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Wavelength and mass selected resonant two-photon ionization spectra of molecular clusters Between
phenyl-2,2,2-trifluoroethanol (R and methylamine (M) or the enantiomers of 2-aminobutanegidd 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 monosolvatedi Mhose Ck group establishes intense NH-
interactions with the selected amines so as to orient them away from the aromatic ring. This reduces the
enantioselectivity of FRtoward the 2-aminobutane enantiomers as compared to that exhibited Rylthe
phenylethanol (k) analogue, where obviously NHF interactions are absent.

Introduction 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 predictithg.
Very recently, we applied this methodology to the studiretf-
phenyl-2,2 2-trifluoroethanol (R and its cluster with waté

and compared the results with those obtained for the nonflu-
orinated analoguB-1-phenylethanol (g). We showed that the
most stable conformer of FREexhibits an intramolecular
hydrogen bond between the OH group and one of the fluorine
atoms of a -Cf group, differently from the analogousgE
molecule, where an Otz hydrogen bond interaction is
present’ In the monohydrated cluster [REH,O], the water
dEolecule acts as a proton acceptor from the hydroxyl group of

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 ar
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 reactidnsFluorine may act
as a weak hydrogen bond acceptor, and therefore, a fluorinate
molecule may establish noncovalent interactions that are absen
with its nonfluorinated analogue.

In recent years, considerable progress has been made in th
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 recognititn.
Resonant two-photon ionization (R2PI) spectroscopy, coupled

with time-of-flight (TOF) mass spectrometry, on cooled com- of N_H£.°°F afngéDtH--N gr:g dispersive u&t(teractlons n iue chlrallt
plexes in a supersonic beam were revealed as an excellent toof€COgNIION 0 oward the amin€s and to compare the resulls

for investigating the structure and specific intermolecular Wlthﬂthoge to%talﬁed forhthe aEnangous clusters involving the
interactions in hydrogen bonded clusters between chiral aromatic"onuorinated chromophoreg

Er and as a proton donor to the fluorine atom. In the-[E

20] cluster, the water molecule acts as a proton acceptor from
éhe OH group of the chromophore and as a proton donor toward
its 7z ring. In this context, it appears of some interest to extend
the investigation to Fg complexes with more basic solvent
molecules, such as methylamine (M) and the R- and S-
enantiomers of 2-aminobutanefand As, respectively). This
study allows us to explore, through R2PI spectroscopy, the role
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111
AE = 0.0 KJ/mol AE = +4.2 KJ/mol AE = +5.4 KI/mol

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

i.d. nozzle (aperture time: 2Q6; repetition rate: 10 Hz) heated B
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 bean
direction. Molecules and clusters in the beam were excited and
ionized by a tunable dye laser, pumped by a Nd:YAG lager (
= 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 photohv; and by its ionization by a
second photon of the same eneng: The 1CR2P.| excitation Figure 2. Ab initio B3LYP/6-31G** calculated structures of the
spectra were obtained by recording the entire TOF mass complex ofR-1-phenyl-2,2,2-trifluoroethanol with monomethylamine.
spectrum as a function of.. The wavelength dependence of a

given mass resolved ion represents the absorption spectrum Otonformer Il since here the OH hydrogen points toward the ring
the species and contains important information about its pjane away from all the F atoms. The least stable conformer I1i

electronic excited state;S differs from | for the OH--F bonding between the OH hydrogen
ional i and one of the F atoms oriented gauche to the phenyl ring.
Computational Details According to the MP2/6-31G (d,p) relative stability oflll

MM3 force-field classical molecular dynamics is run just as and the potential energy barriers for the-111 (9.6 kJ mol?)
a starting point for each neutral adduct at a temperature of 800and Il— I (3.5 kJ mof~1) conversions, conformer | is expected
K with some constraints to overcome dissociation; the cumula- to predominate in the supersonic expansion ofz.FEhe
tive time is 0.1 ns with a time step of 0.5 fs and a dump time excitation spectrum of REis characterized by a very intense
of 1 ps. The 100 snapshots are then optimized with a band at 37782 cni, assigned to the ;S— S electronic
convergence of 4 107 kJ molYA rms gradient per atom.  excitation of the most stable conformer | on the basis of
Initially, the obtained optimized structures are classified ac- theoretical prediction&-2°Other intense vibronic bands toward
cording to their energy and conformation. The chromophore the blue are attributed to its vibronic transitioris.
has then been reoptimized at the MP2/6-31G** level of theory, [FER-M] Comp|ex_ ADb initio calculations were performed
and the amine clusters have been studied by a DFT approachfor monosolvated [FgM] clusters of the low lying monomer
we used, due to computational time constraints, only the B3LYP structures. As a starting point, initial structures were constructed
Hamiltonian with the 6-31G** basis set for both energy and by placing the M molecule around the principal interaction sites
geometrical optimization. All the ab initio calculations were of FEg: the hydroxyl group, the fluorine atoms, and the
performed using the Gaussian 98 pack¥ég¥ibrational fre- system of the aromatic ring. Full ab initio optimization of the
quencies were calculated using the B3LYP density functional obtained structures resulted in four lowest energy conformers
method and a 6-31G** basis set, previously found to give fair A—D differing in the specific interactions of the chromophore
agreement with experimental data for similar molecules when with the solvent molecule (Figure 2). The relevant geometrical
scaling factors of 0.97 are used. The specttat— 7 electronic parameters are listed in Table 1 together with the relative
transitions of the bare FEhave been calculated through ab initio  energies corrected for the zero-point energy differences and
CASSCEF studies, with Pople and Slater-type Gaussian basisBSSE.

20 .
sets One color mass selected R2PI spectra of a mixture gf FE

. . and M seeded in argon, recorded in the mass chamnels-

Results and Discussion 207 ([FBeM]*), 138 ([(FE-CFs)-M]™), and 32 ([MH]"), are
FEr Molecule. The most stable conformations of thed=E ~ shown in Figure 3ac, respectively. The spectra are character-

molecule, previously reportéd,are summarized here. Three ized by two intense bands at 37 783 ©h{a) and at 37 771
local minima are identified on the HF/6-31G** calculated cm™ (8). Banda of Figure 3 almost coincides with the®0
potential energy surface (PES). Their MP2/6-31G (d,p) calcu- band origin of bare Fg(Av = +1 cnit), while the other is
lated structures and relative energies are illustrated in Figure 1.red-shifted by—11 cnt! (Table 2). In the fragment mass
The most stable conformer | is characterized by an OH group, channels [MH} and [(FEr-CFs)-M] *, banda is characterized
located out of the plane of the phenyl ring and H-bonded to the by a stronger intensity with respectfoOn this basis, the two
fluorine atom of the CEgroup oriented anti to the ring plane. bands can be tentatively assigned to thgelectronic transition
No OH---F interactions are present in the 4.2 kJ mMdéss stable S; — S of two distinct singly solvated [REM] conformers.
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TABLE 1: B3LYP/6-31G** Optimized Structural Parameters and Relativies Energies Corrected for the Zero-Point Energy
Differences and BSSE of Complexes between RBEvith Monomethilamine (M) and Buthylamine (A rs)

system structure (kJ/mol) a(CsCo—CiC2) B(OC,—CiCz) y(OH—C,C1) 8(OH—CuCp) €(FCs—CuCi) R(A)cz*H(0) RA)N~H(0) RA)e~H(N)

calcd E

[FERM] A +1.63 129.0 2.7 68.6
B 0.00 99.8 338.1 194.6
C +6.07 88.5 328.6 294.9
D +6.82 88.6 328.6 290.3

[FERAR]  Ahomo +0.06 123.4 357.9 70.0
Bhomo  0.00 97.8 335.9 188.2
Chomo  +1.64 88.5 328.6 291.3
Dhomo +2.25 93.3 333.3 275.8
Anetero  1+3.18 122.2 356.2 74.1

[FERAs] Bhetero 0.00 94.5 332.4 181.3
Chetero  +7.66 88.4 328.6 296.5
Dhetero  +10.36 95.0 334.6 269.4

301.3 308.1 (gauche) 2.82 1.78 2.46
72.4 179.8 (anti) 3.74 1.78 2.65

172.3 3.02 1.81

167.8 3.08 1.82

302.8 303.2 (gauche) 2.82 1.78 2.54
65.9 177.8 (anti) 3.75 1.78 2.49

168.7 3.07 1.80

153.2 3.23 1.82

307.2 305.4 (gauche) 2.87 1.78 2.75
59.0 174.3 (anti) 3.75 1.78 2.55

174.0 3.00 1.80

146.5 3.29 1.81

Detailed analysis of the structural features of the most stable TABLE 2: Band Shifts (Av) of Supersonically Expanded 1:1

calculated isomers A and B (Figure 2 and Table 1) allows us
to identify them as responsible for the intense band&iat=
+1 and—11 cnttin Figure 3. In fact, the limited spectral shifts
of these bands are consistent with the dual function of the NH
group of the amine both as a H-bond acceptor from the OH of
FEr (Ru-Ho) = 1.78 A) and as H-bond donor to one of its F
atoms Re-nny = 2.46, 2.65 A). This dual function, as well as
the limited dispersive interactions between thes FEEomatic
ring and the distant amine, suggests thattleectron densities
of the ground state and excited &&re only slightly perturbed
by the presence of the M molecule.

The assignment of each of tikeand 8 bands to conformers
A and B is supported by the analysis of the 1cR2PI-TOF mass
spectra of [Flr-M], recorded atr = 37 783 cm* (banda) and
v = 37771 cm! (band ) (Figure 4). The major difference
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Figure 3. 1cR2PI excitation spectra of the complex Rfl-phenyl-
2,2,2-trifluoroethanol (Fg) with methylamine (M) obtained by moni-
toring the ion signal (a) at the complex mass §R¥] * (mVz 207); (b)
at the ethyl loss fragment mass [FEFRs)-M]* (m/z 138); and (c) at
the protonated amine fragment mass [MHlin/z 32). The dotted line
refers to the @ transition for the most stable conformer | of the bare
chromophore FR

Complexes between FkR and Monomethilamine (M) and
Buthylamine (A) Relative to the § — S Electronic Band
Origin of the Bare Chromophore FEg

cluster band v(cm™1) Av (cm™1)
[FERM] a 37783 +1
b 37771 -11
g 37 757 —25
d 37733 —49
[FERAR] OR 37777 -5
Br 37 755 —27
VR 37 645 —137
Or 37599 —183
[FERAY] os 37779 -3
Bs 37757 —-25
Vs 37628 —154
Os 37612 —170

between the two spectra concerns the much extensive: [FE
M]** — [(FEr-CFRs)-M]™ + *CF; fragmentation in the mass
spectrum in resonance with bandrelative to that taken in
resonance with band. This observation can be rationalized
with the aid of the B3LYP/6-31G** calculated potential energy
profiles for the fragmentation of [FEM]** (Figure 5). The
calculations reveal that two-photon ionization of f-H] leads

to a common [Fk-M]** ion structure, irrespective of that of
its neutral precursor, whether A or B. This means that the overall
activation energy difference for the A& A™ — [(FEr-CF3)-

M]* + *CF and B— B™ — [(FER-CFs)-M] * + *CF; sequences
reflects essentially the stability gap between the A and the B
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Figure 4. Time-of-flight mass spectra of B-1-phenyl-2,2,2-trifluo-
roethanol and monomethylamine mixture measured and recorded at
= 37783 cm! (@) andv = 37771 cm! (b).
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Figure 5. Structures of neutral A and B conformers of fi], of
their common [FR-M]** ion, and of the transition state for the [RE
M]** — [(FEr-CRs)-M]* + *CR; fragmentation.

conformers in their ground state. It follows that the 1.63 kJ
mol~! 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 il
assigned to conformer B and the bamdo isomer A.
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Figure 6. 1cR2PI excitation spectra of the complexes between FE
with (a) Az and (b) As. The dotted line refers to théftransition for
the most stable conformer | of the bare chromophorg. FE

conformers AeteroaNd Bietero Of [FER*Ag] and to conformers
Anhomo @and Byomo Of [FER-AR]. The A < B stability order for
[FER°M] (AE = Ep — Eg = +1.63 kJ mot?) is maintained for
[FER*Ag] (Aneteroc< Bheters AE = +3.18 kJ mot?), whereas the
two forms are virtually degenerate in [RAR] (Ahome™ Bhomo
AE = —0.25 kJ mof?). Following the same line of reasoning

The intensity of other bands present in the excitation spectrum used for [Flr-M], the most stable conformers of the homo- and
of Figure 2 is almost negligible, suggesting the hypothesis that heterochiral [Flr-Ag] and [FEz-Ag] clusters should display the
the population of the less stable C and D isomers (Table 2) of 1cR2PI-TOF mass spectrum with the lowest fragmentation

the [FEr-M] cluster is not appreciable.

Diastereomeric [FEz-A] Complexes.The 1cR2PI excitation
spectra of the homochiral [[REAR] and the heterochiral [RE
As] complexes, taken atVz = 249 ([FEz-A] "), are shown in

pattern. Accordingly (see Figure S2 in the Supporting Informa-
tion), the most intense signal at= 37 757 cn? (Bs) of Figure
6b is associated with structure,&r, of [FEr-Ag], while the
less intense peak at= 37 779 cm! (ag) is attributed to the

Figure 6a,b, respectively. Identical spectra have been recordedAnetero iSOmer. By analogy (see Figure S1 in the Supporting

in the fragmentation channelsratz 180 ([(FEz-CFs)-A] *) and

74 ([AH]™). The spectrum of the homochiral [RAr] complex

is characterized by a very intense band at 37 755%c(fir)
accompanied by a less intense band at 37 777 dimg) and

by two small red-shifted bands, at 37 645¢nfdr) and 37 599
cm~! (yr). Analogously, the spectrum of the heterochiral §FE
Ag complex exhibits a very intense signal at 37 757 &iffs),
accompanied by a less intense band at 37 779'djms) and

by two small bands at 37 6284) and 37 612 cm! (ys). The
same pattern is found around 38 200<¢nand corresponds to
a intense butterfly vibronic transition of the cluster. This suggests
the assignment of bandss, fr, Or, Yr andas, fs, ds, ys to
the @y S; — S electronic transition of four distinct [FEAR]
and [FEz-Ag] isomers. The values of the shifts with respect to
the @ S; — S electronic transition of the bare chromophore
are reported in Table 2.

The B3LYP/6-31G** calculated potential energy surfaces of
the diastereomeric [REAR] and [FEz*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

Information), the most intense band&t = 37 755 cm! (BR)
of Figure 6a is assigned to isomenp.R, of [FEr-AR], While
the less intense band at= 37 777 cm! (o) is attributed to
the Anomo Structure.

Assignment of the small red-shifted barisandyr in Figure
6a and ats andysin Figure 6b requires a comparative analysis
of the structural features of the less stablgndDnomo and
Cheterd Dheteropairs. Thus, the structure of the least stabjgnlo
and Dieeroisomers is characterized by the amine H-bonded to
the OH group of Fk (Ry..no) = 1.82, 1.81 A) 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 thesr system of the chromophore. Similar interactions
are less pronounced in the slightly more stahlg#eand Getero
structures. On these grounds, one should expect that the band
origins of Dhomo and Dheteroare more red-shifted than those of
Chomoand Getero respectively. Therefore, the 37 645 cthiband
of Figure 6a is attributed to isomem&noand the 37 599 cmt
band to conformer Rmo In the same fashion, the 37 628 th
and 37 612 cm! signals of Figure 6b are assigned to isomers
Chetero@nd Dhetero respectively.

As pointed out previously, the Gigroup of FE forms with

energies. Analysis of Table 1 indicates that the most stable the selected amines an intense‘NH interaction, which orients

isomers A and B of [FRM] are structurally similar to

the amines away from the aromatic ring. This reduces the R2PI
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Figure 7. Ab initio B3LYP/6-31G** calculated structures of the complex of F&ith (a) Az and (b) As.

enantioselectivity of FRas compared to that offEwhere any Appreciable differences in the spectral shifts of the diastereo-
intracomplex NH--F bonding is obviously absent. A variety meric [FE-Ag] and [FEz-As] complexes are indeed observed
of chiral solvent molecules, includinggfand As, can establish for the less stable §gmdDhomo aNd Gieterd DheteroCONformers, in
effective dispersive interactions with thesystem of [, whose particular as regards to the more red-shifted signalsy( =
magnitude depends on the configuration of the solvent molecule. Avhomo — Avhetero = —17 and +13 cntl). These spectral
This results in a large, easily measurable difference of the differences reflect essentially the strength of noncovalent forces
spectral shifts of diastereomeric complexes afahd As with (N——H---F, OH--N, and OH--z bonds and dispersive interac-
Er (€.9.,AAV = AVhomo — AVhetero= +17 cn1? for [Er-AR] tions) holding together the amine enantiomers and the chiral
and [E*Ag]).13 No such pronounced differences have been FEg chromophore.

measured for the most stable conformers of therfRR] and

[FEr-Ag] complexes AAY = Av(Anomd — Av(Aneterd = Av- Acknowledgment. Contract grant sponsors: Ministero della
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