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The effect of fluorine substitution on chiral
recognition: interplay of CH� � �p, OH� � �p and
CH� � �F interactions in gas-phase complexes of
1-aryl-1-ethanol with butan-2-ol†

Alessandra Ciavardini,ab Flaminia Rondino,c Alessandra Paladini,d

Maurizio Speranza,b Simonetta Fornarini,b Mauro Satta*e and Susanna Piccirillo*a

The molecular diastereomeric complexes between R-1-phenyl-1-ethanol, S-1-(4-fluorophenyl)ethanol

and S-1-(2-fluorophenyl)ethanol and R and S-butan-2-ol, isolated under molecular beam conditions in

the gas phase, have been investigated by mass-selective resonant two-photon ionization (R2PI) and

infrared depleted R2PI (IR-R2PI). The comparison of the three systems allowed us to highlight the

significance of specific intermolecular interactions in the chiral discrimination process. The interpretation

of the results is based on theoretical predictions mainly at the D-B3LYP/6-31++G** level of theory. The

homo and heterochiral complexes are endowed with fine differences in intermolecular interactions,

namely strong OH� � �O, and weaker CH� � �p, OH� � �p, CH� � �F as well as repulsive interactions. The

presence of a fluorine atom in the para position of the aromatic ring does not influence the overall

geometry of the complex whilst it affects the electron density in the p system and the strength of

CH� � �p and OH� � �p interactions. The role and the importance of CH� � �F intermolecular interactions are

evident in the complexes with fluorine substitution in the ortho position. While the ortho hetero

complex is structurally analogous to the hetero para and non-fluorinated structures, butan-2-ol in the

ortho homo adduct adopts a different conformation in order to establish a CH� � �F intermolecular

interaction.

1. Introduction

Chirality is an essential element of life either at the molecular
or at the supramolecular level. The transmission of chiral
information, the recognition properties as well as the function-
ality of biomolecules rely substantially on non-covalent intra
and intermolecular interactions and their study is of funda-
mental interest and has a deep impact on chemistry, biology,
pharmacology, materials science and even astrophysics. In
combination with stronger non-covalent interactions with high
directionality, such as hydrogen bonding or metal coordination,
p� � �p stacking forces and very weak XH� � �p (X = O, N and C) or

CH� � �X interactions may also play an essential role in chiral
discrimination processes.1 In the last few years many efforts have
been directed to explore the potential of weaker non-covalent
forces in stabilizing specific molecular conformations or molec-
ular assemblies involving chiral molecules. In this context,
fluorine substitution2 is a widely utilized approach, because it
can endow novel interactions, such as CH� � �F or OH� � �F inter-
actions, which however still remain largely uncharacterized in
molecular complexes. A large number of therapeutic and diag-
nostic agents contain strategically placed fluorine atoms which
also allow simultaneous modulation of electronic and lipophilic
parameters and affect binding affinity and relevant pharmaco-
kinetic properties.

In order to disentangle the various contributions to chiral
discrimination in molecular aggregates, thermodynamic para-
meters as well as the kinetic consequences of stereospecific
interactions must be taken into account. Among the questions
that must be addressed are (i) which are the intermolecular
forces responsible for holding chiral molecules together, (ii)
which subtle combination of interactions is responsible for
enantioselective binding, (iii) which are the consequences of
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stereospecific interactions on the dynamics of relevant reactive
processes.

A convenient approach to gain insight into these questions
is to investigate non-covalent complexes at the molecular level
in the isolated state, making use of appropriate spectroscopic
techniques.3 Gas phase experiments and quantum chemical
modeling can allow us to understand in detail the structural
and energetic factors underlying chiral selectivity. Besides, it
has been recognized that in complexes in solution, often
molecules are extensively desolvated at active interaction sites.
Hence, a proper evaluation of gas phase interactions allows also
a subsequent reasonable determination of the effect of solvent
firstly in hydrated complexes and then in solution.4

Much effort has been invested in recent years into the study
of chiral discrimination in molecular complexes in the gas
phase, utilizing several spectroscopic techniques,5–9 and/or
theoretical means.10–12 Among the numerous examined sys-
tems, the adducts between R-1-phenyl-ethanol (ER, Fig. 1) and R
or S butan-2-ol have been largely studied13–17 using resonant
two photon ionization (R2PI) spectroscopy: they represent one
of the simpler model systems for the study of chiral discrimi-
nation between aromatic–aliphatic molecules bound by a single
hydrogen bond. By means of R2PI investigations it was ascer-
tained that the binding energy difference between the RR and
RS complexes is in the 0.7–1.0 kcal mol�1 range,14–16 with the
RR complex more stable than the RS complex. It has also been
pointed out that besides the main electrostatic interaction
between the partners (hydrogen bond), interactions with the
p-system play an important role and are probably responsible
for chiral recognition in these systems.

We report here the results of the first comparative study in
which we have investigated in detail the effect of stereospecific
interactions in the presence of a fluorine atom on the aromatic ring
of R-1-phenyl-1-ethanol. Specifically we present new R2PI spectro-
scopic data for the gas phase complexes between R and S-butan-2-ol
and (S)-1-(2-fluorophenyl)ethanol (oFES, Fig. 1), together with a
summary of the main findings obtained in previous studies on
the adducts of R and S-butan-2-ol with S-1-(4-fluorophenyl)ethanol
(pFES)18 and R-1-phenyl1-ethanol (ER) (Fig. 1).13

Our aim is to characterize and compare the conformations
of the complexes and to figure out whether and how the
substitution of the F atom in the para- and ortho-position
controls the chiral discrimination process.

For consistency purposes within this paper, it is convenient
to define the diastereoisomeric complexes between the chiral

aromatic chromophores (oFES, pFES and ER) and the two
enantiomers of butan-2-ol (BR and BS) as ‘‘homochiral’’ or
‘‘homo’’ when the chromophore and the partner have the same
configuration (i.e. oFES�BS), and ‘‘heterochiral’’ or ‘‘hetero’’ in
the opposite case (i.e. ER�BS). Because of the stereospecificity of
the chromophore–solvent interactions, the hetero and homo-
chiral diastereomeric pairs display specific spectroscopic sig-
natures, namely, the electronic band origin of each pair, their
vibronic bands and their dissociation thresholds. Additional
data for the spectroscopic identification of these complexes are
obtained by the use of the IR-R2PI double resonance technique.

The interpretation of the experimental results and the
comparison between the different systems have been per-
formed in light of a quantum mechanical study for all the
above-quoted systems. The methods used are Dispersion-
Corrected Density Functional Theory with the B3LYP functional
(D-B3LYP) as well as second-order Møller–Plesset theory (MP2).

Our combined experimental–computational approach gives
answers that help in understanding, at a molecular level, the
influence of specific CH� � �p, OH� � �p and CH� � �F interactions in
relation to the molecular and chiral recognition processes in
these model systems.

2. Methodology
2.1 Experimental section

Details of the experimental setup for the R2PI- and IR/R2PI-
spectroscopies have already been published elsewhere.18,19

Briefly, clusters containing one stereoisomer of the aromatic
chromophore with either R or S-2-butanol are produced in a
10 Hz-pulsed seeded supersonic expansion of their vapors,
generated in temperature-controlled reservoirs (50 1C and
0 1C respectively) using argon as carrier gas at a backing
pressure of 2 bar. The 1 : 1 clusters are ionized via one-color
R2PI utilizing the frequency of a Nd:YAG-pumped pulsed dye
laser with associated crystals for nonlinear optical conversion.
The photoions are mass analyzed in a time-of-flight mass
spectrometer and detected using a channeltron. The signal is
averaged using a digital oscilloscope and stored on a PC. The
R2PI spectrum of a particular species is recorded by monitoring
its ion yield in the mass spectrum as a function of the laser
wavelength. Due to the resonant step in the two photon
ionization process, the signal variation represents the UV
excitation spectrum of the neutral precursor. The spectra of
the non-covalent diastereomeric complexes are shifted with
respect to the spectrum of the bare chromophore, as a result
of the different strength of the intermolecular interactions in
the ground and excited states.

By fixing the UV ionization laser to one of the cluster-specific
transitions in its R2PI spectrum, the vibrational spectra in the
OH-stretching region of the neutral precursors have been
recorded by IR-R2PI double-resonance spectroscopy. The IR
and UV lasers are counterpropagating and spatially super-
imposed, the IR laser pump pulse precedes the UV laser by
about 100 ns. In case a cluster absorbs photons with energies of
a high-frequency vibrational mode, it predissociates very fast by

Fig. 1 Structures of: S-1-(2-fluorophenyl)ethanol (oFES), S-1-(4-fluorophenyl)-
ethanol (pFES) and R-1-phenyl-1-ethanol (ER).
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intramolecular vibrational redistribution (IVR) resulting in a
depopulation and an R2PI ion signal depletion. The ion-dip spectra
represent the vibrational spectrum of the neutral precursor cluster
in the electronic ground state. This methodology also allows us to
distinguish bands from isomeric structures, and spectral features
deriving from the fragmentation of larger complexes.20

The IR laser light is generated using a recently homemade,
injection-seeded optical parametric oscillator (OPO), which has
been built according to a design developed at the University of
Frankfurt.21 It utilizes a Nd:YAG pump laser, a tunable dye laser
and LiNbO3 crystals. Typical energies are about 2 mJ per pulse.
The wavelength may be tuned in the range 2.5–4.0 mm with a
bandwidth of 0.8 cm�1, except for a dip in between 2.84 and
2.87 mm that is due to OH impurities in the LiNbO3 crystals.
The oFES, pFES, ER, BR and BS samples were purchased from
Apollo Scientific and Sigma Aldrich and were used without
further purification.

2.2 Theoretical section

The computational methodology adopted for the study of the
bimolecular adducts relevant for this work is based on a two-level
approach. At the first level we have characterized the conformational
landscape of the potential energy surface (PES) of the here studied
molecular systems by means of classical molecular dynamics based
on the MM3 force field at a temperature of 800 K with constraints
to overcome dissociation (cumulative time of 0.1 ns, dump time
of 1 ps). 100 snapshots are then optimized with a convergence of
10�6 kcal (mol Å)�1 RMS gradient per atom. The optimized
structures are then classified according to their topology. At this
level of calculations the Tinker program has been used.22 Lowest
energy structures (these procedure selects a total of 46 bimolec-
ular adducts) for each diastereomer (relative energy lower than 2
kcal mol�1) have been re-optimized at the second level approach:
density functional theory corrected by dispersion interactions as
developed by Grimme.23 The ab initio calculations have been
performed with the 6-31++G** basis set. The frequency analysis
has been based on normal mode harmonic approximation, and
a scaling factor of 0.9613 has been used. Test calculations on a
subset of the 46 structures have been performed at the MP2/
6-31++g** level of theory (with geometry optimization and
frequency calculations with the smaller basis set 6-31g*, a
frequency scaling factor of 0.943). All the above ab initio
calculations have been executed with Gaussian09,24 NWCHEM,25

and GAMESS-US26 program packages.
The intermolecular energies of the 46 adducts, in their

D-DFT optimized geometry, have been classified in a semi-
quantitative form with respect to the nature of the interaction:
OH� � �p, CH� � �p, OH� � �F, CH� � �F, hydrogen bond. An energy
component breakdown analysis has been carried out by means
of a classical MM3 force field in which the CH� � �F interaction
has been provided as a H-bond term with an equilibrium
distance of 2.92 Å and a well depth of 0.19 kcal mol�1 to
reproduce high level quantum calculations of benzene–methane
interaction,27 whereas the CH� � �p interaction has been simulated
as a H-bond term with an equilibrium distance of 3.14 Å and a

well depth of 0.23 kcal mol�1 to reproduce high level quantum
calculations of fluorobenzene–methane interaction.28

3. Experimental results on the homo and
heterochiral complexes of oFES with butan-2-ol
3.1 Mass selective electronic spectroscopy: R2PI excitation
spectra

Fig. 2a–d report the R2PI excitation spectra obtained by super-
sonic expansion of a mixture of oFES with BR (a,b) or BS (c,d)
pure enantiomer vapors. The spectra were acquired by mon-
itoring the chromophore (m/z = 140) and the complex parent
ion signals (m/z = 214) in the same wavelength scans. Owing to
the large ionic dissociation of the complexes by R2PI ioniza-
tion, the spectra of the bare chromophore acquired under the
same conditions (Fig. 2a and c) present additional bands
(00

0
hetero, a, b in Fig. 2a and a0 in Fig. 2c) which are due to

the hydrogen bond dissociation of the ionic diastereomeric
complexes in the [oFES]+ mass channel.

The spectrum of the heterochiral complex (Fig. 2b) is
characterized by a 00

0
hetero band origin at 37 513 cm�1, red

shifted relative to the S1 ’ S0 origin of the isolated oFES

molecule by Dn = �74 cm�1. This band is followed by a 20 cm�1

spaced low-frequency progression (bands a and b). Further to the
blue several bands of appreciable intensity are present at +92 and
+108 cm�1 (bands g and d) from the 00

0 origin of the complex.
Differently from the heterochiral adduct, the R2PI excitation

spectrum of the homochiral diastereoisomer, Fig. 2d, is blue-
shifted (Dn = +4 cm�1) with respect to the 00

0 transition of the bare
chromophore. This indicates a larger gap between the excited and
the ground state energy of the cluster relative to that of the bare
chromophore. This spectrum is characterized by three strong
bands: the 00

0
homo transition at 37 591 cm�1 and a vibrational

progression spaced about 19 cm1 apart (bands a0 and b0) followed
further to the blue by some bands of weaker intensity.

3.2 Vibrational spectroscopy: IR-R2PI spectroscopy

The vibrational spectra of the neutral diastereomers in the
OH-stretching region have been recorded by IR-R2PI double-
resonance spectroscopy. The spectra have been registered by
scanning the wavelength of the IR laser with the UV-probe laser
being fixed in turn to all the cluster-specific transitions in their
R2PI spectrum.

Fig. 3 reports the IR-R2PI spectra of the homo and hetero
complexes recorded in the 3500–3800 cm�1 range. The spectrum
in Fig. 3a is recorded using the UV-probe set on the S1 ’ S0

origin of the homochiral complex (37 591 cm�1, band 00
0

homo in
Fig. 2d) while the spectrum in Fig. 3b has been taken using the
UV-probe set on the S1 ’ S0 origin of the heterochiral complex
(37 513 cm�1, band 00

0
hetero in Fig. 2a and b). Both spectra show

only one sharp absorption at 3636 cm�1 for the homochiral
complex and at 3616 cm�1 for the heterochiral complex with
comparable intensity depletion.

The UV-probe laser was also set on the other bands in the
UV spectra to verify whether other conformers were present in
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the beam. The IR depletion spectra measured using the UV probe
set on bands a0 and b0 of the homochiral adduct, not shown here,
were similar to that of Fig. 3a, with a dip at 3636 cm�1. Likewise,
the IR depletion spectra measured using the UV probe set on
bands a and b in the spectra of the heterochiral cluster were
similar to the spectrum shown in Fig. 3b, with a dip at 3616 cm�1.
Therefore it can be affirmed that bands 00

0
homo, a0 and b0 in

Fig. 2d belong to the same homo conformer and bands 00
0

hetero,
a and b in Fig. 2b to the same hetero conformer. Differently, when
the UV probe laser was set at the frequencies of bands g and d in
Fig. 2b, the IR depletion spectra showed two absorptions bands at
3555 cm�1 and 3720 cm�1 (Fig. 3c). These values of the infrared
frequencies are consistent with those attributable to the OH
stretching of a hydrogen bonded water molecule20a,29 and pre-
sumably they pertain to a hydrated hetero complex which, upon
ionization, quantitatively fragments in the [FES�BR]+ mass chan-
nel. Bands g and d will be disregarded in what follows and will be
the subject of a future publication.

In summary, only one conformer was observed in the supersonic
beam for both homo and hetero complexes, although we cannot
exclude that some of the other low intensity bands in the spectra of
Fig. 2 pertain to other conformers present in a minor amount, but
these bands are not well resolved and too weak to be probed.

3.3 Mass spectrometry: [oFESBS/R]+ dissociation ratios in the
R2PI process

The dissociation of the ionic complexes induced by 1-color
R2PI is due to the fact that the S1 excited states of the

Fig. 3 IR-R2PI spectra of the clusters of oFES with butan-2-ol: (a) homochiral, probe
set at 37 591 cm�1 (band 00

0
homo in Fig. 2d). The spectra acquired with the probe set

on bands a0 and b0 are comparable (b) heterochiral, probe set at 37 513 cm�1 (band
00

0
hetero in Fig. 2b). The spectra acquired with the probe set on bands a and b are

comparable (c) heterochiral, probe set at 37 606 cm�1 (band g in Fig. 2b).

Fig. 2 R2PI spectra acquired by monitoring the bare molecular ion [oFES]+ at m/z = 140 and the [oFES�B]+ cluster signal at m/z = 214: (a) [oFES]+ in the presence of BR

(b) heterochiral [oFES�BR]+ (c) [oFES]+ in the presence of BS (d) homochiral [oFES�BS]+.
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complexes are higher in energy than one-half of their ioniza-
tion energy. By the absorption of two photons, the ion is
produced with a non-negligible excess energy, which results
in vibrational excitation of the ionized species. This excitation
causes the cluster ion to dissociate into its original compo-
nents. The dissociation ratio I[oFES]+/I[oFES]+ + I[oFESBS/R]+ can be
estimated from the intensity of the diastereomeric parent
ion I[oFESBS/R]+ and that of the dissociation product I[oFES]+ in
the mass spectra recorded at specific R2PI transitions. In
order to compare the extent of homo and hetero ion dis-
sociation in the ortho substituted complex, we chose two
absorption bands in the corresponding R2PI spectra where
the overall energy (E2hn) imparted to the neutral homo and
hetero complexes is similar and which are not superimposed to
absorption bands of the bare oFES molecule. The bands
marked b in Fig. 2a and b and a0 in Fig. 2c and d satisfy these
conditions.

The dissociation ratios in several experimental runs are
highly reproducible and their values, averaged on several mass
spectra, are 51% for the homo and 62% for the hetero complex
at 75 220 cm�1 (band a0 and at 75 106 cm�1 band b) of total
ionization energy respectively.

The dissociation ratio is related to the amount of excess
vibrational energy within the ion complex and, under the same
conditions,30 should be higher for the diastereomer with a
lower appearance threshold for the molecular [oFES]+ ion from
the ionized complex.

From the above data, we can observe that the dissocia-
tion ratio is slightly higher for the heterochiral complex,
despite the ionization energy imparted in the 1cR2PI process
is even lower. Therefore, we can presume that the neutral
homochiral complex is more stable than the neutral hetero-
chiral one.

This experimental finding is in line with previous experi-
mental results in analogous systems i.e. 4-fluorophenyl-ethanol/
butan-2-ol,18 1-phenyl-1-ethanol/butan-2-ol,15,16 1-phenyl-1-pro-
panol/butan-2-ol,31 where it was found that homochiral com-
plexes were more stable than the heterochiral ones.

Moreover, we can compare the hetero/homo ratio in
the fragmentation efficiency in the one-colour two-photon
ionization of the complexes under analogous experimental
conditions, assuming that this ratio is an indication of the
relative stability of the specific neutral homo versus hetero
complexes. The ratio is much higher for the para sub-
stituted complexes (88%/51% = 1.73)18 with respect to the
non-fluorinated (58%/50% = 1.16)32 and ortho substituted
(62%/51% = 1.22) adducts. This is an indication that the
binding energy difference between the diastereomers is higher
in the para substituted complexes with respect to the non-
fluorinated and ortho substituted ones. The binding energy
difference DD0 has been measured in two color R2PI experi-
ments by our group16 and by Mons et al.14 for the non-
fluorinated complexes and resulted to be DD0 (ER�BR/S) =
0.7–1.0 kcal mol�1 while for the para substituted complexes
only a lower limit has been measured: DD0 (pFES�BR/S) >
0.6 kcal mol�1.18

4. Theoretical results on homo and heterochiral
complexes oFES, pFES and ER with butan-2-ol

The most stable calculated conformational structures of the
isolated chromophores oFES, pFES and ER, which were also
identified experimentally in the supersonic beam expansion,
have already been reported.33,34 They are remarkably similar:
they are characterized by an intramolecular OH� � �p bond and a
weak attractive CorthoH� � �O interaction. In oFES there is also a
weak CaH� � �F interaction.

Fig. 4a–c show the D-B3LYP calculated structures of the
most stable ground-state homo and heterochiral complexes of
oFES, pFES and ER with R and S butan-2-ol (Bu). D-B3LYP
structures of pFES with R and S butan-2-ol have already been
reported,18 but are shown here for comparison. A complete
description of all calculated complexes is given in the ESI.†

In general, covalently bound fluorine hardly ever acts as an
acceptor for available Brönsted acidic sites in the presence of
competing heteroatom acceptors. Therefore the most stable
structures of these complexes are all characterized by an
OH� � �O hydrogen bond. The butan-2-ol molecule acts as a
proton acceptor from the hydroxyl group of the chromophore
(OchH), therefore replacing the intramolecular OchH� � �p inter-
action by a stronger intermolecular OchH� � �Obu hydrogen
bond (Obu is the oxygen atom of butan-2-ol). The relative
stability of these structures arises from an interplay of several

Fig. 4 D-B3LYP/6-31++G** structures and relative energies (kcal mol�1) of
some of the most stable homochiral and heterochiral conformers of the com-
plexes of oFES, pFES and ER with butan-2-ol. (a) ortho Fluorine substituted
complexes, energies relative to the most stable oAhomo adduct. (b) para Fluorine
substituted complexes, energies relative to the most stable pAhomo adduct,
(c) non-fluorinated complexes, energies relative to the Ahomo adduct.
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contributions: the strength of the hydrogen bond which is the
main electrostatic interaction and other intermolecular
ObuH� � �p, CbuH� � �p, CbuH� � �F or ObuH� � �F contacts compete
with each other for the stability of the hydrogen-bonded adducts.

In principle, several conformations of the chromophore and
of butan-2-ol corresponding to rotations around C–C or C–O
bonds are possible. The chromophores in the most stable
complexes are characterized by the same conformation of the
isolated molecule. For what concerns butan-2-ol, all the lowest
energy calculated structures have a C2–C3 bond conformation
which is the most stable and has been denoted ‘‘ga’’ by Lahmani
et al.35 (Fig. 5), where the first letter denotes the relation of the
hydroxyl group and the methyl group and the second letter the
relation of the two methyl groups. Several low energy structures
with different C2–O conformations of the butan-2-ol moiety have
been found. As described by King and Howard,36 these are
denoted by a prefix that can be either ‘‘h,’’ ‘‘m,’’ or ‘‘e’’ depend-
ing on whether the hydroxyl hydrogen is located anti to a
hydrogen, methyl, or ethyl group, as illustrated in Fig. 5.

Table 1 reports the geometrical parameters of the most
stable D-B3LYP calculated structures and the specific confor-
mation of butan-2-ol in the complex, while Table 2 reports
the experimental and theoretical values of the OH stretching
frequencies of butan-2-ol (nObuH) and of the C1–Ca torsion (n1)
in the complex, together with the energies of the calculated
structures.

For a better evaluation of the relative energy of the com-
plexes, as a test, some pertinent geometries with small relative
energy were also optimized at the MP2/6-31g* theoretical level.
This did not lead to a substantial change in the geometrical
parameters, whereas frequency calculation at the MP2/6-31g*
level of theory resulted in values for the OH stretching frequen-
cies which were in great disagreement with the experimental
ones. These values are reported in brackets in Table 2.

As shown in Table 1, some of the ortho fluorine substituted
complexes are characterized by a CH� � �F distance, which is
lower than the sum of the van der Waals radii of H and F, while
CH� � �F interactions in the para-complexes are present but
weaker. At variance with other systems20a,37–38 we have found
the presence of OH� � �F interactions only in complexes much
higher in energy.

5. Assignment of the observed complexes

The assignment of the observed complexes to the calculated
structures has been accomplished on the basis of (1) the
comparison between calculated and observed vibrational

Fig. 5 Most stable C2–C3 conformation (ga) and the three C2–O conformations
of butan-2-ol.

Table 1 Geometrical parameters of the most stable D-B3LYP/6-31++g** calcu-
lated structures with indication of the butan-2-ol conformation

Complex structure
(conformation of butan-2-ol) Interaction R(y)a (Å(deg))

OAhetero (m-ga) C4H� � �p 3.2 (24)
C4H� � �F 3.67
C2H� � �p 3.33 (44)
C2H� � �F 2.81
OH� � �p 2.98 (33)
H-bond 1.87 (158)

oBhetero (e-ga) C1H� � �p 2.54 (2)
C3H� � �F 2.61
OH� � �p 4.32 (39)
H-bond 1.82 (173)

oAhomo (m-ga) C4H� � �p 2.58 (3)
C3H� � �p 3.48 (46)
C3H� � �F 2.54
OH� � �p 3.28 (36)
H-bond 1.82 (164)

oBhomo (e-ga) C1H� � �p 3.23 (27)
C1H� � �F 4.13
C2H� � �p 3.33 (45)
C2H� � �F 2.66
OH� � �p 2.83 (30)
H-bond 1.91 (156)

pAhomo (m-ga) C4H� � �p 3.19 (29)
C4H� � �F 3.00
C2H� � �p 3.23 (33)
OH� � �p 2.83 (28)
H-bond 1.87 (160)

pBhomo (h-ga) C3H� � �p 2.98 (19)
C3H� � �F 3.71
C1H� � �F 4.71
C1H� � �p 4.29 (22)
OH� � �p 2.80 (32)
H-bond 1.9 (159)

pAhetero (m-ga) C4H� � �p 2.56 (24)
OH� � �p 3.15 (33)
H-bond 1.83 (161)

pBhetero (e-ga) C1H� � �p 3.07 (24)
OH� � �p 2.77 (33)
H-bond 1.91 (161)

pChetero (m-ga) C4H� � �p 3.11 (24)
C4H� � �F 3.70
C2H� � �p 3.31 (42)
OH� � �p 2.97 (33)
H-bond 1.86 (161)

Ahetero (m-ga) C4H� � �p 3.08 (22)
C4H� � �p 3.72 (13)
C2H� � �p 3.28 (41)
OH� � �p 2.97 (33)
H-bond 1.86 (161)

Bhetero (e-ga) C1H� � �p 3.09 (19)
C2H� � �p 3.34 (39)
OH� � �p 2.74 (28)
H-bond 1.91 (158)

Chetero (m-ga) C2H� � �p 2.45 (9)
C4H� � �p 3.86 (31)
C1H� � �p 3.91 (47)
OH� � �p 3.47 (40)
H-bond 1.87 (165)
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frequencies, (2) the analysis of the specific interactions con-
tributing to the shift of the electronic transition, (3) the relative
energy of the complexes.

The last two points deserve more comments. The different
values of the electronic spectral shifts reflect the combined
effects of electrostatic and dispersive interactions on the ener-
gies of the S0 and S1 states of the diastereomeric adducts.
Specifically intermolecular forces such as CH� � �p and OH� � �p
interactions are relevant for these complexes.39 CH� � �p inter-
actions are stronger in the S1 state because of enhanced
dispersion forces due to the higher polarizability of the aro-
matic molecule in the excited state, and contribute to a red-
shift of the p* ’ p transition. On the other hand OH� � �p

interactions are known to contribute to a decrease in the
binding energy in the excited state of chromophores with only
one benzenoid ring, and therefore contribute to the blue of the
electronic transition.40 The specific impact of CH� � �F inter-
actions on the shift of the p* ’ p electronic transition is
somewhat less clear, depending on different effects such as
geometrical deformation, the position of the fluorine atom

Table 1 (continued )

Complex structure
(conformation of butan-2-ol) Interaction R(y)a (Å(deg))

Ahomo (e-ga) C1H� � �p 3.16 (20)
C2H� � �p 3.42 (46)
OH� � �p 2.78 (29)
H-bond 1.90 (159)

Bhomo (m-ga) C4H� � �p 3.12 (26)
C2H� � �p 3.21 (32)
OH� � �p 2.90 (31)
H-bond 1.87 (160)

a See Scheme 1 for details. In the case of the H-bond y is referred to the
O–H–O angle.

Table 2 D-B3LYP6-31++g** and single point MP2/6-31++g** energies of oFES�BS/R, pFES�BS/R, and ER�BS/R, relative to the corresponding most stable homo complex
and experimental n1 frequencies of the S1 excited state and nObuH frequencies of the S0 ground state of the complexes compared with the D-B3LYP/6-31++g** and
MP2/6-31g* calculated vibrational frequencies for the S0 ground state

Complex Conformer structure

Energy relative to the most stable
homo conformer (kcal mol�1) n1 (cm�1) nObuH (cm�1)

D-DFTa MP2 sp Exp D-DFT (MP2) Exp D-DFT (MP2)

oFES�BR oAhetero 0.03 0.11 20 19.9 3616 3643
oBhetero 0.78 0.44 30.1 3684
oChetero 0.80 0.79 30.5 3653

oFES�BS oAhomo 0.00 0.03 19 40 (29) 3636 3661 (3533)
oBhomo 0.37 0.00 25 (29) 3635 (3489)

pFES�BR pAhetero 0.50 0.82 19 27 3610 3672
pBhetero 0.56 0.75 33 3659
pChetero 0.73 1.30 23 3610

pFES�BS pAhomo 0.00 0.00 17 23 3637 3635
pBhomo 0.32 0.52 35 3602

ER�BS Ahetero 0.00 0.05 17 29.0 3634
Bhetero 0.28 0.00 28.5 3627
Chetero 0.68 0.07 15.5 3673
Dhetero 0.68 0.38 21.7 3602
Ehetero 0.68 0.71 11.2 3638

ER�BR Ahomo 0.00 0.02 17 28.2 3624
Bhomo 0.06 0.00 23.4 3634
Chomo 0.06 0.48 25.2 3652
Dhomo 0.54 0.31 18.1 3648

a A fair estimate of the accuracy of D-B3LYP/6-31G** energy calculation is of the order of 0.5 kcal mol�1.

Scheme 1 Atom-numbering scheme in butan-2-ol and R and y definitions.
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and its dual nature in the electron donating/withdrawing
character.

It is difficult to predict the relative abundance of the com-
plexes, which are formed and stabilized during the free jet
expansion, only on the basis of the most stable calculated
conformations. In fact the formation of the complexes in the
collision zone is affected by complex kinetic and thermo-
dynamic factors.41 The collisional relaxation may partly drain
the population into the most stable conformational structures
if the interconversion42 barriers between conformers are suffi-
ciently low. It is also possible that isomers that are calculated to
be the most stable ones are not observed experimentally.41c

Moreover, calculations often predict small energy differences
between the isomers, so that we cannot be always confident of
the energy order. We have taken into account for the assign-
ment all the structures which, at the D-B3LYP/6-31++G** level
of theory, have a relative energy of below 1.2 kcal mol�1.

5.1 Assignment of the ortho fluorine substituted complexes

The bands at 3636 and 3616 cm�1 in the IR-R2PI spectra
(Fig. 3a and b) correspond to the OH stretch mode of butan-
2-ol in these clusters (nObH). IR-R2PI spectroscopy indicates
that only one conformer of each homo and hetero complexes
was present under our experimental conditions. On the basis of
these data and as explained below, the structures oBhomo and
oAhetero, calculated among the more stable complexes, give the
best overall agreement with the experimental data. In fact,
D-B3LYP calculations predict the nObH stretching frequency
for conformer oBhomo at 3635 cm�1, in full agreement with the
IR-R2PI measured value (Table 2). The low-frequency progres-
sion spaced 19 cm�1 (Fig. 2d, Table 2) is attributable to the
C1–Ca torsion calculated at 25.0 cm�1 for the ground S0 state of
conformer oBhomo. For the heterochiral complex, the best
agreement between the calculated value of the nObH stretching
frequency and the measured one is for oAhetero (Table 2). The
low-frequency progression spaced 20 cm�1 (Fig. 2b) is attribu-
table to the C1–Ca torsion calculated at 19.0 cm�1 for the
ground S0 state of conformer oAhetero.

The assignment is supported by the analysis of the geo-
metric parameters associated with the intermolecular forces at
play in the S1 and S0 electronic levels.

The small value of the blue shift of the electronic transition
of the homo cluster and the red shift of the hetero cluster can
be rationalized in terms of the relative strength of the inter-
molecular forces: in oBhomo the OH� � �p interaction established
between the hydroxyl group of BR and the aromatic ring of
oFES is stronger (ObuH� � �p distances 2.83 Å in oBhomo and
2.98 Å in oAhetero) and CH� � �p interactions are weaker in oBhomo

with respect to oAhetero. Therefore it is expected that oAhetero is
rather red-shifted with respect to oBhomo, in agreement with the
experimental finding.

5.2 Assignment of the para fluorine substituted complexes

In our previous work18 we assigned the measured spectra
of para fluorine substituted complexes on the basis of the compar-
ison between calculated and observed vibrational frequencies and

binding energies. The homochiral and heterochiral complexes
were attributed to the structures pAhomo and pChetero. In both
structures the hydroxyl hydrogen atom of butan-2-ol is pointing
towards the aromatic ring and OH� � �p interactions are quite
strong, as well as CH� � �p interactions.

5.3 Assignment of the non-fluorinated complexes

Only one conformer was observed in the supersonic beam for
the homo complex while the hetero system possibly exhibits
two isomers. The less abundant hetero complex has been
observed by Le Barbu et al.15 by UV-UV depletion spectroscopy
and has a population of less than 20%. The homo and the most
abundant conformer of the hetero cluster have been assigned
by Zehnacker et al.43 to complexes in which the C2–C3

conformation of butan-2-ol is ga. This is in agreement with
our results which predict that these structures are the most
stable ones. Both the homo and hetero complexes display a red
shift of the electronic transition relative to the electronic origin
of the isolated chromophore. The red shift of the most abun-
dant heterochiral complex (Dn = �131 cm�1) exceeds that of the
homochiral one (Dn = �119 cm�1) by DDn = 12 cm�1.

The observed homo complex can be assigned to Bhomo while
the most abundant hetero complex can be assigned either
to Chetero or to Ahetero. The OH� � �p forces are stronger in Bhomo

(OH� � �p distance 2.90 Å) with respect to Chetero (OH� � �p dis-
tance 3.47 Å) or Ahetero (OH� � �p distance 2.97 Å). It is therefore
expected that Ahetero or Chetero is rather red-shifted with respect
to Bhomo and indeed this conforms to the experimental data.
The assignment of the heterochiral complex to the Chetero

calculated structure is supported44 by a better agreement, with
respect to Ahetero, between the measured values of the low-
frequency progressions and the C1–Ca torsion calculated for the
ground S0 state of the complexes (Table 2). However a deeper
inspection of the geometrical parameters indicates that Chetero

is quite different from the other assigned structures, in fact has
the hydroxyl hydrogen atom pointing outside the aromatic ring
and is characterized by a particularly short C2H� � �p distance
(2.45 A). Since the spectroscopic behavior of the most abundant
non-fluorinated hetero complex is much similar to the other
hetero complexes (pChetero

18 and oAhetero), we are more inclined
to assign it to the Ahetero structure.

6. Comparison between the different
systems and the role of the fluorine
substitution

The comparison between all the structures assigned on the
basis D-B3LYP/6-31++G** calculations reveals some interesting
aspects, which enable us to figure out a picture of the chiral
discrimination process in these systems.

It is worth pointing out that the structural assignment was
accomplished without taking the specific conformation of the
butan-2-ol moiety in the complex into account. Nevertheless, an
inspection of the assigned structures reveals that the conforma-
tion of butan-2-ol in the clusters is always the m-ga one, except
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for the homo ortho substituted complex (oBhomo) where the
conformation of butan-2-ol is e-ga. The e-ga and m-ga confor-
mations have been identified by microwave Fourier transform
spectroscopy of butan-2-ol36,45 in supersonic beam expansion
and have been predicted to be the most stable conformations at
the MP2/6-311++G** level of theory with e-ga more stable than
m-ga by 98 cm�1 and a barrier between them of 308 cm�1. As
mentioned previously, the aromatic chromophore has an anti
conformation in all the assigned complexes. Furthermore, in all
the complexes the ethyl group of butan-2-ol is bent over the
aromatic ring, except for oBhomo, in which the methyl group of
BR interacts with the aromatic ring.

Another interesting aspect that emerged after the assign-
ment is the similarity of the binding motif within the homo or
the hetero class of compounds. Specifically, within the homo
class of compounds, pAhomo and Bhomo assigned structures are
remarkably similar (see Fig. 4b and c), while within the hetero
class of compounds oAhetero, pChetero and Ahetero (Fig. 4) struc-
tures resemble each other.

The structural arrangement of the two interacting molecules
can be described as follows: the OH group of butan-2-ol inserts
itself into the OchH� � �p linkage of the chromophore, forming
an OchH� � �Obu hydrogen bond and an ObuH� � �p interaction
with the aromatic ring (see Fig. 6). The hydrogen atom attached
to the C2 chiral center of butan-2-ol also points towards the
aromatic ring, so that C2H� � �p interactions are established.
Other C2H� � �p interactions can be established either by facing
the ethyl or the methyl group of butan-2-ol towards the aro-
matic ring, yet these interactions are stronger if the ethyl points
towards the aromatic ring. Except for oBhomo, which will be
discussed further in this paper, the preferred arrangement of
these complexes involves an interaction of the ethyl group with
the aromatic ring. However, the different chirality of the two
stereoisomers of butan-2-ol involves that, in the complex, the
hydrogen atom attached to the Ca chiral center of the aromatic
molecule and the hydrogen atom attached to the C2 chiral
center of butan-2-ol are facing each other in the hetero com-
plexes, while they point to opposite directions in the homo
complexes (Fig. 6). Consequently CaH� � �HC2 repulsive inter-
actions in the hetero complexes are somewhat more relevant,
decreasing the overall CH� � �p and OH� � �p interactions with the
aromatic ring. Indeed the ethyl group of butan-2-ol is more

overlapping on the aromatic ring in the homo complexes with
respect to the hetero adducts (compare pAhomo and pChetero or
Bhomo and Ahetero in Fig. 4b and c). This is in agreement with the
experimental findings that the homo complexes are more
stable than the hetero complexes.

The comparison between the para fluoro and non-
fluorinated complexes reveals that the presence of the fluorine
atom in the para position of the aromatic ring does not affect
the overall geometry of the complex, though in the para homo
complex a contraction of the vdW complex with a shortening of
the OH� � �p distance is recognizable, by comparison with the
non-fluorinated homo complex (Table 1). Moreover, although
the para F atom is situated far from the side chain, in the homo
para fluorinated complex the ethyl group of butan-2-ol is able to
establish very weak C4H� � �F interactions (H� � �F distance 3.0 Å).
The strengthening of the attractive interactions in the homo
para complex can be tentatively attributed to the inductive and
resonance effects of the fluorine atom on the aromatic ring,
which modify the distribution of the p electron density. This
probably leads to an extra stabilization of the homo para
substituted complex with respect to the non-substituted homo
adduct and could explain the fact that the experimental bind-
ing energy difference between the homo and hetero para-
fluorine substituted complexes is evaluated to be higher than
the binding energy difference in the non-fluorinated diastereo-
mers. Furthermore, this trend is also predicted by the energy
calculations at the D-B3LYP/6-31++G** and the single point
MP2/6-31++G** level of theory (Table 2).

The fluorine atom in the ortho position brings on another
asymmetry element in the aromatic molecule. In fact, the ortho
substituted bare molecule is characterized by a weak CaH� � �F
intramolecular interaction. In the complex formation, the
fluorine atom is also available for the formation of an inter-
molecular C2H� � �FC interaction. Considering a structural motif
like the one described above for the para and non-fluorinated
complexes (Fig. 6) the C2H� � �FC interaction can be established
only in the hetero ortho substituted complex. In the ortho homo
adduct, the establishment of C2H� � �F intermolecular inter-
action together with an ObuH� � �p interaction is only possible
if it is the methyl group that interacts with the aromatic ring
and this implies that the C–O bond conformation of butan-2-ol
must be different (e-ga). The UV spectroscopic behavior of the
ortho-hetero complex is analogous to the other hetero struc-
tures (para and non-fluorinated), while only for the ortho-homo
complex a blue shift of the electronic transition is observed.
The different spectroscopic behavior of the homo ortho
complex is in agreement with the fact that the conformation
of butan-2-ol and/or the structural arrangement is different in
this complex.43

The observation of the oBhomo complex acknowledges the
role and the importance of CH� � �F interactions in molecular
and chiral recognition processes. It also points out that chiral
recognition does not result only from a simple approach of
molecules. Apparently, during the formation of these com-
plexes in supersonic expansion, in order to achieve the best
compromise of intermolecular interactions, the butan-2-olFig. 6 Enlarged front view of the pAhomo and pChetero structures.
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monomer switches to one conformation to another (either
m-ga - e-ga or e-ga - m-ga). As a matter of fact, only one
structure of the fluorine substituted complexes has been
observed in the molecular beam, whereas in supersonic expan-
sion of butan-2-ol several conformers have been identified.

Another purpose of the present work is to try to figure out
the different contributions of the specific CH� � �p, OH� � �p,
CH� � �F and hydrogen bond interactions to the total potential
energy in order to find out if some contributions are primarily
responsible for chiral discrimination in these systems.

Fig. 7 reports, in a histogram, the contribution of the
specific intermolecular interactions for the assigned structures,
which were calculated with a classical force field (MM3) at the
D-DFT geometries. The complete table of values is reported in
the ESI.† The outcome is in agreement with what has been
previously inferred.8a,43,44 The homo and heterochiral com-
plexes of these molecules are endowed with very fine, subtle
differences in the CH� � �p, OH� � �p and CH� � �F interactions and
in the strength of the hydrogen bond. As shown in Fig. 7, this
model evaluates that the homo para and non-fluorinated com-
plexes are characterized by somewhat stronger CH� � �p, OH� � �p
and CH� � �F (in para substituted complexes) interactions with
respect to the hetero complexes. The intermolecular inter-
actions in turn affect the strength of the hydrogen bond which
is somewhat larger in the homo clusters with respect to the
hetero complexes. These differences in the contributions make
the total binding energy of the homo complexes higher com-
pared to the binding energy of the hetero structures. It also
results that in the homo ortho-fluorinated complex, CH� � �F
interactions are established at the expense of CH� � �p interac-
tions, the latter resulting stronger in the heterochiral adduct,
which has the ethyl group pointing towards the aromatic ring.

7. Conclusions

The presented results and the above discussions provide the
first detailed structural investigation that shows how the
presence of fluorine on different positions of the aromatic ring

is able to affect the chiral recognition process in isolated
complexes.

Our combined experimental/theoretical investigation on
clusters of structurally similar aromatic molecules with the
same chiral partners enabled us to figure out a picture of the
chiral discrimination process at the molecular level. The homo
and heterochiral complexes between ortho, para and non-
substituted 1-aryl-1-ethanol and butan-2-ol are characterized by
the same binding motif and are endowed with very fine differ-
ences in CH� � �p, OH� � �p, CH� � �F as well as repulsive inter-
actions, which in turn affect the strength of the hydrogen bond.

The substitution of a F atom in the para position does not
influence the overall geometry of the complex whilst it affects
the electron density in the p system and the strength of CH� � �p
and OH� � �p interactions. This effect, together with the fact that
in the homo complex a very weak C4H� � �F interaction is
established, results in a higher binding energy difference in
the diastereomers of the para substituted compounds with
respect to the homo diastereomers.

The role and the importance of CH� � �F intermolecular
interactions are evident in the complexes with fluorine sub-
stitution in the ortho position. While the ortho hetero complex
is structurally analogous to the hetero para and non-fluorinated
structures, butan-2-ol in the ortho homo adduct adopts a
different conformation in order to establish a CH� � �F inter-
molecular interaction.

Our results confirm at the molecular level that chiral recog-
nition is a process that involves the conformational adjust-
ments of the partners in order to achieve the best efficacy of
non-covalent interactions.
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