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Wavelength and mass selected resonant two-photon ionization spectra of molecular clusters betweenR-1-
phenyl-2,2,2-trifluoroethanol (FER) and methylamine (M) or the enantiomers of 2-aminobutane (AR and AS)
were recorded after supersonic molecular beam expansion and analyzed with the aid of ab initio molecular
orbital calculations. The experimental results agree with theoretical calculations pointing to the predominance
of the two most stable conformers of monosolvated FER whose CF3 group establishes intense NH‚‚‚F
interactions with the selected amines so as to orient them away from the aromatic ring. This reduces the
enantioselectivity of FER toward the 2-aminobutane enantiomers as compared to that exhibited by theR-1-
phenylethanol (ER) analogue, where obviously NH‚‚‚F interactions are absent.

Introduction

Stereochemically defined fluorinated organic compounds are
commonly used in bioorganic and medicinal chemistry as
antitumor agents and as a probe in studying enzyme activity,
reaction mechanisms, and biomolecular binding. The need to
explore the physicochemical properties of fluorinated com-
pounds has recently been recognized by researchers who are
not in the traditional fluorine chemistry field. From a steric
standpoint, fluorine is a good hydrogen mimic. However, it has
electronic properties largely different from those of hydrogen.
Therefore, replacement of hydrogen atoms by fluorine into
organic molecules may cause important physical and chemical
changes so as to influence partially or even control completely
the stereochemical outcome of reactions.1-3 Fluorine may act
as a weak hydrogen bond acceptor, and therefore, a fluorinated
molecule may establish noncovalent interactions that are absent
with its nonfluorinated analogue.4

In recent years, considerable progress has been made in the
detailed study of weakly bonded molecular complexes between
chiral molecules in the gas phase to understand molecular
interactions at the most basic molecular level, crucial to
characterize the principles that govern chiral recognition.5,15

Resonant two-photon ionization (R2PI) spectroscopy, coupled
with time-of-flight (TOF) mass spectrometry, on cooled com-
plexes in a supersonic beam were revealed as an excellent tool
for investigating the structure and specific intermolecular
interactions in hydrogen bonded clusters between chiral aromatic

alcohols and a variety of solvent molecules, including chiral
mono- and bifunctional alcohols, amines, and water. The results
of these gas phase studies are particularly useful since they refer
to an isolated system unperturbed by environmental effects and,
therefore, directly comparable to theoretical predictions.10,14

Very recently, we applied this methodology to the study ofR-1-
phenyl-2,2,2-trifluoroethanol (FER) and its cluster with water16

and compared the results with those obtained for the nonflu-
orinated analogueR-1-phenylethanol (ER). We showed that the
most stable conformer of FER exhibits an intramolecular
hydrogen bond between the OH group and one of the fluorine
atoms of a -CF3 group, differently from the analogous ER

molecule, where an OH‚‚‚π hydrogen bond interaction is
present.17 In the monohydrated cluster [FER‚H2O], the water
molecule acts as a proton acceptor from the hydroxyl group of
FER and as a proton donor to the fluorine atom. In the [ER‚
H2O] cluster, the water molecule acts as a proton acceptor from
the OH group of the chromophore and as a proton donor toward
its π ring. In this context, it appears of some interest to extend
the investigation to FER complexes with more basic solvent
molecules, such as methylamine (M) and the R- and S-
enantiomers of 2-aminobutane (AR and AS, respectively). This
study allows us to explore, through R2PI spectroscopy, the role
of N-H‚‚‚F and OH‚‚‚N and dispersive interactions in the chiral
recognition of FER toward the amines and to compare the results
with those obtained for the analogous clusters involving the
nonfluorinated chromophore ER.

Experimental Procedures

The experimental R2PI-TOF setup has been described
elsewhere.18 The supersonic beam of the species of interest was
obtained by adiabatic expansion of a carrier gas (Ar; stagnation
pressure from 2 to 4 bar), seeded withR-1-phenyl-2,2,2-
trifluoroethanol (FER; Aldrich 99%) and the selected amine
(Aldrich g98%) through a heated pulsed nozzle of an 800µm

† Part of the “Giacinto Scoles Festschrift”.
* Corresponding author. Tel.:+39-06-49913358; fax:+39-06-490324;

e-mail: anna.giardini@uniroma1.it.
‡ Dipartimento di Chimica, Universita` di Roma “La Sapienza”.
§ Consiglio Nazionale delle Ricerche IMIP.
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i.d. nozzle (aperture time: 200µs; repetition rate: 10 Hz) heated
at T ) 80 °C. The concentration of the trace components was
maintained low enough to minimize the production of heavier
clusters. The molecular beam was allowed to pass through a 1
mm diameter skimmer into a second chamber equipped with a
TOF spectrometer oriented perpendicular to the supersonic beam
direction. Molecules and clusters in the beam were excited and
ionized by a tunable dye laser, pumped by a Nd:YAG laser (λ
) 532 nm). The dye fundamental frequencies were doubled and,
when necessary, mixed with residual 1064 nm radiation. The
ions formed by R2PI ionizations were mass discriminated and
detected by a channeltron after a 50 cm flight path. The mass
selected ionic signals were recorded and averaged by a digital
oscilloscope and stored in a PC. One-color R2PI experiments
(1cR2PI) involve electronic excitation of the species of interest
by absorption of one photonhν1 and by its ionization by a
second photon of the same energyhν1. The 1cR2PI excitation
spectra were obtained by recording the entire TOF mass
spectrum as a function ofν1. The wavelength dependence of a
given mass resolved ion represents the absorption spectrum of
the species and contains important information about its
electronic excited state S1.

Computational Details

MM3 force-field classical molecular dynamics is run just as
a starting point for each neutral adduct at a temperature of 800
K with some constraints to overcome dissociation; the cumula-
tive time is 0.1 ns with a time step of 0.5 fs and a dump time
of 1 ps. The 100 snapshots are then optimized with a
convergence of 4× 10-6 kJ mol-1/Å rms gradient per atom.
Initially, the obtained optimized structures are classified ac-
cording to their energy and conformation. The chromophore
has then been reoptimized at the MP2/6-31G** level of theory,
and the amine clusters have been studied by a DFT approach:
we used, due to computational time constraints, only the B3LYP
Hamiltonian with the 6-31G** basis set for both energy and
geometrical optimization. All the ab initio calculations were
performed using the Gaussian 98 package.19 Vibrational fre-
quencies were calculated using the B3LYP density functional
method and a 6-31G** basis set, previously found to give fair
agreement with experimental data for similar molecules when
scaling factors of 0.97 are used. The spectralπ* r π electronic
transitions of the bare FER have been calculated through ab initio
CASSCF studies, with Pople and Slater-type Gaussian basis
sets.20

Results and Discussion

FER Molecule. The most stable conformations of the FER

molecule, previously reported,16 are summarized here. Three
local minima are identified on the HF/6-31G** calculated
potential energy surface (PES). Their MP2/6-31G (d,p) calcu-
lated structures and relative energies are illustrated in Figure 1.
The most stable conformer I is characterized by an OH group,
located out of the plane of the phenyl ring and H-bonded to the
fluorine atom of the CF3 group oriented anti to the ring plane.
No OH‚‚‚F interactions are present in the 4.2 kJ mol-1 less stable

conformer II since here the OH hydrogen points toward the ring
plane away from all the F atoms. The least stable conformer III
differs from I for the OH‚‚‚F bonding between the OH hydrogen
and one of the F atoms oriented gauche to the phenyl ring.
According to the MP2/6-31G (d,p) relative stability of I-III
and the potential energy barriers for the If II (9.6 kJ mol-1)
and IIf III (3.5 kJ mol-1) conversions, conformer I is expected
to predominate in the supersonic expansion of FER. The
excitation spectrum of FER is characterized by a very intense
band at 37782 cm-1, assigned to the S1 r S0 electronic
excitation of the most stable conformer I on the basis of
theoretical predictions.19,20Other intense vibronic bands toward
the blue are attributed to its vibronic transitions.17

[FER‚M] Complex. Ab initio calculations were performed
for monosolvated [FER‚M] clusters of the low lying monomer
structures. As a starting point, initial structures were constructed
by placing the M molecule around the principal interaction sites
of FER: the hydroxyl group, the fluorine atoms, and theπ
system of the aromatic ring. Full ab initio optimization of the
obtained structures resulted in four lowest energy conformers
A-D differing in the specific interactions of the chromophore
with the solvent molecule (Figure 2). The relevant geometrical
parameters are listed in Table 1 together with the relative
energies corrected for the zero-point energy differences and
BSSE.

One color mass selected R2PI spectra of a mixture of FER

and M seeded in argon, recorded in the mass channelsm/z )
207 ([FER‚M]+), 138 ([(FER-CF3)‚M]+), and 32 ([MH]+), are
shown in Figure 3a-c, respectively. The spectra are character-
ized by two intense bands at 37 783 cm-1 (R) and at 37 771
cm-1 (â). Band R of Figure 3 almost coincides with the 00

0

band origin of bare FER (∆ν ) +1 cm-1), while the other is
red-shifted by-11 cm-1 (Table 2). In the fragment mass
channels [MH]+ and [(FER-CF3)‚M]+, bandR is characterized
by a stronger intensity with respect toâ. On this basis, the two
bands can be tentatively assigned to the 00

0 electronic transition
S1 r S0 of two distinct singly solvated [FER‚M] conformers.

Figure 1. MP2/6-31G (d,p)-optimized structures and relative energies of the three most stable minima on the FER PES.

Figure 2. Ab initio B3LYP/6-31G** calculated structures of the
complex ofR-1-phenyl-2,2,2-trifluoroethanol with monomethylamine.
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Detailed analysis of the structural features of the most stable
calculated isomers A and B (Figure 2 and Table 1) allows us
to identify them as responsible for the intense bands at∆ν )
+1 and-11 cm-1 in Figure 3. In fact, the limited spectral shifts
of these bands are consistent with the dual function of the NH2

group of the amine both as a H-bond acceptor from the OH of
FER (RN···H(O) ) 1.78 Å) and as H-bond donor to one of its F
atoms (RF···H(N) ) 2.46, 2.65 Å). This dual function, as well as
the limited dispersive interactions between the FER aromatic
ring and the distant amine, suggests that theπ electron densities
of the ground state and excited FER are only slightly perturbed
by the presence of the M molecule.

The assignment of each of theR andâ bands to conformers
A and B is supported by the analysis of the 1cR2PI-TOF mass
spectra of [FER‚M], recorded atν ) 37 783 cm-1 (bandR) and
ν ) 37 771 cm-1 (bandâ) (Figure 4). The major difference

between the two spectra concerns the much extensive [FER‚
M]+• f [(FER-CF3)‚M]+ + •CF3 fragmentation in the mass
spectrum in resonance with bandR relative to that taken in
resonance with bandâ. This observation can be rationalized
with the aid of the B3LYP/6-31G** calculated potential energy
profiles for the fragmentation of [FER‚M]+• (Figure 5). The
calculations reveal that two-photon ionization of [FER‚M] leads
to a common [FER‚M]+• ion structure, irrespective of that of
its neutral precursor, whether A or B. This means that the overall
activation energy difference for the Af A+• f [(FER-CF3)‚
M]+ + •CF3 and Bf B+• f [(FER-CF3)‚M]+ + •CF3 sequences
reflects essentially the stability gap between the A and the B

TABLE 1: B3LYP/6-31G** Optimized Structural Parameters and Relativies Energies Corrected for the Zero-Point Energy
Differences and BSSE of Complexes between FER with Monomethilamine (M) and Buthylamine (A R/S)

system
calcd

structure
E

(kJ/mol) R(CâCR-C1C2) â(OCR-C1C2) γ(OH-CRC1) δ(OH-CRCâ) ε(FCâ-CRC1) R(Å)C2···H(O) R(Å)N···H(0) R(Å)F···H(N)

[FERM] A +1.63 129.0 2.7 68.6 301.3 308.1 (gauche) 2.82 1.78 2.46
B 0.00 99.8 338.1 194.6 72.4 179.8 (anti) 3.74 1.78 2.65
C +6.07 88.5 328.6 294.9 172.3 3.02 1.81
D +6.82 88.6 328.6 290.3 167.8 3.08 1.82

[FERAR] Ahomo +0.06 123.4 357.9 70.0 302.8 303.2 (gauche) 2.82 1.78 2.54
Bhomo 0.00 97.8 335.9 188.2 65.9 177.8 (anti) 3.75 1.78 2.49
Chomo +1.64 88.5 328.6 291.3 168.7 3.07 1.80
Dhomo +2.25 93.3 333.3 275.8 153.2 3.23 1.82
Ahetero +3.18 122.2 356.2 74.1 307.2 305.4 (gauche) 2.87 1.78 2.75

[FERAS] Bhetero 0.00 94.5 332.4 181.3 59.0 174.3 (anti) 3.75 1.78 2.55
Chetero +7.66 88.4 328.6 296.5 174.0 3.00 1.80
Dhetero +10.36 95.0 334.6 269.4 146.5 3.29 1.81

Figure 3. 1cR2PI excitation spectra of the complex ofR-1-phenyl-
2,2,2-trifluoroethanol (FER) with methylamine (M) obtained by moni-
toring the ion signal (a) at the complex mass [FER‚M] + (m/z 207); (b)
at the ethyl loss fragment mass [(FER-CF3)‚M] + (m/z 138); and (c) at
the protonated amine fragment mass [MH]+ (m/z 32). The dotted line
refers to the 000 transition for the most stable conformer I of the bare
chromophore FER.

TABLE 2: Band Shifts (∆ν) of Supersonically Expanded 1:1
Complexes between FER and Monomethilamine (M) and
Buthylamine (A) Relative to the S1 r S0 Electronic Band
Origin of the Bare Chromophore FER

cluster band ν (cm-1) ∆ν (cm-1)

[FERM] a 37 783 +1
b 37 771 -11
g 37 757 -25
d 37 733 -49

[FERAR] RR 37 777 -5
âR 37 755 -27
γR 37 645 -137
δR 37 599 -183

[FERAS] RS 37 779 -3
âS 37 757 -25
γS 37 628 -154
δS 37 612 -170

Figure 4. Time-of-flight mass spectra of aR-1-phenyl-2,2,2-trifluo-
roethanol and monomethylamine mixture measured and recorded atν
) 37783 cm-1 (a) andν ) 37771 cm-1 (b).
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conformers in their ground state. It follows that the 1.63 kJ
mol-1 more stable B isomer is expected to undergo less
extensive fragmentation than the less stable A conformer. In
agreement with the mass spectra of Figure 4, the bandâ is
assigned to conformer B and the bandR to isomer A.

The intensity of other bands present in the excitation spectrum
of Figure 2 is almost negligible, suggesting the hypothesis that
the population of the less stable C and D isomers (Table 2) of
the [FER‚M] cluster is not appreciable.

Diastereomeric [FER‚A] Complexes.The 1cR2PI excitation
spectra of the homochiral [FER‚AR] and the heterochiral [FER‚
AS] complexes, taken atm/z ) 249 ([FER‚A]+), are shown in
Figure 6a,b, respectively. Identical spectra have been recorded
in the fragmentation channels atm/z180 ([(FER-CF3)‚A]+) and
74 ([AH]+). The spectrum of the homochiral [FER‚AR] complex
is characterized by a very intense band at 37 755 cm-1 (âR)
accompanied by a less intense band at 37 777 cm-1 (RR) and
by two small red-shifted bands, at 37 645 cm-1 (δR) and 37 599
cm-1 (γR). Analogously, the spectrum of the heterochiral [FER‚
As] complex exhibits a very intense signal at 37 757 cm-1 (âS),
accompanied by a less intense band at 37 779 cm-1 (RS) and
by two small bands at 37 628 (δS) and 37 612 cm-1 (γS). The
same pattern is found around 38 200 cm-1 and corresponds to
a intense butterfly vibronic transition of the cluster. This suggests
the assignment of bandsRR, âR, δR, γR and RS, âS, δS, γS to
the 00

0 S1 r S0 electronic transition of four distinct [FER‚AR]
and [FER‚AS] isomers. The values of the shifts with respect to
the 00

0 S1 r S0 electronic transition of the bare chromophore
are reported in Table 2.

The B3LYP/6-31G** calculated potential energy surfaces of
the diastereomeric [FER‚AR] and [FER‚AS] complexes reveal
the presence of four lowest energy critical structures differing
in the conformation of the chromophore and in the specific
interaction with the solvent (Figure 7). The relevant geometrical
parameters are listed in Table 1 together with their relative
energies. Analysis of Table 1 indicates that the most stable
isomers A and B of [FER‚M] are structurally similar to

conformers Ahetero and Bhetero of [FER‚AS] and to conformers
Ahomo and Bhomo of [FER‚AR]. The A < B stability order for
[FER‚M] (∆E ) EA - EB ) +1.63 kJ mol-1) is maintained for
[FER‚AS] (Ahetero< Bhetero; ∆E ) +3.18 kJ mol-1), whereas the
two forms are virtually degenerate in [FER‚AR] (Ahomo≈ Bhomo;
∆E ) -0.25 kJ mol-1). Following the same line of reasoning
used for [FER‚M], the most stable conformers of the homo- and
heterochiral [FER‚AR] and [FER‚AS] clusters should display the
1cR2PI-TOF mass spectrum with the lowest fragmentation
pattern. Accordingly (see Figure S2 in the Supporting Informa-
tion), the most intense signal atν ) 37 757 cm-1 (âS) of Figure
6b is associated with structure Bhetero of [FER‚AS], while the
less intense peak atν ) 37 779 cm-1 (RS) is attributed to the
Ahetero isomer. By analogy (see Figure S1 in the Supporting
Information), the most intense band at∆ν ) 37 755 cm-1 (âR)
of Figure 6a is assigned to isomer Bhomo of [FER‚AR], while
the less intense band atν ) 37 777 cm-1 (RR) is attributed to
the Ahomo structure.

Assignment of the small red-shifted bandsδR andγR in Figure
6a and atδS andγS in Figure 6b requires a comparative analysis
of the structural features of the less stable Chomo/Dhomo and
Chetero/Dheteropairs. Thus, the structure of the least stable Dhomo

and Dhetero isomers is characterized by the amine H-bonded to
the OH group of FER (RN‚‚‚H(O) ) 1.82, 1.81 Å) and by the
2-butyl group lying over the aromatic ring of the chromophore.
In this way, the amine establishes effective dispersive interac-
tions with theπ system of the chromophore. Similar interactions
are less pronounced in the slightly more stable Chomoand Chetero

structures. On these grounds, one should expect that the band
origins of Dhomo and Dheteroare more red-shifted than those of
Chomoand Chetero, respectively. Therefore, the 37 645 cm-1 band
of Figure 6a is attributed to isomer Chomo and the 37 599 cm-1

band to conformer Dhomo. In the same fashion, the 37 628 cm-1

and 37 612 cm-1 signals of Figure 6b are assigned to isomers
Cheteroand Dhetero, respectively.

As pointed out previously, the CF3 group of FER forms with
the selected amines an intense NH‚‚‚F interaction, which orients
the amines away from the aromatic ring. This reduces the R2PI

Figure 5. Structures of neutral A and B conformers of [FER‚M], of
their common [FER‚M] +• ion, and of the transition state for the [FER‚
M] +• f [(FER-CF3)‚M] + + •CF3 fragmentation.

Figure 6. 1cR2PI excitation spectra of the complexes between FER

with (a) AR and (b) AS. The dotted line refers to the 00
0 transition for

the most stable conformer I of the bare chromophore FER.
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enantioselectivity of FER as compared to that of ER, where any
intracomplex NH‚‚‚F bonding is obviously absent. A variety
of chiral solvent molecules, including AR and AS, can establish
effective dispersive interactions with theπ system of ER, whose
magnitude depends on the configuration of the solvent molecule.
This results in a large, easily measurable difference of the
spectral shifts of diastereomeric complexes of AR and AS with
ER (e.g.,∆∆ν ) ∆νhomo - ∆νhetero ) +17 cm-1 for [ER‚AR]
and [ER‚AS]).13 No such pronounced differences have been
measured for the most stable conformers of the [FER‚AR] and
[FER‚AS] complexes (∆∆ν ) ∆ν(Ahomo) - ∆ν(Ahetero) ) ∆ν-
(Bhomo) - ∆ν(Bhetero) ) -2 cm-1; Table 2). Instead,∆∆ν values,
approaching those of [ER‚AR] and [ER‚AS], are measured for
the Dhomo/Dhetero(∆∆ν ) -13 cm-1) and Chomo/Chetero(∆∆ν )
+17 cm-1) diastereomeric pairs. This similarity is not fortuitous
since the Dhomo/Chomoand Dhetero/Cheteropairs are the only among
the [FER‚AR] and [FER‚AS] conformers wherein the amine
moiety may somehow interact with the aromatic ring of the
chromophore, much like in the [ER‚AR] and [ER‚AS] complexes.

Conclusion

The present study shows how the R2PI spectroscopy, coupled
with ab initio calculations, can provide valuable information
on the molecular structure of noncovalent complexes and on
the interactive forces holding their components together in the
unsolvated state. Supersonic expansion of FER/M mixtures leads
to the formation of two predominant monosolvated [FER‚M]
isomers. Their structural assignment has been based on the
spectral shifts of their S1 r S0 electronic band origin relative
to that of the bare FER as well as on their 1cR2PI-TOF mass
spectra, recorded at each S1 r S0 resonance. Accordingly, the
two bands, observed in the excitation spectra of [FER‚M], have
been attributed to the isomeric structures A and B characterized
by the dual function of the NH2 group of amine both as H-bond
acceptor from the OH group of FER and as H-bond donor toward
its F atom and by the large distance of the amine from the
aromatic ring of the chromophore. Similar structures are
responsible of the two major bands, observed in the excitation
spectra of the diastereomeric [FER‚AR] and [FER‚AS] complexes.
Two minor, although more red-shifted, bands in the same spectra
are attributed to two different structures, both characterized by
an OH‚‚‚N hydrogen bond. In these structures, the amine moiety
interacts with the aromatic ring of the chromophore.

In the most stable Ahomo, Bhomo, Ahetero, and Bheteroconformers,
the CF3 group of FER establishes an intense NH‚‚‚F interaction,
which pushes the amine away from the aromatic ring. The
measured spectral shift difference is very small, 2 cm-1.

Appreciable differences in the spectral shifts of the diastereo-
meric [FER‚AR] and [FER‚AS] complexes are indeed observed
for the less stable Chomo/Dhomoand Chetero/Dheteroconformers, in
particular as regards to the more red-shifted signals (∆∆ν )
∆νhomo - ∆νhetero ) -17 and +13 cm-1). These spectral
differences reflect essentially the strength of noncovalent forces
(N-sH‚‚‚F, OH‚‚‚N, and OH‚‚‚π bonds and dispersive interac-
tions) holding together the amine enantiomers and the chiral
FER chromophore.
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Figure 7. Ab initio B3LYP/6-31G** calculated structures of the complex of FER with (a) AR and (b) AS.
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