The list

of compounds contains pharmaceutically relevantmolecules as well as simplemodel molecules, having the

value of case studies. In particular we point out the importance of the sign of the VCD band relative to some

stretching normal mode of CF3 in the region 1110–1150 cm�1, as diagnostic of the configuration of

stereogenic carbons C* to which the CF3 group is bound: the correspondence (�) 4 (R) and (+) 4 (S)

holds for 100% of 1-aryl-2,2,2-trifluoroethanols. DFT calculations confirm these conclusions, but for the

rule established here they serve just as a check. This rule is tested on two new compounds, namely N-

tert-butanesulfinyl-1-(quinoline-4-yl)-2,2,2-trifluoroethylamine, 8, and 4-[2-(2,2,2-trifluoro-1-

hydroxyethyl)pyrrolidin-1-yl]-2-(trifluoromethyl)benzonitrile, 10, both containing two stereogenic

elements, one of them being an asymmetric carbon C* of unknown configuration binding a CF3 group.

Discussion of the general validity of the rule is provided and some further tests are run on compounds in

well-established drugs.
Introduction

Fluorine is a special atom, sharing some properties with the
hydrogen atom (valence, size) but differing signicantly in
some others, so that, when it is used to replace H, it may
change to an important degree some molecular properties,
while still preserving or mimicking the minimal steric bulki-
ness of H and its binding properties. This may justify its large
use in medicinal chemistry and in designing new drug mole-
cules.1 Spectroscopic data help to understand the main
chemico-physical properties we are alluding to. Table 1
reports the comparison of observed C–F frequencies (nC–F), IR
integrated intensities of the CF-stretching mode(s) (A),2–9 the
Atomic Polar Tensor (APT) characteristics of the uorine
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hemistry 2019
atom, recently studied more thoroughly by updated
methods,10–12 and bond lengths rCF in simple uorine-
containing molecules.

Data for methane and chloromethane have been added for
sake of comparison. For clarity's sake we recall the denition of
Atomic Polar Tensor (APT) for atom X3 (particularly referenced
to X ¼ F):

vmx

vxX

;
vmx

vyX
;
vmx

vzX

vmy

vxX

;
vmy

vyX
;
vmy

vzX

vmz

vxX

;
vmz

vyX
;
vmz

vzX

where mx, my, and mz are the Cartesian components of the
molecular electric dipole moment and xX, yX, and zX are the
Cartesian components of the X-atom displacements. Data in
Table 1 lend themselves to some considerations. First, while the
values of nCH and nCCl fall outwardly the spectroscopic ranges
crowded with other modes, (column 2) the C–F stretching
frequency, nCF, falls in a quite populated spectroscopic region
and consequently couples with several other vibrational modes,
so that the inuence of uorine ranges from 1000 to 1500 cm�1.
Second, the IR-absorption intensity associated with CF-
stretching is larger than those of either C–H or C–Cl stretch-
ing in methane or other methyl halides, like chloroform
(column 3), the same happens for C–Br and C–I stretching in
RSC Adv., 2019, 9, 11781–11796 | 11781
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Table 1 Important parameters from IR spectroscopy of molecules containing CF bonds. Analogous characteristics for reference molecules are
reported for comparisona

Compound (ref.) nCX (cm�1) A (km mol�1) pAv (e) b (e) c (e) rCX (Å)

CH4 (
4) 3019 69.7 �0.004 0.670 0.019 1.090

CH3Cl (
5) 738 23.4 �0.268 0.175 0.298 1.780

CH3F (3 and 6) 1063 96.3 �0.479 0.605 0.557 1.382
CH2F2 (

3 and 7) 1090, 1111 311.9 �0.488 0.640 0.574 1.351
CHF3 (

3 and 8) 1150 (n2 + n5) 626.8 �0.505 0.670 0.595 1.332
CF4 (

3 and 9) 1280 1080.0 �0.512 0.410 0.547 1.329

a nCX (cm
�1) ¼ observed IR frequency values; A (km mol�1) ¼ observed IR intensity values; pAv (e) ¼ average value of the Atomic Polar Tensor (APT)

for F atom (or for H in CH4, or for Cl in CH3Cl). First (Linear) invariant of APT; b (e)¼ anisotropy (second (quadratic) invariant) of APT for F atom (or
for H in CH4, or for Cl in CH3Cl). c (e) ¼ third (cubic) invariant of APT for F atom (or for H in CH4, or for Cl in CH3Cl). rCX (Å) ¼ equilibrium bond
length for CX bond (X ¼ F or H in CH4, or for Cl in CH3Cl). [e ¼ charge of the electron.]
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analogous circumstances. Moreover, by adding one CF at
a time, from CH3F to CH2F2, to CHF3 to CF4 the intensity does
not increase by the same amount, but an increasing gradient
can be noticed, namely by 216 km mol�1 from CH3F to CH2F2,
by 315 km mol�1 (+99 km mol�1 for gradient) from CH2F2 to
CHF3, and by 453 km mol�1 (+138 km mol�1 for gradient) from
CHF3 to CF4, that turns out into an in increasing values for APT
invariants. Third, let us indeed consider in column 4 of Table 1
the mean dipole moment derivative with respect to F-
displacements, pAv(F):

pAvðFÞ ¼ vmx

vxF

þ vmy

vyF
þ vmz

vzF
;

the anisotropy (column 5, Table 1):

b2ðFÞ ¼ ð1=2Þ
"�
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þ
�
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!#

and the effective charge c(F) (column 6), whose square is
dened as 1/3 the trace of the APT square of uorine atom; it
should be noted that pAv(F), b(F) and c(F) are invariant with
respect to Cartesian axes choice. Not only the charge of the
uorine atom is ca.�0.5e and it increases in going fromCH3F to
CF4 with negative sign (as experimentally determined13–15), but
uorine exhibits also a large anisotropy, that means a large
Table 2 Comparison of calculated and experimental CF-stretching freq
CH2F2, CHF3 and CF4

a

Compound nCF (cm
�1) observed nCF (cm

�1) calcula

CH3F (3 and 6) 1063 1043
CH2F2 (

3 and 7) 1090, 1111 1067, 1103
CHF3 (

3 and 8) 1150 1129, 1130
CF4 (

3 and 9) 1280 1247

a Calculations run by use of Gaussian09:22 computational level B3LYP/TZV

11782 | RSC Adv., 2019, 9, 11781–11796
polarizability and a propensity to form hydrogen bonding.12 All
these properties have been veried through DFT. In Table 2 we
compare our own DFT calculated fundamental C–F stretching
frequencies and the corresponding IR absorption intensities
with the corresponding observed experimental data in the gas
phase. Interestingly, irrespective of the fact that anharmonicity
(neglected here) generally has the effect of decreasing their
values, calculated frequencies are smaller than the observed
ones, while the opposite happens for the intensities. In any case
frequency values differ from the observed ones by 5% at most,
while IR intensities by ca. 10%.

Fourth point, but not the least, the length of the CF bond is
progressively shorter as the number of C–F bonds (7th column
in Table 1). This means a stronger C–F bond, which parallels the
increasing value of nCF and increased effective charge value as
well. From all the above properties, especially the large anisot-
ropy, the presence of uorine atoms is expected to affect the
VCD spectra of organic molecules to a greater extent.

VCD is a technique,16–18 which, in conjunction with density
functional theory (DFT) calculations, has emerged in the last 30
years as a powerful tool to investigate chiral molecules.19–22

Usually, it is applied together with other chiroptical techniques,
like electronic circular dichroism (ECD) or optical rotatory
dispersion (ORD).23,24

In this review we focus our attention onto a particular class
of molecules bearing the CF3 group bound to a stereogenic
carbon. The introduction of a CF3, into a structure of potentially
bio-active compound, is an established paradigm in themodern
medicinal chemistry and drug-design.25–27 Its use in medicinal
chemistry dates almost a century, although the research became
uencies and of infrared intensities for fundamental transitions in CH3F,

ted A (km mol�1) observed A (km mol�1) calculated

96.3 111
89.5 + 230.4, S ¼ 319.9 110 + 265, S ¼ 375
S ¼ 626.8 110 + 642, S ¼ 752
1080 1362

P (see also Table 1).

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01358j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

12
:3

7:
36

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
evermore intensive since the half of the past century. The tri-
uoromethyl group is oen used as an isostere of iodine or an
isopropyl group,28 bringing, however, the benecial properties
of uorine. This is why it can be found in several agrochemicals,
and patent drugs, encompassing Efavirenz, a HIV reverse tran-
scriptase inhibitor; Beoxatone, a reversible inhibitor of
monoamine oxidase A; Bitopertin, a glycine reuptake inhibitor;
Ligandrol, for treatment of muscle wasting and osteoporosis;
Mapracorat, an anti-inammatory drug. In those drugs a CF3
group was added bound to a stereogenic carbon, and some of
them were studied by VCD in a recent comprehensive paper.29

We feel that VCD is a privileged technique particularly suit-
able for the recognition of molecules containing CF3, since
there is no specic electronic chromophore associated with this
group to make the ECD technique competitive. Finally, we also
surmise that some information may be gathered from VCD
spectra about the interaction of the CF3 group with the molec-
ular environment and this may be tied up with pharmacological
properties of some drugs.

We shall consider the VCD spectra of some molecules con-
taining CF3 groups, studied so far by this technique: from Table
1 we learn that the absolute value of the uorine atomic charge
in the CF3 group, as well as its anisotropy, are the highest
among the uorinated groups. The molecules whose VCD data
will be discussed here, are depicted in Scheme 1, and are clas-
sied as follows: group A, previously studied pharmacologically
important molecules (1 and 2); group B, previously studied
molecules (3–7), exhibiting some relevant chiroptical and
hydrogen bond properties established through VCD, IR spec-
troscopies and DFT calculations; group C, novel compounds (8
Scheme 1 Examples of CF3-containing molecules, whose VCD was a
molecules (1, 2); line (B) prototypical CF3-containing molecules (3–7) for
and 9) containing a CF3 groups at a chiral carbon and a stereogenic sulfu
pyrrolidin-1-yl)-2-(trifluoroMethyl)benzonitrile (10), the configuration of

This journal is © The Royal Society of Chemistry 2019
and10) studied by VCD here for the rst time, plus a congener of
8, namely 9, which had been previously studied.30 The latter
three compounds exhibit two stereogenic centers: in the sul-
namides 8 and 9 one stereocenter is the sulfur atom of a sulf-
oxide group of known AC and the additional stereogenic carbon
binds a CF3 group.
Experimental

All data referring to the molecules 1–7 in Scheme 1 is from the
literature. They are presented here and re-discussed in order to
nd a “l rouge” binding several different instances.

Data for stereoisomeric N-tert-butanesulnyl-1-(quinoline-4-
yl)-2,2,2-triuoroethylamines (8) (Scheme 1) are fully com-
mented in the present work for the rst time, since the
synthesis and properties thereof had never been investigated,
while its “sister” molecule 9 was already studied in a previous
work.30 Diastereomeric (X,RS)- and (Y,RS)-N-tert-butanesulnyl-
1-(quinoline-4-yl)-2,2,2-triuoroethylamine (8) were obtained
from the addition of 4-lithioquinoline to N-tert-butanesulnyl-
triuoroacetaldimine according to the following Scheme 2.

tert-Butyllithium (1.63 M in hexanes, 3.00 mL, 4.89 mmol)
was added drop-wise in 5min to a solution of 4-bromoquinoline
(1.00 g, 4.81 mmol) in diethyl ether (22 mL) at �100 �C. Aer
90 min stirring at the same temperature, a solution of (R)-N-tert-
butanesulnyltriuoroacetaldimine (1.00 g, 4.97 mmol) in
diethyl ether (3 mL) was added, and the reaction mixture was
stirred further for 90 min. The cold bath was removed and the
temperature was allowed to rise to 25 �C before brine (25 mL)
was added. The organic phase was separated and extracted with
lready studied or is under study. Line (A) pharmacologically relevant
which extensive VCD studies were conducted; line (C) sulfinamides (8
r of known configuration. 4-((R)-2-((S)-2,2,2-Trifluoro-1-hydroxyethyl)
which is determined here.

RSC Adv., 2019, 9, 11781–11796 | 11783
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Scheme 2 Synthesis of (X,RS)- and (Y,RS)-N-tert-butanesulfinyl-1-
(quinoline-4-yl)-2,2,2-trifluoroethylamine.
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View Article Online
diethyl ether (3 � 25 mL), the collected organic phases were
dried over Na2SO4 and the solvent was evaporated at reduced
pressure. The remaining consisted mainly of a mixture of two
diastereomeric products in 8 : 2 molar ratio as determined by
19F NMR analysis. Chromatography on silica gel (eluent
mixture, diethyl ether/ethyl acetate ¼ 7 : 3) allowed to separate
a white solid (1.03 mg; 65%), mp > 250 �C as the rst eluted
product exhibiting the following analytic and spectroscopic
characteristics.

(X,RS)-N-tert-Butanesulnyl-1-(quinoline-4-yl)-2,2,2-triuoro-
ethylamine [(X,RS)-8]. white rhombic crystals,: mp > 250 �C,
[a]24D ¼ +85 (c ¼ 0.5, CH3OH). 1H NMR d 9.03 (d, J ¼ 4.6 Hz, 1H),
8.25 (d, J ¼ 8.5 Hz, 1H), 8.14 (d, J ¼ 8.6 Hz, 1H), 7.83 (t, J ¼
8.1 Hz, 1H), 7.70 (t, J ¼ 8.2 Hz, 1H), 7.65 (d, J ¼ 4.6 Hz, 1H), 5.80
(m, 1H), 4.13 (bd, J ¼ 4.1 Hz, 1H), 1.26 (s, 9H); 13C NMR d 149.6,
148.5, 137.9, 130.5, 130.0, 127.8, 126.6, 124.3 (q, J ¼ 280 Hz),
122.6, 121.3, 56.9, 55.4 (broad), 22.3 (3C); 19F NMR d�72.44 (bd,
J ¼ 7.1 Hz, 3 F). Elemental analysis, calcd for C15H17F3N2OS
(330.37): C, 54.53; H, 5.19; N, 8.48. Found: C, 54.71; H, 5.25; N,
8.37. The second eluted product was obtained as yellow thick oil
(0.26 g; 16%). (Y,RS)-N-tert-butanesulnyl-1-(quinoline-4-yl)-
2,2,3-triuoroethylamine [(Y,RS)-8, 16%]. [a]24D ¼ �201 (c ¼
0.5, CH3OH). 1H NMR d 9.00 (d, J ¼ 4.5 Hz, 1H), 8.25 (d, J ¼
8.1 Hz, 1H), 8.19 (d, J ¼ 8.5 Hz, 1H), 7.84 (t, J ¼ 7.9 Hz, 1H), 7.74
(t, J¼ 7.0 Hz, 1H), 7.61 (d, J¼ 4.5 Hz, 1H), 5.75 (quint, J¼ 6.7 Hz,
1H), 3.99 (d, J ¼ 6.4 Hz, 1H), 1.28 (s, 9H); 13C NMR d 149.3,
130.4, 130.2, 129.7, 128.2, 126.4, 125.7, 124.4 (q, J ¼ 280 Hz),
122.5, 119.6, 57.4, 55.5 (q, J ¼ 31 Hz), 22.3 (3C); 19F NMR
d �72.50 (d, J ¼ 7.2 Hz, 3 F). Elemental analysis, calcd for
C15H17F3N2OS (330.37): C, 54.53; H, 5.19; N, 8.48. Found: C,
54.64; H, 5.27; N, 8.54.

In the same way, diastereomeric (X,SS)- and (Y,SS)-N-tert-
butanesulnyl-1-(quinoline-4-yl)-2,2,3-triuoroethylamine were
obtained, in practically the same dr ratio and with satisfactory
yields, starting from 4-bromoquinoline and (S)–N-tert-butane-
sulnyltriuoroacetaldimine. Their spectroscopic characteris-
tics were identical to those reported above for (X,RS)-8 and
(Y,RS)-8, respectively. Elemental analysis, calcd for
C15H17F3N2OS (330.37): C, 54.53; H, 5.19; N, 8.48. Found, (X,SS)-
8: C, 54.53; H, 5.19; N, 8.48; (Y,SS)-8: C, 54.68; H, 5.27; N, 8.36.

IR and VCD spectra were performed in CDCl3 solutions (ca.
0.08 M) in 200 mm-path length BaF2 IR cells and registered with
a Jasco FVS-6000 apparatus, as the results of 5000 accumulated
and averaged scans. Subtraction of the solvent was carried out
both in the IR and in the VCD spectra, 4 cm�1 resolution was
kept. DFT calculations were carried out by the use of
Gaussian09, G09 for short;22 the MM analysis allowed a rst
screening of several conformers, then the use of the G09
module at the PBE0/TZVP/PCM(CH3Cl) level allowed to select 9
conformers for (R)-conguration arbitrarily assigned to the
C*(CF3) stereogenic carbon and 6 conformers for the (S)-
conguration. Rotational strengths were calculated through
G09, based on Stephens' algorithm, PCM approximation being
adopted. IR and VCD spectra were generated with a program
resident in the Jasco VCD soware package and compared with
the corresponding experimental data, assuming a bandwidth of
10 cm�1, and with constant scaling factor of 0.98. ECD and UV
11784 | RSC Adv., 2019, 9, 11781–11796
measurements were performed in acetonitrile solutions (ca.
0.005 M) in 0.1 mm quartz cuvette. ECD-UV calculated spectra
were treated with SpecDis.31

Compound 10, (4-[2-(2,2,2-triuoro-1-hydroxyethyl)
pyrrolidin-1-yl]-2-(triuoromethyl)benzonitrile) was bought
from Carbosynth, Gijanshu, China, and its integrity and struc-
ture was checked by NMR. We veried the compound to be
optically inactive, by measuring all chiroptical properties
available to us (OR, ECD and VCD). We thus attempted the
separation of its four expected stereoisomers by HPLC on
achiral and on chiral stationary phases. Chromatographic
analysis on either bare silica or reversed C18 stationary phases
always afforded a single, homogeneous peak. Chromatographic
analysis on a chiral stationary phase (Chiralpak IA, 250 �
4.6 mm column, eluent hexane/CHCl3 1/1, ow rate 1.0
mL min�1) gave two equally intense peaks, oppositely signed
when monitored by circular dichroism, with retention times of
17.9 and 20.3 minutes for the rst and second eluted, respec-
tively. The analytical separation was scaled up on a semi-
preparative column (Chiralpak IA, 250 � 10.0 mm column)
giving 12.4 mg of the 1st eluted species with e.e. ¼ 99.3%, and
13.8 mg of the second eluted one with e.e. ¼ 95.5%. OR values,
in chloroform solution, were measured at 589, 405 and 365 nm.
First eluted (c 0.14): +68.4 (589 nm), +296.4 (405 nm) and +584.6
(365 nm). Second eluted (c 0.138): �64.3 (589 nm), �250.3 (405
nm) and �510.8 (365 nm). Taken together, chromatographic
and polarimetric data indicate that compound 10 is a single
diastereoisomer with racemic composition, either (R,S)/(S,R) or
(R,R)/(S,S).

IR and VCD spectra of 10 were measured with the same
apparatus and cell as for 8. The same computational protocol
described above was followed, assuming either (R,R) or (R,S) as
the congurational options, the second stereogenic center
referring to the CF3-bearing carbon. For both options we
considered all conformers, details are reported in the next
This journal is © The Royal Society of Chemistry 2019
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section. In addition, a similarity analysis was also carried out.
For the carbinol 10 calculations were effected using the func-
tional M06-2X, as suggested recently by Kreienborg and
Merten.32 Finally, in order to further strengthen our assign-
ment, ECD spectra were also recorded with a Jasco 815SE
instrument using ca. 0.0045 M acetonitrile solutions in 0.1 mm
quartz cuvette. The conformer distribution was inferred from
the B3LYP/TZVP/PCM (acetonitrile) and calculated ECD spectra
from the CAM-B3LYP/TZVP/PCM (acetonitrile).
Discussion

The polyhalogenated ether 1 (Isourane®) is a widely used
anesthetic33 and the diamide 2 (Fluralaner®) is used in veteri-
nary medicine.34 Of course, they are not the only CF3 containing
drugs submitted to VCD investigations,35,36 but, as far as we
Fig. 1 Left: VCD (top) and IR experimental and calculated spectra of Iso
alaner, 2.34 (Please notice that the wavenumber scales are in reversed or

This journal is © The Royal Society of Chemistry 2019
know, they are the rst and the latest, respectively, to be
investigated by this technique. In particular we would like to
point out the systematic and complete contribution of Pola-
varapu and collaborators, who, at the offset of the VCD-DFT
approach, established not only the absolute conguration
(AC) of isourane, but also that of desurane and 1,2,2,2-tet-
rauoroethyl methyl ether by discussing also their relationship
with 1-methoxytetrauoropropionic acid, another anesthetic of
the same family.37–39 The VCD and IR spectra of isourane and
uralaner are reported on the le and on the right, respectively,
of Fig. 1.

Though we do not intend effecting here a detailed analysis of
the spectra of the products in Fig. 1, we note that they exhibit
some important peculiarities, which are also present in the
model compounds 3–7 with which the VCD technique has been
tested for years. The rst consideration involves the most
flurane, 1.33 Right: VCD (top) and IR experimental spectra of (�)-Flur-
der in the two spectra.)

RSC Adv., 2019, 9, 11781–11796 | 11785
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intense IR doublet between 1100 and 1200 cm�1 in the spectra
of molecules 1 and 2, both exhibiting a negative-positive couplet
in their VCD spectra due to the antisymmetric and symmetric
C–F stretching modes of the CF3 group (see Table 1). The signed
character of VCD in this region gives to this couplet a relevant
diagnostic value for the assignment of the absolute congura-
tion at the stereogenic carbon bearing a CF3 group. Some
similarities appear also in the IR and VCD spectra in the range
1200 and 1400 cm�1, where methine (isourane) andmethylene
(uralaner) C–H bending modes are present.

The examination of the model compound 3–7 is motivated
by the search for common features in the IR and VCD spectra of
molecules containing CF3 groups. In Fig. 2 we juxtapose the IR
Fig. 2 IR and VCD experimental spectra of the enantiomers of both 2,2,2
mid-IR region; right: CH-stretching region. (Data from ref. 38, 40–42.)

11786 | RSC Adv., 2019, 9, 11781–11796
and VCD spectra of both the enantiomers of 2,2,2-triuoro-1-
pheylethanol 3, (top) and of 1-phenylethanol (bottom).

These spectra have been recorded and analyzed by several
authors. We report our own data for 2,2,2-triuoro-1-
pheylethanol in the mid-IR region,40 while data for 1-phenyl-
ethanol is from Polavarapu's work.38 Spectral data of 2,2,2-
triuoro-1-pheylethanol in the CH-stretching region are taken
from the classical work of Nae, Keiderling and Stephens,41 and
those for 1-phenylethanol is from the nice work of Pultz.42

Referring to the CH-stretching region, we notice that the IR and
VCD data of both 2,2,2-triuoro-1-pheylethanol, 3, and 1-phe-
nylethanol are fairly similar, that means uorine has little
inuence, if any, on the C–H stretching region; the VCD
-trifluoro-1-pheylethanol (3) (top) and 1-phenylethanol (bottom). Left,

This journal is © The Royal Society of Chemistry 2019
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spectrum is dominated by the C*–H stretching vibration, as
proposed by Nae and collaborators43,44 and veried by selec-
tively deuterated analogues,45 though there is a remarkable
dependence from the concentration. Unlike the CH-stretching
region, the mid-IR region is inuenced considerably by the
presence of the CF3 group: overall, in that region the intensity is
increased, as expected on the basis of the data of Tables 1 and 2.
We also notice that the CF3-symmetric and antisymmetric
stretching normal modes contributing to the IR and VCD bands
at ca. 1130 and 1180 cm�1 are degenerate for CHF3 and are
observed at �1150 cm�1 (Tables 1 and 2); the degeneracy is
relieved by the interaction with adjacent groups, in particular
with the polar OH-group competing with the electron-rich
phenyl moiety. The IR intensity of the two components is
much higher than that of all the other bands and the spectrum
of 2,2,2-triuoro-1-pheylethanol contains VCD bands which are
stronger than those of 1-phenylethanol. In general, the VCD
spectrum of 2,2,2-triuoro-1-pheylethanol is quite different
from that of 1-phenylethanol (see Fig. 2). No doubt, the pres-
ence of the CF3 group contributes substantially to increase the
intensity of the VCD spectrum as a whole and it is easy to give
a clear diagnostic value for AC assignment to the clearly dened
and intense feature (at �1130 cm�1) nearby the observed CF3-
symmetric stretching frequency in CHF3 (�1150 cm�1). Namely,
it has a negative sign for the (�)-(R) enantiomer and a positive
sign for the (+)-(S) enantiomer. On the contrary, the feature at
ca. 1180 cm�1 is weaker, and the sign is opposite to that of the
other CF3-stretching component (Fig. 1). The new peculiar
aspect of these two VCD bands ascribed to CF3-stretching
normal modes, which is different from the perfectly bisignated
aspect of Fig. 1, is due to the surrounding groups: the CF3 group
attracts intramolecularly6,40,46 the OH group and competes
effectively with the adjacent phenyl group; the propensity of CF3
to form H-bonding has a nice counterpart in the anisotropic
character of the F-atom APT obtained through IR intensity
analysis and evidenced in Table 1. In addition, the VCD inten-
sication noticeable also in the rest of the spectrum at higher
wavenumbers, in particular the broad and intense couplet
between 1260 and 1430 cm�1, takes on some diagnostic value
for the conguration assignment.

Similar phenomena are observed for other carbinols having
the CF3 group bound to the a carbon. Fig. 3 shows the VCD and
IR spectra of three chiral aryl (triuoromethyl)carbinols, with
the aryl group being phenyl (3), anthryl (4) and [2.2]
paracyclophan-4-yl (5 and 6).40 In the rst two cases the band
at ca. 1130 cm�1 is intense in IR and VCD and exhibits a nega-
tive VCD sign for the (�)-(R)-enantiomer and the positive sign
for the (+)-(S)-enantiomer. In the case of 2,2,2-triuoro-1-(anthr-
9-yl)ethanol the IR band is split and the VCD band is centered at
�1100 cm�1 and its value appears indisputable for AC assign-
ment. The VCD component at higher wavenumber
(�1200 cm�1), attributed to the other CF3-stretching compo-
nent, is much weaker, though still intense in the IR, and
exhibits the reversed sign with respect to the symmetric
component; its value is less important for AC assignment
compared with the lower frequency CF-stretching band. Even
the very broad VCD band centered at �1300 cm�1 shows the
This journal is © The Royal Society of Chemistry 2019
same sign in the two molecules and thus is related to AC only,
namely, it is positive for the (�)-(R)- and negative for the (+)-(S)-
enantiomer.

The case of 2,2,2-triuoro-1-([2.2]paracyclophan-4-yl)ethanol
5 is slightly more complex, since the [2.2]paracyclophan-4-yl
group adds a new stereogenic element, namely the planar
chirality of paracyclophane moiety. We demonstrated how
much the planar chiral paracyclophane moiety can help the AC
assignment at the stereogenic carbon bound to it.40 In this case,
VCD proved to be more effective than NMR in the AC assign-
ment, which was further conrmed by X-ray. The VCD band at
�1100 cm�1 containing the low-energy CF3-stretching normal
mode is negative for (Rp,R) conguration, though with small
intensity (bottom le in Fig. 3) and corresponds to (�) optical
rotation. In the case of carbinol (Sp)-5, the VCD band at ca.
1100 cm�1 containing a low-energy CF3-stretching normal mode
is more representative; it is negative for (Sp,R) AC (bottom right
part of Fig. 3), it is quite intense and corresponds to (+) optical
rotation. Here the 1100 cm�1 VCD band is Occam's resolving
criterion for AC assignment to an ArC*H(CF3)OH system; in the
previous case the criterion is still applicable, though the VCD
band is weak. Ultimately, this is due to different interactions of
the CF3 group with the neighbouring groups because of the
different planar chirality.40 Other intense VCD bands may be
useful for AC assignment, especially those at �1250 cm�1, due
the C–F intensication phenomenon discussed above; it might
be observed that the C–F stretching band frequency
(�1250 cm�1) is close to the value observed for the C–F
stretching of CF4 (Tables 1 and 2) the latter may be considered
the upper limit of inuence of C–F stretching on the IR and VCD
spectra.

Now let us consider CF3 in a quite different chiral envi-
ronment. Fig. 4 shows the IR and VCD spectra of two closely
related [2]paracyclo[2](5,8)quinolinophane derivatives of
opposite planar AC, namely, (Rp)-2,4-dimethyl-[2]paracyclo
[2](5,8)quinolinophane [(Rp)-11] and (Sp)-2-methyl-4-
(triuoromethyl)-[2]paracyclo[2](5,8)quinolinophane [(Sp)-7].
Apart from the different planar conguration, in the latter
molecule a CF3 group replaces CH3 in the 4-position. It was
pointed out that AC of a large number of quinolinophane
derivatives is unambiguously dened by the (+,+,�) triplet
between 1600 and 1500 cm�1 associated with (Rp), and (�,�,+)
triplet associated with (Sp) conguration.47 This stands out
clearly also in Fig. 4.

However, while the VCD and IR spectra of the dimethylqui-
nolinophane (11) do not give any useful information below
1300 cm�1 (Fig. 4, le), the presence of the CF3 group (Fig. 4,
right) offers a number of additional pieces of information,
counting also two intense IR bands at 1170 and 1120 cm�1, due
to mixed normal modes including C–F stretching. A strong VCD
couplet is associated to the band at lower IR frequency, whose
lower component is negative. The fact that the negative sign is
associated with (Sp) planar chirality may be at odds with the
correspondence (�) 4 (R) for central chirality. This fact
deserves investigating. It is due to the contamination of CF3-
symmetric stretching with other modes of the quinolinophane
moiety.
RSC Adv., 2019, 9, 11781–11796 | 11787
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Fig. 3 Comparison of calculated VCD (lower part of each panel) and IR (top part of each panel) spectra of the (R)-enantiomers/diastereomers
with the corresponding experimental spectra of the (R) and (S) enantiomers of four chiral aryltrifluorocarbinols, aryl ¼ phenyl, 3 (top left), ¼
anthryl, 4 (top right), and ¼ [2.2]paracyclophan-4-yl, (Rp)-5 and (Sp)-5 (bottom left and right, respectively). Data from ref. 40. No scaling factor
applied.
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Before moving to the last part of this mini-review, we should
remind that remarkable work on CF3 containing molecules has
been carried out by Merten et al., by Monde et al. and again by
the Polavarapu group.48–52

The last part of this work focuses on two new cases of VCD
and IR spectra (compounds 8 and 10 of Scheme 1) with a special
attention to C–F stretching modes:

(a) The rst case is N-tert-butanesulnyl-1-(quinoline-4-yl)-
2,2,2-triuoroethylamine (8), which we consider together with
the previously studied 1-tert-butoxycarbonyl-3-{2-[(tert-butane-
sulnyl)amino]3,3,3-triuoropropyl}-1H-indole (9), both con-
taining a sulfoxide group with well-dened conguration at the
11788 | RSC Adv., 2019, 9, 11781–11796
sulfur atom and a stereogenic carbon bearing the CF3 group.
Whilst the chiroptical properties of indole derivative 9 were
extensively investigated in our previous work and the AC was
correctly assigned,30 for the quinolone 8, the conguration at
sulfur atom only is known. The two diastereomeric (X,RS)- and
(Y,RS)-N-tert-butanesulnyl-1-(quinoline-4-yl)-2,2,2-
triuoroethylamine compounds (8) (see experimental) were
separated by simple chromatography on silica gel. In order to
assign the AC to the stereogenic carbon of each diastereomer,
the same approach based on DFT calculations was adopted,
already employed in a previous work.30 However, owing to our
increased condence in handling chiroptical data and
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01358j


Fig. 4 Comparison of the IR and VCD experimental and calculated spectra of two closely related (Rp)-2.4-dimethyl-[2]paracyclo[2](5,8)-qui-
nolinophane [(Rp)-14] and (Sp)-2-methyl-4-(trifluoromethyl)-[2]paracyclo[2](5,8)-quinolinophane [(Sp)-7] (ref. 47).
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stemming from the considerations expounded above, at rst,
the interpretation of VCD was undertaken by looking at the
experimental spectra only. VCD, IR, UV and ECD spectra are
reported in Fig. 5; the spectra of each diastereomer having the
same conguration at the sulfur atom designated with (X,RS)-8
and (Y,RS)-8 are superimposed; IR, VCD UV and ECD spectra for
the respective enantiomers (Y,SS)-8 and (X,SS)-8 were also taken
for a double check.
This journal is © The Royal Society of Chemistry 2019
It should be noted that the UV and IR spectra of (X,RS)-8 and
(Y,RS)-8 are essentially the same, though they could be different in
principle, as for nonmeso-diastereomers. On the contrary, most of
the features of the VCD and ECD spectra are different and show
opposite sign, whichmakes them useful for AC assignment. Based
on the previous analysis of VCD feature associated to CF3-
symmetric stretching, a hypothesis of AC assignment can be
formulated as follows: in correspondence of the intense IR band at
RSC Adv., 2019, 9, 11781–11796 | 11789
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Fig. 5 Left: VCD (top) and IR (bottom) absorption spectra of N-tert-butanesulfinyl-1-(quinoline-4-yl)-2,2,2-trifluoroethylamine in CDCl3. Right:
ECD (top) and UV (bottom) absorption spectra of N-tert-butanesulfinyl-1-(quinoline-4-yl)-2,2,2-trifluoroethylamine in CH3CN. (X,RS)-8 (major
diastereomer) and (Y,RSO)-8 (minor diastereomer). Configuration at the sulfur is known, the products being prepared from (RS)-tert-butane-
sulfinyltrifluoroacetaldimine (RS)-14. The AC at the stereogenic carbon having to be determined.
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�1130 cm�1 (X,RS)-8 exhibits a negative broad doublet, indeed,
whereas (Y,RS)-8 exhibits a positive broad doublet almost enan-
tiomeric to the feature of (X,RS)-8. On the basis of the analysis of
the model compounds (3–7) we conclude that the negative feature
at 1130 cm�1 corresponds to (R) conguration and the positive
feature at 1130 cm�1 corresponds to (S) conguration; therefore,
the AC of stereomer (X,RS)-8 is (R,RS)-8, and that of stereomer
(Y,RS)-8 is (S,RS)-8. This is conrmed by applying themore rigorous
protocol based on DFT calculations19 and in tune with similar
compound 9.30 In accordance with that approach, we rst carry out
the conformational analysis of both (R,RS)- and (S,RS)-N-tert-
butanesulnyl-1-(quinoline-4-yl)-2,2,2-triuoroethylamine. Results
of such analysis are reported in Table 3.

Let us see now if full DFT and TD-DFT calculations provide
the same answer. Several conformers are fairly well populated,
though their population factors are different depending on
whether they are calculated on the basis of either DE or DG,
which means that large amplitude motions have a strong
inuence.53 In Table 3, the values of three important dihedral
angles 4, j and q, are reported: 4 denotes the dihedral angle
between F3C–C and N–SOtBu, j refers to the orientation of CF3
with respect to the aromatic moiety and q represents the
HNC*CF3-dihedral angle. In the most populated conformers,
CF3 is away from both the quinoline moiety and sulfoxide
group, whilst it tends to form hydrogen bond with amidic
proton NH. The comparison of the calculated VCD spectra of
(R,RS) and of (S,RS) with the superimposed experimental VCD
spectra of (X,RS)-8 and (Y,RS)-8 is provided in Fig. 6 (the top and
bottom part, respectively).
11790 | RSC Adv., 2019, 9, 11781–11796
We can see that the band at 1130 cm�1 (indicated with dia-
monds in Fig. 6) is associated with CF3 stretching and is diag-
nostic of the conguration of the stereogenic carbon and our
above hypothesis about the congurational assignment turns
out correct. However, it is worthwhile to notice that also the
(�,+) couplet at �1600 cm�1 (indicated with a square in the
spectra of Fig. 6), is diagnostic of C* conguration: DFT calcu-
lations show that both the VCD bands at 1130 cm�1 and at
1600 cm�1 contain a prevalent contribution from the C*H
bending (in Fig. 6 the normal modes for the most populated
conformers of (R,RS)- and (S,RS)-8 were considered). However, in
the former case C*H bending combines with CF3-low frequency
stretchings to a large extent, whereas in the latter case it does
not and the corresponding intensity is lower.

The usefulness of VCD and, in particular, of the proposed
empirical rule for the sign at �1150 cm�1 VCD band, in discrim-
inating diastereomer congurations is better illustrated in the
ESI,‡ where we provide more data for 8 and 9 and also the VCD
data for the four diastereomers of a recently synthesized molecule,
2-acetyl-N-(tert-butanesulnyl)-3-oxo-1-(triuoromethyl)
butylamine, obtained by Mannich-type addition of 1,3-dicarbonyl
compounds to chiral tert-butanesulnyltriuoroacetaldimines.54

(b) The second new case-study here is 4-[2-(2,2,2-triuoro-1-
hydroxyethyl)pyrrolidin-1-yl]-2-(triuoromethyl)benzonitrile,
10: indeed we received from Carbosynth Company an optically
inactive product, with unknown diastereomeric composition,
possibly a single diastereoisomer with racemic composition,
instead of the expected Ligandrol®, the stereomer of (R,R)
conguration. The chromatographic analysis of that product,
This journal is © The Royal Society of Chemistry 2019
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Table 3 Conformational analysis of (R,RS)- and (S,RS)-N-tert-butanesulfinyl-1-(quinoline-4-yl)-2,2,2-trifluoroethylaminea

Conformer DE (% pop) DG (% pop) 4 (�) j (�) q (�)

(R,RS)-N-tert-butanesulnyl-1-(quinoline-4-yl)-2,2,2-triuoroethylamine
a 0 (60.6) 0 (52.7) 167 82 48
b 1.10 (9.3) 0.73 (15.3) 131 53 �107
c 1.82 (2.8) 0.91 (11.3) 96 90 �37
d 1.01 (9.7) 0.96 (10.5) 138 65 �101
e 0.92 (12.8) 1.41 (4.8) 171 �102 53
f 1.92 (2.4) 1.77 (2.6) 78 35 �58

(S,RS)-N-tert-butanesulnyl-1-(quinoline-4-yl)-2,2,2-triuoroethylamine
Conformer DE (% pop) DG (% pop) 4 (�) j (�) q (�)
a 1.05 (6.8) 0 (32.5) �157 �89 73
b 1.00 (7.4) 0.06 (29.2) �137 �73 95
c 0.26 (25.7) 0.50 (14.0) �108 �89 16
d 0.60 (14.3) 0.59 (12.0) �97 �78 140
e 0 (39.8) 0.89 (7.2) �93 �24 140
f 1.43 (3.6) 1.37 (3.2) �99 102 138

a Dihedral angles 4, j and q (in degrees) are more precisely dened in the text and denote respectively the orientation of CF3 with respect to the
sulfoxide, to the aryl group and with respect to NH. DE and DG are expressed in kcal mol�1.
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performed on a chiral stationary phase, conrmed our
hypothesis. As it is easy to gather from the experimental VCD,
IR, ECD and UV spectra of the two eluted compounds shown in
Fig. 7, they are enantiomers, given also the opposite specic
Fig. 6 Comparison of VCD experimental spectra for (X,RS)- and (Y,
[(X,RS)- and (Y,RS)-8] with the corresponding calculated spectra of (R,RS)-8
Relevant VCD bands for AC assignment are evidenced and the underl
depicted.

This journal is © The Royal Society of Chemistry 2019
rotation values measured immediately aer the release of the
samples from the column (see Experimental).

As a further proof, the absorption spectra (UV and especially
IR) are identical, while the ECD as well as the VCD spectra are
RS)-N-tert-butanesulfinyl-1-(quinoline-4-yl)-2,2,2-trifluoroethylamine
and (S,RS)-8. The comparison allows to conclude that X¼ R and Y¼ S.

ying normal mode geometries, as calculated from Gaussian09,22 are

RSC Adv., 2019, 9, 11781–11796 | 11791
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Table 4 Conformational analysis of (R,R)-4-[2-(2,2,2-trifluoro-1-
hydroxyethyl)pyrrolidin-1-yl]-2-(trifluoromethyl)benzonitrile [(R,R)-
10] and (R,S)-4-[2-(2,2,2-trifluoro-1-hydroxyethyl)pyrrolidin-1-yl]-2-
(trifluoromethyl)benzonitrile [(R,S)-10]a

CONF DG % pop p a b g d

(R,R)-a 0.00 26.6 �27.0 �155.6 75.2 �6.2 2.7
(R,R)-b 0.08 23.3 �27.0 �156.7 75.2 170.0 2.7
(R,R)-c 0.47 12.0 �24.8 �159.9 152.1 �8.1 3.2
(R,R)-d 0.60 9.7 18.8 �168.0 81.0 �165.5 2.7
(R,R)-e 0.80 6.9 �24.7 �160.1 150.3 166.8 3.1
(R,R)-f 0.90 5.8 18.8 �167.6 80.4 9.4 2.7
(R,R)-g 1.05 4.5 �27.5 �156.4 �65.9 169.3 2.6
(R,R)-h 1.30 3.0 �27.7 �155.6 �65.5 �5.7 2.6
(R,S)-a 0.00 39.0 �30.6 �151.7 167.7 154.8 3.2
(R,S)-b 0.26 25.3 �30.3 �151.0 168.1 �17.4 3.2
(R,S)-c 1.05 6.7 �35.4 175.7 �71.4 �9.7 2.7
(R,S)-d 1.11 6.0 �35.2 177.0 �72.9 164.8 2.7
(R,S)-e 1.35 4.0 �31.2 �80.4 75.9 �8.8 2.7
(R,S)-f 1.38 3.8 �27.7 68.8 �69.2 173.6 2.6
(R,S)-g 1.49 3.2 �35.0 �146.9 73.9 175.6 2.7
(R,S)-h 1.50 3.1 �31.4 �80.9 76.4 165.9 2.7
(R,S)-i 1.53 3.0 �27.8 68.0 �69.8 �2.1 2.6

a Dihedral angles: pucker (p: NC1*CC), a: C(CF3)C2*C1*N, b:
HOC2*C(CF3), g: C1*NC(f)C(CF3) are in degrees, while the distance
dH(O)–CF3

(d) is in Å. Free-energies are expressed in kcal mol�1.
Signicant reported conformers cover ca. 95% of overall populations.

Fig. 7 Left: VCD (top) and IR (bottom) absorption spectra of the two eluted species of 4-[2-2-[1-2,2,2-trifluoro-1-hydroxyethyl]-1-pyrrolidinyl]-
2-(trifluoromethyl)benzonitrile, ligandrol, 10 in CDCl3. Right: ECD (top) and UV (bottom) absorption spectra of the two eluted species of 4-[2-2-
[1-2,2,2-trifluoro-1-hydroxyethyl]-1-pyrrolidinyl]-2-(trifluoromethyl)benzonitrile, ligandrol, 10 in CH3CN.
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denitely mirror images, within the limits of experimental
errors. It remains to be discovered whether the original sample
is a (R,R)/(S,S) or (R,S)/(S,R) racemic mixture. DFT calculations
help solving this dilemma and subsequently checking the above
simple empirical rule for the CF3-symmetric stretching mode is
valid. The free energy and corresponding population factors of
the main conformers of the carbinol 10 for the (R,R) and (R,S)
congurations respectively are reported in Table 4.

A large number of conformers is predicted for both the (R,R)
and (R,S) options, with evident small free energy difference.
Many of them arise from the rotation around the N–Ar bond: we
observe, indeed, that the conformers in Table 4 come in pairs of
almost equal free-energy value, one with the CF3 group con-
nected to the aromatic ring and in pseudo-cis relation with the
other CF3 group and the other pseudo-trans to it (cfr. the values
of the g dihedral angle in Table 4 for conformers a and b, c and
d etc.). The main difference between the (R,R) and (R,S) option is
that the two most populated conformers of the (R,R) stereomer
show the OH bond closer to the CF3 group with a presumable
hydrogen bond interaction, whereas, in the two most populated
conformers of (R,S) stereomer the OH is directed towards the
aromatic ring, as inferred from the angles b and the distance d.
The a angle, in most cases close to 180�, allows one to conclude
that the C2*–(CF3) and the C1*–N bonds are antiperiplanar trans
in most cases. The puckering dihedral angle is negative in most
cases, and this implies that the chiral group substituent of the
pyrrolidine ring is axial. The comparison of the calculated VCD
and IR spectra of the (R,R) and (R,S) congured molecules,
scaled in frequency by 0.97, with the corresponding experi-
mental spectra of the rst eluted compound is shown in Fig. 8.
11792 | RSC Adv., 2019, 9, 11781–11796
Visual inspection of the results in Fig. 8 seems to corroborate
the (R,S) conguration assignment to the rst eluted diaste-
reomer. However, in order to be more quantitative, and to test
the dependence from the scaling factor, we calculated for the
This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Left: comparison of calculated VCD (top) and IR (bottom) absorption spectra of (R,R)-10 with the corresponding experimental spectra in
CDCl3 for the first eluted compound. Right: comparison of calculated VCD (top) and IR (bottom) absorption spectra of (R,S)-10 with the cor-
responding experimental spectra in CDCl3 for the first eluted compound. In both cases 0.97 scaling factor was applied to the calculated spectra.
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VCD and IR spectra the similarity S.I. index55 and the Sim_NN
index,56 critically discussed also in ref. 17. Results in Table 5
show that the (R,S) assignment to the rst eluted sample we
proposed above is better than (R,R), since larger S.I. and
Sim_NN values are calculated for the former choice than for the
latter. The 0.97 scaling factor is optimal; from the same table we
infer, implicitly, that correlating to the experimental data of the
rst eluted compound the calculated VCD spectra of either the
(S,S) or (S,R) choice is wrong, since negative indexes would be
obtained in those case.
Table 5 S.I. and Sim_NN indexes for VCD and IR spectra calculated for (
the first eluted compound 10, as function of the scaling factor (value of

Isomer S.I.(1.00) S.I.(0.99) S.I.(0.98)
RR 0.24 0.22 0.33
RS 0.40 0.23 0.49
Isomer Sim_NN(1.00) Sim_NN(0.99) Sim_NN(0.9
RR 0.14 0.12 0.20
RS 0.23 0.12 0.30

Isomer S.I.(1.00) S.I.(0.99) S.I.(0.98)
RR 0.60 0.63 0.75
RS 0.59 0.64 0.78
Isomer Sim_NN(1.00) Sim_NN(0.99) Sim_NN(0.9
RR 0.39 0.41 0.52
RS 0.36 0.41 0.55

This journal is © The Royal Society of Chemistry 2019
A closer examination of the results in Fig. 8 induces us to pay
attention to the characteristic IR doublet at 1160 and 1140 cm�1

corresponding respectively to the CF3 antisymmetric and CF3
symmetric modes, respectively, somewhat coupled to other
vibrational modes. Noteworthy, the VCD band corresponding to
the latter component is positive for the rst eluted compound.
It is reassuring that the correspondence (R,S) 4 1st eluted
compound obeys the empirical rule we proposed in this work,
i.e. the VCD band of the CF3 symmetric mode is positive for the
(S) conguration of the stereogenic carbon; we also notice that
R,R)-10 and (R,S)-10 versus the corresponding experimental spectra of
the latter quantity reported in parenthesis)

VCD
S.I.(0.97) S.I.(0.96) S.I.(0.95)
0.04 0.13 0.21
0.69 0.27 0.24

8) Sim_NN(0.97) Sim_NN(0.96) Sim_NN(0.95)
0.02 0.07 0.11
0.49 0.15 0.13

IR
S.I.(0.97) S.I.(0.96) S.I.(0.95)
0.90 0.86 0.71
0.84 0.81 0.67

8) Sim_NN(0.97) Sim_NN(0.96) Sim_NN(0.95)
0.70 0.65 0.48
0.61 0.58 0.43

RSC Adv., 2019, 9, 11781–11796 | 11793
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Fig. 9 Left: comparison of calculated ECD (top) and UV (bottom) absorption spectra of (R,R)-10 with the corresponding experimental spectra in
CH3CN for the first eluted compound. Right: comparison of calculated VCD (top) and IR (bottom) absorption spectra of (R,S)-10 with the corre-
sponding experimental spectra in CH3CN for the first eluted compound. In both cases 20 nm red-shift was applied to the calculated spectra.
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this rule does neither imply nor require the OH and CF3 groups
originating a hydrogen bond interaction.

As a nal assessment of the just proposed assignment, let us
look at Fig. 9, where the calculated ECD and UV spectra of (R,R)-
10 and (R,S)-10 are compared with the experimental spectra of
the rst eluted compound. As described in the Experimental
section, calculations in the PCM approximation were run
keeping into account acetonitrile as the solvent; consequently
a somewhat different conformer distribution of the same
conformers of Table 4 was obtained. Fig. 9 suggests once again
to favor the (R,S) option over the (R,R). Thus we conclude that
what we had bought from Carbosynth was the racemic mixture
of (R,S)-10 and of (S,R)-10.
Conclusions

In this work we have reviewed the IR and VCD spectra of a set of
ca. ten representative chiral compounds containing the CF3
group, largely present in several important drugs, particularly,
aryltriuormethylcarbinols CF3–C*–H ArC*H(CF3)OH. The
literature includes about 20 of these cases and we propose here
an empirical rule to assign the absolute conguration, based on
the sign of a VCD band, which applies in most cases. Indeed the
band for the CF3-stretching, occurring at ca. 1150 cm�1, has
a quite intense IR and VCD band, whose sign is diagnostic of the
11794 | RSC Adv., 2019, 9, 11781–11796
conguration at the stereogenic carbon C*: (�) for (R) and (+)
for (S) conguration. The same bands have been investigated in
other molecular contexts. The above empirical nding, which is
somewhat independent on conformations, might prove quite
useful to the organic chemists, and is backed by DFT calcula-
tions. Exceptions to the rule might occur when the spectro-
scopic region around 1150 cm�1 is particularly congested with
other vibrational transitions, which couple with the low-energy
CF3-stretching, signicantly altering its interactions with the
surrounding groups and for this reason changing its VCD
response. The empirical rule was useful to assess the congu-
rational assignment of two new cases, namely N-tert-
butanesulnyl-1-(quinoline-4-yl)-2,2,2-triuoroethylamine and
4-[2-(2,2,2-triuoro-1-hydroxyethyl)pyrrolidin-1-yl]-2-
(triuoromethyl)benzonitrile. For the latter the use of VCD data
and in particular of the proposed empirical rule is efficacious in
helping one establish the absolute conguration to be either
(R,S) or (S,R) for a product which is on the market, while the
drug ligandrol®, with the same chemical formula, is claimed to
be (R,R).

Finally we wish to report that, while reviewing the existing
VCD literature for CF3-containing compounds, we realized that
quite a few such studies exist. Thus there is ample room for
future investigations of this sort, starting possibly from CF3-
substituted steroids, which have paved the way to chiroptical
This journal is © The Royal Society of Chemistry 2019
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techniques, as of the seminal studies by Djerassi,57 but have not
been sufficiently considered by VCD. Another ground to be soon
investigated should be the study of uorine based NMR shi
reagents, like Eu(fod)3.58
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31 T. Bruhn, A. Schaumlöffel, Y. Hemberger and G. Bringmann,
Chirality, 2013, 25, 243–249.

32 N. N. Kreienborg and C. Merten, Phys. Chem. Chem. Phys.,
2019, 21, 3506–3511.

33 P. L. Polavarapu, A. L. Cholli and G. Vernice, J. Am. Chem.
Soc., 1992, 114, 10953–10955.

34 J. Kong, L. A. Joyce, J. Liu, T. M. Jarrell, J. C. Culberson and
E. C. Sherer, Chirality, 2017, 29, 854–864.

35 T. B. Freedman, X. Cao, L. A. Nae, A. Solladié-Cavallo,
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