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CHEFCII is among the more favorable molecules for parity violation (PV) measurements in
molecules. Despite the fact that calculated PV effects are two orders of magnitude smaller than in
some organometallic compounds, CHFCII displays interesting features which could make possible
a new experimental PV test on this molecule. Indeed, ultrahigh resolution spectroscopy using an
ultrastable CO, laser is favored by several intrinsic properties of this molecule. For example, the

high vapor pressure of CHFCII allows investigation by supersonic beam spectroscopy. Indeed, the
spectroscopic constants have been accurately determined by microwave and millimetre wave
spectroscopy. This is important for the subsequent selection of an appropriate absorption band of
CHEFCII that could be brought to coincide with the absorption of CO,. Partially resolved (+)-
and (—)-CHFCII enantiomers with respectively 63.3 and 20.5% ee’s have been recently prepared

and analyzed by molecular recognition using chiral hosts called cryptophanes. Finally, the S-(+)/
R-(—) absolute configuration was ascertained by vibrational circular dichroism (VCD) in the gas

phase.

Introduction

Among the four fundamental forces that rule the physical
world, the weak force is responsible for symmetry breaking in
chiral molecules and leads to different energies for the two
enantiomers.! To date, this energy difference due to parity
violation, AEpy, has never been clearly experimentally ob-
served in molecules.” One of the possibilities to detect such a
tiny effect (about 107 kT at room temperature) would be to
measure differences in the frequencies of absorption bands,
from the infra-red (IR) spectra of the two enantiomers.® Such
a test has already been done in the past, first by Arimondo
et al. with camphor* then by Chardonnet ef al. with bromo-
chlorofluoromethane.’ Although parity violation was not ob-
served, the latter gave an upper limit of AEpy/E = 107" for
this effect.® Contemporary with these experiments, very accu-
rate DFT calculations including relativistic effects have pre-
dicted that PV in chiral molecules such as chiral
fluorodiheterohalogenomethanes should exhibit differences
between the two enantiomers in the C—F stretching band
frequency up to 50 mHz when containing iodine (CHFCII
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and CHFBrI).” Consequently, chlorofluoroiodomethane has
appeared to be one favorable candidate for searching for
parity violation effects. More recently, relative to the fact that
the PV contribution is predicted to be proportional to Z°?*
bigger molecules have been investigated with the same DFT
methods by Schwerdtfeger and Bast.” Parity violation effects
of the order of 1 Hz have been calculated for several organo-
metallic compounds containing an Os—O or a Re—0 double
bond,’ indicating that such transition metal complexes could
be also good candidates for a PV experiment. Conversely, the
high resolution spectroscopy of these molecules will not be a
trivial issue.

Although the synthesis of the racemic form was achieved by
Hazeldine ez al. in 1952'° and later on by Novak ez al.,'! very
little was known about chlorofluoroiodomethane before the
last two years. CHFCII is a small pentaatomic chiral molecule
and as such it is an ideal model for theoretical studies. It has
been possible to prepare the (+) and (—) enantiomers. More-
over Fourier transform infrared spectra in a supersonic beam
for the racemic (4)-1 have been recorded. First of all, micro-
wave spectroscopy enables determination of accurate spectro-
scopic constants for the ground vibrational state and the
rovibrational spectrum of the C—F stretching band could be
experimentally obtained and roughly analyzed. The latter has
revealed many bands that coincide with the ultrastable CO,
laser which is currently used in Chardonnet’s laboratory,® and
whose frequency variation does not exceed typically about
10715 over a period of 24 h and is one of the key elements for
obtaining high accuracy in experimental PV measurements,
together with the use of jet cooling. Indeed, besides the
ultrastable CO, laser, molecular beam spectroscopy using a
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two-photon Ramsey fringe experiment, recently developed in
Villetaneuse, seems to be very promising mainly because the
collisional effects can be reduced by more than three orders of
magnitude.'?

In this article, we present the properties of this simple chiral
molecule for the purpose of PV measurements. In the first
part, the synthesis of racemic CHFCII ((£+)-1) and the main
spectroscopic characteristics of the racemic molecule are given,
namely the microwave spectroscopy and the rovibrational
C-F stretching band both using a supersonic molecular beam.
In this context, the rotational and centrifugal distortion con-
stants, quadrupole coupling constants for both the iodine and
the chlorine atoms and the spin-rotation constants for the
iodine atom were obtained from the analysis of the observed
pure rotational spectra supplemented by ab initio calculations.
The IR spectra showed that some absorption bands should be
favorable for PV test by ultrahigh resolution spectroscopy
using a supersonic molecular beam. In the second part are
presented the preparation of the two (+)- and (—)-1 enantio-
mers with respective enantiomeric excesses of 63% and 20%,
and the gas phase vibrational circular dichroism (VCD) of a
50% ee (+)-CHFCII sample which enabled confirmation of
the S-(+) (R-(—)) absolute configuration. Finally, chiral cav-
ity hosts such as cryptophanes can be employed to determine
the enantiomeric purities of (+) and (—) samples of CHFCII
or CHFCIBr;'? the first synthesis of (+)- and (—)-cryptophane
E-(SCH;)g is described and the former host is used to measure
the 23 + 3% ee of (—)-CHFCII by fluorine NMR (subse-
quently confirmed as being 20.5% by Schurig’s GPC method).

Synthesis of racemic CHFCII

For the preparation of CHFCII, a method was investigated
which consisted of synthetizing chlorofluoroacetic acid

o Foa ¢¢

=—({ —> |—C—C-OEt
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(FCIIC-CO,H) (4)-2 as an intermediate.'* This compound
was indeed very important for the subsequent resolution
and preparation of enantiomerically enriched (+)- and
(—=)-CHFCII. Furthermore this synthesis appeared to be
convenient for large scale quantities of (£)-CHFCII (up to
4.5 g) essential for high resolution spectroscopy. The
problems encountered relative to the low stability of iodinated
compounds were solved by keeping all the compounds
in solution.

Chlorofluoroiodoacetic acid (£)-2 was prepared in four
steps from chlorotrifiluoroethene 3 (Scheme 1). The first step
involved a regioselective nucleophilic substitution of a fluoride
by an ethoxide moiety at the CF, group and gave 2-chloro-1,2-
difluoro-1-ethoxyethene 4 as a mixture of Z and E-isomers. In
the second step, iodine monochloride was added to chloro-1,2-
difluoro-1-ethoxyethene in dry dichloromethane and gave 1,2-
dichloro-1,2-difluoro-2-iodo-1-ethoxyethane 5 in 45% yield as
a mixture of two R*R* R*S* diastereoisomers, which was
subsequently hydrolyzed in 78% yield with concentrated
sulfuric acid to ethyl chlorofluoroiodoacetate 6, following
the classical transformation of a —CF,~OR group into a
—CO-OR moiety. Finally, ester 6 was saponified by aqueous
sodium hydroxide to give the acid (4)-2. This procedure
allowed preparation of up to 40 g of (£)-2 kept in ethereal
solution. Then its strychninium salt {(4)-FCIIC-CO,H,
(—)-strychnine} was decarboxylated into (+)-CHFCII by heat-
ing at 110 °C and under 110 mmHg in triethyleneglycol and
gave (£)-1 with 33% yield.

Microwave spectroscopy

The pure rotational spectrum of CHFCII has been investi-
gated by Fourier transform microwave and millimetre wave
spectroscopies. The three u,, up, (-type rotational transitions
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Scheme 1 Synthesis of (+)-2 and (£)-1. (i) EtONa, Et,0; (ii) ICl, CH,Cl,, 99%; (iii) concd. H,SOy4, 89%:; (iv) aq. NaOH then H,SO4, 100%.
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have been observed in the spectra for the two isotopomers.
Here p,, 1, and p. are the components of the total permanent
electric dipole moment along the principal axes of inertia of
the molecule. Moreover each rotational energy level is split
into several sub-levels due to the interaction between the
electric field gradient and the nuclear quadrupole moment of
the iodine and chlorine nuclei giving an extremely complicated
hyperfine pattern. Finally the presence of the two isotopomers
(CHF**CII = 75.8% and CHF*'CIl = 24.2%) adds difficul-
ties for the identification of the spectra. All the observed
components within the sensitivity of the spectrometer (328
for CHF**CII and 140 for CHF*'CII) were assigned in the
6-20 GHz frequency range. In the millimetre wave region only
transitions (281 for CHF**CII) with relevant Jk k. quantum
numbers were assigned in order to determine accurate centri-
fugal distorsion constants. No hot lines were observed. The
predicted rotational constants of the CHF*’CII were derived
from the calculated ab initio structure of the CHF*CII
isotopologue (see the ab initio calculation section) for which
the chlorine atom was given the appropriate mass. It is
supposed that the equilibrium structure is isotopically in-
variant.

Due to the high resolution of the experimental techniques
the analysis yielded accurate rotational and centrifugal distor-
tion constants, the complete quadrupole coupling tensors for
the iodine and chlorine nuclei, as well as the contribution of
iodine to the spin—rotation interaction. These molecular para-
meters were determined for the two isotopomers CHF>>CII
and CHF?"CII. They reproduce the observed transitions with-
in the experimental accuracy.

Effective Hamiltonian. The spectrum observed in the ground
vibrational state of the singlet ground electronic state was
analysed with a Hamiltonian model containing the molecular
rotation and the associated centrifugal correction terms, the
nuclear quadrupole interaction effect for the iodine and chlor-
ine nuclei, and the nuclear spin—rotation interaction associated
with the iodine atom:

H=Hy + Hy + HG" + Hop + Hyge (1)

In eqn (1), the five terms are ordered according to the
magnitude of their energetic contributions The rigid asym-
metric rotor Hamiltonian Hy is written as'”

Ay = {A—%(B—i—C)}JAf+(B+C)j2+%(B—C)<j§_j,\%>

2

with 2 = 2 + jﬁ + J2. The I prolate representation was
used, and 4, B and C are the principal rotational constants.
Hcp denotes the centrifugal distortion terms of the Watson’s
A-reduced expression.'®

The two-nuclear quadrupole interaction Hq terms are writ-
ten as'®

(V) _ A(N) 1 (N) _
H, 7%”2\;wa. V', N=TlorCl (3)
Eqn (3) describes the interaction between the nuclear quadru-

pole electric moment Q™ and the molecular electric field
gradient ™Y for the nucleus N. The spectroscopic parameters

are the elements of the quadrupole coupling tensor given by:

21/ (N)
) _ Al

o and f refer to the coordinates a, b, and ¢ of the principal axes
of inertia and e denotes the elementary charge. Only five
parameters can be determined, that is two diagonal elements
and three off-diagonal elements, associated with the real
symmetric traceless quadrupole coupling tensor. In the case
of CHCIFI, the five parameters must be determined to account
for the observed structure. Finally, the observed hyperfine
structure revealed a contribution from the nuclear spin—rota-
tion interaction. The Hamiltonian term Hysg 1S written as in
ref. 16 and 17 where the determined parameters are the
elements of the second rank Cartesian tensor, C;;, describing
the spin—rotation coupling.

The observed microwave spectrum was analyzed using the
Pickett’s program.'® In CHCIFI, the quadrupole interaction
effect from the iodine nucleus (Q® = ;0.710(10) b,'%) is larger
than that for the chlorine nucleus (0 <V = —0.08165(80) b,
07D = _0.06435(64) b,%°) by almost one order of magni-
tude. Consequently we used the so-called sequential scheme
for the addition of the angular momenta:

i

J+ I =F
L ©)
Fi+Io=F

The angular momentum operators /; and I are associated
with the nuclear spins of the iodine (/; = 5/2) and chlorine
(Icy = 3/2) atoms, respectively.

The complete set of CH*CIFI transitions was fitted and the
spectroscopic parameters were obtained by a least-squares
procedure.'® They are listed in Table 1 and reproduce the
observed transitions with a standard deviation of 44 kHz. The
unblended lines of the 5-20 GHz region are reproduced with a
standard deviation of 2.3 kHz, within the experimental accu-
racy. As no lines for the CHF*’ClI isotopologue were recorded
in higher frequency, all the values of the centrifugal distortion
parameters were fixed to the corresponding CHF**CII values.
The molecular parameters presented in Table 1 reproduced the
140 fitted lines with a standard deviation of 2.1 kHz.

All the observed and calculated frequencies for the two
chlorine isotopomers CHF**CII and CHF*'CII are given in
upon request from the authors.

Ab initio calculations. The objective of the ab initio calcula-
tions is twofold: first, they are used to predict molecular
parameters as accurately as possible in order to facilitate the
assignment of the spectrum; secondly, a structure as close as
possible to the equilibrium structure is calculated. All calcula-
tions were performed with GAUSSIAN 032! and MOLPRO
20002223

The geometrical structure has been calculated at the second-
order Moller—Plesset perturbation level of theory (MP2) using
basis sets of different sizes. For the first row atoms (H, C, and
F), the Dunning’s correlation-consistent polarized valence
triple zeta basis sets* were used. For chlorine which is a
second row atom, these standard basis sets give rise to non-
negligible errors. For this reason, the newly devised cc-
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Table 1 Experimental values of rotational constants, centrifugal
distortion constants, quadrupole coupling constants (iodine and
chlorine nuclei) and spin-rotation constants (iodine nucleus) of
CH?**CIFI and CH*’CIFI. Numbers in parentheses represent one

Table 2 Structural parameters of CH*’CIFI, corresponding rota-
tional constants and electric dipole moment obtained by ab initio
calculations

standard deviation in units of the least significant digit. 4Ab initio CCSD(T)* MP2
values (when calculated) are given for CH**CIFI cc-pVDZ SDB-VTZ
CH¥CIFI re_1/pm 2189 214.69
CH?'CIFI Fe_p/pm 110.1 108.32
Constant/MHz Experimental Ab initio Experimental rc—p/pm 135.9 134.96
re_ci/pm 177.9 175.40
A 6278.651148(129) 6290.82¢ 6192.865335(197)
B 1474.152806(76)  1471.31¢ 1432.702503(173) / HCI/° 107.1 107.09
C . 1224.416397(104) 122295 1192.568955(193)  / [CF/° 109 3 109.45
10744, 2.22294(52) 215 2.22294¢ /1CCl 133 11223
10 " A% —1.622(42) —5.68 —1.622¢ / HCF J° 109.6 109.65
10734, 7.25410(103) 7.48" 7.25410¢ / HCCI® 108.1 108.63
10*35, 4.66127(133) 439 4.6612"7“ L FCCl)° 109.4 109.73
107454 9.3128(78) 8.86" 9.3128¢ A/MHz 6222.99 6290.82
i . B/MHz 1405.27 1471.31
% 10 1.847(116) - 1.847 C/MHz 1174.96 1222.95
Todine nucleus
Y —1704.58015(252) —1685.7418(42) /D 133
Abb 838.57959 820.3798 | ttal /D 0.23
Yee 866.00056(244) 865.3620(47) ] /D 0.1
b 699.7668(61) 731.8297(68) /D 130
P 622.6878(160) 622.004(132)
Lbe —140.4346(265) —148.7207(247) “ Ref. 7.
1013¢,, 4.786(162) 4.895(220)
1073Cy, 5.647(152) 5.95(37)
10+3¢,, 5.753(164) 5.575(253) agreement with the experimental value (1.64 D).** For
10+3Cuh —2.17(34) —2.18(46) CHEFCII, we predicted that the three a-, b-, and c¢-type transi-
Chlorine nucleus tions should be observed in the tational t ith
oo —13.3970(34) —11.5924(59) pure rotational spectrum, wi
P —15.4498 —11.2132 Ha & pp < pie (see Table 2).
ee 28.8468(38) 22.8056(67) A complete set of spectroscopic parameters has been deter-
Xab —51.3943(117) —40.5472(139) mined for the ground vibrational state, including the rota-
e ~22.7366(201) —18.0474(234) ) X e
Tne —21.107(40) —16.343(46) tional and the centrifugal distortion constants, all the elements

“ MP2/SDB-VTZ. ® B3LYP/a’-VTZ-pp. ¢ Experimental values fixed
from the corresponding values of CH**CIFI.

pV(T+d)Z* was used. Finally, for iodine, the correlation
consistent polarized valence basis set with the Stuttgart—Dres-
den—Bonn (SDB) relativistic effective core potential,”® SDB-
cc-pVTZ?"*® was used. The calculated structural parameters
are collected in Table 2 together with those calculated at the
CCSD(T)/cc-pVDZ level of theory by Schwerdtfeger et al.”

Much effort was put into the calculation of the quartic
centrifugal distortion constants in order to facilitate the pre-
diction and the assignment of the high J and K, transitions.
The harmonic force field is required to calculate the quartic
centrifugal distortion constants. Density functional theory was
used with the Becke? three-parameter hybrid exchange func-
tional and the Lee—Yang—Parr correlation functional
(B3LYP).*® This method is known to be inexpensive and
remarkably accurate from the prediction of harmonic force
fields.! For this calculation, diffuse functions were used for
fluorine (aug-cc-p-VTZ)*? and the small-core relativistic PP
correlation consistent basis set (cc-pVTZ-PP)** was used for
iodine. The calculated centrifugal distortion constants ob-
tained using the B3LYP harmonic force field are given in
Table 1.

The permanent electric dipole moment has been also calcu-
lated for CHFCII at the MP2/SDB-VTZ level of theory. The
test of this level of theory has been performed on CH3l, a
similar molecule. The calculated value (1.62 D) is in good

of the quadrupole coupling tensor for the iodine and the
chlorine nuclei and spin-rotation constants for the iodine
nucleus.

Inspection of Table 1 shows that the MP2/SDB-VTZ rota-
tional constants are very close to the experimental ground
state constants. This indicates that the equilibrium structure is
close to the ground vibrational state structure which was
expected for such a heavy molecule. Since only two different
isotopomers (CHF**>CII and CHF?’CII) were investigated the
structural information directly available from the experimen-
tal data is limited. Nevertheless, the rCl] coordinates of
CHF?3CII can be compared to those determined by ab initio
calculations. The Kraitchman equations16 gave |acy| = 223.5
pm, |bci| = 76.3 pm, [cci| = 5.3 pm (where xci, x = a, b, ¢ are
the Cartesian coordinates in the a, b, ¢ principal axis system).
These results are in good agreement with the ab initio equili-
brium values calculated at a MP2/SDB-VTZ level of theory:
acy = —222.8 pm, b(‘,] = —-76.3 pm, ¢c; = —6.0 pm.

The centrifugal distortion constants show higher discrepan-
cies, around 5%. The relative difference of 250% on the 4,
constant is due to accidental cancellation of same order terms
(AJK = 3/8(Tbbbh + Taaau) _1/4(TUU(TC t Tppee t+ TC(?C{C{) =
—0.6452 kHz + 0.5883 kHz = —0.0568 kHz for CH**CIFI).

Two independent quantities completely characterize the
quadrupolar coupling tensor in its principal axis system: the
%-- component of the tensor which measures the quadrupolar
coupling in the bond direction, and the asymmetry parameter,
7 = (Loex — Xyy)/%==» Which measures the deviation of the field-
gradient tensor from axial symmetry.>> The principal elements
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Zxx Xyy and y.. of the quadrupole coupling tensors were
calculated by diagonalizing the quadrupole coupling tensors
expressed in the a, b, ¢ principal axis system. The small value
for 1 (0.01917 for the iodine atom and 0.04011 for the chlorine
atom) indicates that the z principal axis of the coupling
quadrupole tensor nearly coincides with the carbon—halogen
bond (C-X, X = I, Cl). CHFCII behaves like most of the
molecules with one or several carbon-halogen bonds: the
deviation from an axial charge distribution around the halo-
gen nucleus is very weak>®?’ indicating nearly cylindrical
symmetry of the C—Cl and C-I bonds.

Rovibrational spectroscopy

The precise determination of the ground-state rotational con-
stants of chlorofluoroiodomethane was an essential step be-
fore starting the rovibrational spectroscopy of two transitions
involving the strong C-F stretching vibration, firstly the
fundamental (v4) and then the first overtone (2v4). The funda-
mental transition, predicted at 1081.4 cm ™', should be a good
candidate to evidence a parity violation effect between the two
enantiomers, with the support of experimental techniques
developed in Chardonnet’s laboratory, either of the type
saturation-spectroscopy’ or in the near future from a two-
photon Ramsey fringe experiment on a molecular beam.'? In
relation with this latter project, the possibility of obtaining an
infrared absorption spectrum of CHFCII from a continuous
seeded supersonic expansion gives confidence for validating
the principle of a parity violation measurement with a mole-
cular beam. Although the very low rotational temperatures
achieved in the supersonic expansion strongly limit the spec-
tral range of possible coincidences with the CO, laser, about
ten could be obtained with the P and R-branch transitions of
the 9 um band of the CO, laser, particularly if one considers a
tuning range up to £15 GHz for sub-Doppler spectroscopy
with frequency fixed lasers. High resolution infrared spectra
can be now carried out and analysed in order to select among
all the rovibrational transitions the most favourable molecular
resonance with a CO, laser line.

Experimental results from supersonic jet and cell (at room
temperature) coupled to a high resolution Fourier transform
infrared (FTIR) spectrometer are presented as well as pre-
liminary routes for the rovibrational analysis of CHFCII.

Fig. 1 displays two FTIR spectra of the v4 band of CHFCII
recorded at 0.008 cm ™! resolution in a room temperature static
cell (a) and in a supersonic expansion (b), respectively. The
stick spectrum in Fig. lc just serves to indicate some possible
coincidences with P(Jk k) and R(Jg k) lines of the 9.4 um
band of the CO, laser. At the present time the spectral analysis
is not advanced enough to propose some assignments of the
hyperfine structure which could enable the selection of the
most favorable resonance.

Fig. 2a displays a cell spectrum recorded in the same
experimental conditions as that in Fig. la, but at full resolu-
tion (0.002 cm™") with an expanded view of P(J k k) lines in
the region 1056-057 cm~'. A characteristic PQR structure
with a fine structure in the P and R branches is clearly visible
for all the FTIR spectra. A significant variation of the
intensity of the lines in the 14 vibration—rotation band as a

0.034
§ 0.02 4 (a)
8
2
< 0.011
(b)
ooo | [ L LLLE L o kUL @

1040 1045 1050 1055 1060 1065 1070 1075 1080 1085

Wavenumber (cm™)

Fig. 1 FTIR spectra of the v, band of CHFCII recorded at 0.008
cm™! resolution (a) in a room temperature static cell; (b) in a super-
sonic expansion respectively; (c) stick spectrum of P(Jx k) and
R(Jk k) lines of the 9.4 um band of the CO; laser.

function of J is observed between cell and jet conditions. The
separation AER, of the two maxima of the P and R branches
being approximately proportional to [(4 + B + C)T]"? for an
asymmetrical top molecule,®® where 4, B and C are the
rotational constants in the ground state of the transition,
one can estimate the rotational temperature of the jet spectrum
to about 70 K, with a rotational distribution centered around
Jmax = 10.

Before starting the rovibrational analysis, several points
must be examined in detail: firstly, the possible congestion of
cell spectra resulting for a low symmetry molecule from several
hot bands of the low frequency vibrations (five between 200
and 800 cm™"), secondly the presence of two major isotopo-
mers in natural abundance (CHF35CII = 75.8%, CHF*'CII =
24.2%), thirdly the hyperfine structure of iodine which dis-
plays a large splitting in the microwave spectrum, and finally
the occurrence of vibrational perturbations between v, and
other vibrational states near in energy.

e
JW MMMWWM W

1055.0 10555 ~ 1056.0 ~ 10565  1057.0

Wavenumber om ™)

Absorbance

(a)

(b)
T T T T T T T T T T T T T T T T T T 1
1040 1045 1050 1055 1060 1065 1070 1075 1080 1085

Wavenumber(cm")

Fig. 2 (a) Cell spectrum recorded in the same experimental condi-
tions as that in Fig. la, but at full resolution (0.002 cm™') with an
expanded view of P(Jk ) lines in the region 10561057 em . (b) a
first synthetic calculated spectrum about the v, fundamental of
CHFCILI.
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As a first result, only the isolated contribution of the v,
fundamental band, neglecting all types of interactions with
other modes, is introduced and we proceed as follows. Taking
advantage of the large spectral simplification due to jet cool-
ing, a direct line-by-line assignment is made simpler for low J
transitions, in order to determine approximate excited-state
constants with fixing the ground state constants to the micro-
wave results.*® These spectroscopic parameters are then opti-
mized using a least-squares fit with the program WANG?* of
about one thousand assigned lines and finally included in the
300 K cell spectrum at 0.002 cm™' for refining the set of
rotational constants, centrifugal distortion constants and band
centers for each isotopomer. A first synthetic spectrum about
the v, fundamental of CHFCII is presented in Fig. 2b.

Synthesis of (+)- and (—)-CHFCIL

For an accurate PV test it is necessary to have the two
enantiomers of CHFCII available. Their synthesis was inves-
tigated by first resolving FCIICCO,H and then by using a
highly enantioselective decarboxylation reaction. For the re-
solution of chiral carboxylic acids, it is often convenient to use
classical commercially available chiral amines to prepare
diastereomeric salts and to resolve them by crystallization in
an appropriate solvent.*' This method is convenient in our
context because it will enable preparation of large quantities of
enantiomerically enriched material for the subsequent spectro-
scopy in a supersonic beam, which requires large quantities of
compound. Among the classical chiral amines tried for the
resolution by crystallization, the best results were obtained
with (—)-strychnine and either CHCIl; or MeOH as solvent for
the crystallization. Indeed, after one crystallization in CHCl,
at room temperature of the 50:50 mixture {(£)-
FCIICCO,H,(—)-strychnine}, the diastereomeric n salt 8a i.e.
{(+)-FCIICCO,H,(—)-strychnine} crystallized with 67-72%
diastereomeric excess (de). The diastereomeric excess could
directly be read from the '"’F NMR spectrum of the salts in
CDCl; at 200 MHz.** An enantioenriched sample of (+)-
CHFCII with 63.3% ee could subsequently be obtained by
decarboxylation of the strychninium » salt with 67% de in
triethyleneglycol at 110 °C and 100 mm Hg with 30% yield
(Scheme 2).'* On the other hand, the use of MeOH enabled

crystallization
—_—

{(%)-FCIICCO,H,(-)-strychnine}
CHCl3

crystallization
—_—

{(#)-FCIICCO,H,(-)-strychnine}

MeOH

recovery from the mother liquors of the p salt 8b ie. {(—)-
FCIICCO,H,(—)-strychnine} less than 50% de. The decarbox-
ylation of the strychninium p salt 8b in triethyleneglycol at 110
°C and 40 mm Hg gave (—)-CHFCII with 20.5% ee and with
22% yield. Due to the high solubility of the strychninium p salt
in MeOH, the (—) enantiomer was contaminated with MeOH.
The ee’s of (+)- and (—)-CHFCII were determined by two
different methods. For the (+) enantiomer, an ee of 63.3%
was determined in Schurig’s laboratory by analytical gas
chromatography on a Chirasil-y-Dex column under cryogenic
conditions.**** The ee of the (—) enantiomer was measured via
the host—guest complexation process of CHFCII by a chiral
thiomethylated cryptophane ((—)-7) as described below.

Enantioselective recognition of CHFCII by a chiral
thiomethylated cryptophane

Cryptophane 7*° was prepared for the first time in enantio-
merically enriched form, by using the template method which
consists of cyclotrimerizing a resolved and functionalized
cyclotriveratrylene (CTV). Indeed, as described in Scheme 3,
CTV’s M-(+)- and P-(—)-9 were prepared by an already
known procedure®’ then functionalized to (+)- and (—)-13
with appropriate benzylic alcohols 12 then cyclotrimerized
under high dilution conditions. From a synthetic point of
view, the templated method was found to be more efficient
than the direct method described in ref. 45. However, because
high temperature conditions were needed (up to 90 °C over
24-48 h), racemization occurred during this step. This is the
reason why (+)- and (—)-7 were obtained with 81.6 and 65.6%
ee’s (Fig. 3). The former ee’s could be determined by analytical
HPLC on a Regis (S,S) Whelk-O1 column (eluent hexane/
THF 40 : 60).*° This method is much more convenient than
the former one using a less stable column (Chiralpak-
OT(+)).*” The two CD spectra of (+)- and (—)-7 were also
recorded and showed the same CD patterns as their CTV
parents and allowed assignment of the M-(+) and P-(—)
absolute configuration for 7.

The molecular recognition process was observed by proton
and fluorine NMR and appeared to be slow at these NMR
timescales (as in the case of the chloroform complexation*’).
Interestingly, cryptophane (£)-7 forms with (+)- and (—)-1

TEG
less soluble salt _— (+)-FCICH
110°C, 100 mm Hg,
8a (ed 67%)° 9 (+)-1
1hr
o/ b
30% ee 63.3%
TEG
more soluble salt _— (—)-FCIICH
110°C, 40 mm Hg,
-1
8b 1hr -)
29, ee 20%P.°

Scheme 2 Synthesis of (+)- and (—)-1 by decarboxylation of partially resolved strychninium salts 8a and 8b. * Diastereomeric excess determined
by "’F NMR in CDCl;, see ref. 14. ® Enantiomeric excess determined by GC on a chiral stationary phase, see ref. 14. © Enantiomeric excess

determined by ’F NMR using cryptophane(—)-7.
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Scheme 3 Synthesis of M-(+)- and P-(—)-cryptophane-E-(SCHj3)s 7 by the template method starting from resolved cyclotriveratrylenes M-(+)-

and P-(—)-9.

diastereomeric complexes which could be visualized by 'H
and "F NMR in C,D,Cl, at 300 K (Fig. 4). Under these
conditions, the respective association constants were found to
be 37 M~ ! for the {R-(—)-1 @ P-(—)-T}/{S-(+)-1 @ M-(+)-T}
diastereomer and 29 M~' for the {S-(+)-1 @ P-(—)-7}/
{R-(—)-1 @ M-(+)-7} one (within 15% error) which revealed
a low enantioselectivity. Cryptophane (—)-7 was subsequently
used to determine the ee of enantioenriched (—)-CHFCII.
Indeed, the latter was found to be 23 + 3% with the use of
(—)-7 having 65.6% ee by 'F NMR in C,D»Cl, at 300 K and
at 471.4 MHz (see Fig. 5). More accurately a 20.5% ee was
obtained for the same (—)-1 sample when using analytical
GPC on a Chirasil-y-Dex column under cryogenic conditions.

Vibrational circular dichroism

Vibrational circular dichroism (VCD) which measures the
difference in absorbance for left and right circularly polarized
light for a vibrational transition, is a well established technique
for identification of absolute configuration.**>° The method
involves comparison of observed VCD spectra with calculated
VCD intensities for a specified enantiomer, carried out at the
density functional theory (DFT) level.*-!

Observed IR and VCD spectra are displayed in Fig. 6.
Larger VCD noise was observed for the 1060 cm™' band
because the maximum absorbance is near 1.4. Difficulties with
racemization of the sample during the 6 h measurement and
subsequent storage in the cell or on the vacuum line at room
temperature with some exposure to fluorescent lights pre-

cluded additional measurements at reduced pressure and/or
longer collection times.

The observed spectra show different band contours in the
IR and VCD spectra for the same vibrational mode. In order
to identify an absolute configuration, the measurements were
made on a gas phase sample. Consequently, the VCD intensity
must be integrated over the full rotational band contour of the
spectrum for comparison with calculations about a non-rotat-
ing molecule. Such integration yields net positive VCD intensity
for the band near 1060 cm™! (C-F stretch with C-H-CI-I
umbrella motion) and net negative VCD intensity for the band
near 1170 cm~' (H-C-I deformation). The VCD intensity for
the band at 1299 cm™' is too weak for accurate intensity
measurement. The band contours will be discussed further
below.

The five DFT calculations with a variety of functionals and
basis sets yielded similar calculated frequencies and IR inten-
sities, and the same VCD signs for all modes. The calculated
frequencies, normal mode assignments and IR and VCD
intensities are gathered in Table 3 for the B3LYP/SDD
calculation, with comparison to observed frequencies obtained
from Raman spectra of liquid CHFCII. This basis set gave the
best agreement with observed relative IR and VCD intensities.

The observed IR and VCD spectra of the gas-phase sample
are compared to the B3LYP/SDD calculation in Fig. 7. The
anisotropy ratios (g = AA/A) measured from peak areas of the
observed IR and VCD bands centered at 1170 and 1060 cm ™!
are 2 x 107> and +5 x 1073, respectively, approximately ten
times larger than the corresponding calculated anisotropy
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Fig. 3 Enantiomeric excess determination of M-(+)- and P-(—)-7 by HPLC on a Regis (S,S) Whelk-O1 column (eluent THF /pentane 60 : 40,

1 ml min™1).
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Fig. 4 Complexation process of of (+)-CHFCII 1 by (+)-crypto-
phane-E-(SCH3)s 7 in C,D,Cly and at 300 K. (a) '"H NMR spectra at
500 MHz; the signals corresponding to the two diastereomeric com-
plexes are expanded. b) '’F NMR spectra at 471.4 MHz.

ratios (¢ = 4R/D, from Table 3), 3 x 107° (1197 cm™') and
+6 x 107°(990 cm ™). We note, however, that the uncertainty
in the measured anisotropy ratios is large, because of the VCD
noise level.

From the agreement in sign of the integrated VCD intensity
for the two prominent VCD features, the C—F stretch (1060
cm™!, positive) the and H-C-I deformation (1170 cm™',
negative) bands, and the corresponding bands in all five
calculations, this study unambiguously identifies the absolute
configuration as (S)-(+)-fluorochloroiodomethane, in agree-
ment with the previous assignment based on DFT calculations
of the specific rotation.'

Few studies of rotational-vibrational VCD have appeared in
the literature.”>>® For our measurements of zrans-dideuterio-
cyclopropane®>**% and frans-dideuteriooxirane,®* with C,
symmetry, the band contours for the IR and VCD were
similar, and the sign of the P, Q and R rotational branches
is the same for each mode. For gas-phase methyloxirane,
Polavarapu®® identified two modes for which the central Q-
branch envelope had a sign opposite to that of the P- and R-
branch envelopes. This observation was explained in terms of
an accidental symmetric top molecule for which different
components of the rotational strength scalar product contri-
bute to different rotational branches. The rotational strength
expression for mode a is

R =Im( f‘) < (1 )10

-[6e), ).+ o), G );(251)0(3’}?)0]

6)
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Fig. 5 Enantiomeric excess determination of (—)-1 by "’F NMR in
C,D,Cly at 300 K using cryptophane (—)-7 as a chiral complexing
agent. Two doublets corresponding to diastereomeric host—guest
complexes {(+)-1 @ (—)-7} and {(—)-1 @ (—)-7}.

where the scalar product of the dipole transition moments has
been expressed in the last equality for components along axes
x, y and z in the harmonic approximation, where Q, is the
normal mode, P, is the conjugate momentum, u is the electric
dipole moment of the molecule and m is the magnetic dipole
moment of the molecule. For the case of methyloxirane,56 the
AK = 0, Q-branch transitions depend on the x-term in eqn (6)
with the x-axis along the principal axis with least moment of
inertia, whereas the AK = +1 branches depend on the y and z
terms, along the intermediate (y) and largest moment of inertia
axes (z). Since these individual components of the scalar
product sum can have different signs, the rotational VCD
band contour need not be monosignate nor identical to the
absorption band contour. Chlorofluoroiodomethane is an
asymmetric top with calculated moments of inertia (amu.Az)
86.8, 371.5 and 447.1 (0.195. 0.046, 0.038 cm™'). As shown in
Fig. 8, the B3LYP/SDD calculations place the dipole deriva-

Table 3 Observed and calculated normal modes of CHCIFI
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|
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Fig. 6 IR (lower frame) and VCD (upper frame) spectra of (+)-
fluorochloroiodomethane, ~ 100 torr, in 5 cm ™' gas cell equipped with
BaF, windows, 4 cm ™! resolution, 6 h collection, instrument optimized
at 1400 cm ™.

tive for the C—F stretch (calculated frequency 989 cm™') in the
yz-plane, with expected rotational band contour classified as a
mixture of types B (with two prominent wings and a central
minimum) and C (central peak and moderate wings). The
dipole derivative for the H-C—I deformation (calculated fre-
quency 1197 cm™") is in the xy-plane, with an expected hybrid
band contour of type A (central maximum with weak wings)
and B. It is interesting to note that the experimental IR band
contour for the C—F stretch appears to be dominated by the
type B contribution with two prominent wings and a central
minimum, whereas the VCD contour for this band exhibits a
central peak and moderate wings (of the opposite sign)
characteristic of the type C contribution. The VCD band
contour exhibits a central branch of same sign as the high-
frequency wing and of opposite sign with respect to the low-
frequency wing. Further analysis of the band contours is not
possible without higher quality VCD spectra.

Observed Calculated frequency 10* x Calculated Assignment
frequency (DFT B3LYP/ 10* x Calculated rotational strength/ (largest
Mode (Raman) sdd; unscaled) dipole strength/esu® cm? esu” cm? contribution)
1 197 185 0.4 0.1 Cl—Cl—I deformation
2 274 259 1.8 —-0.3 F—C—1I deformation
3 418 371 14.2 0.5 Cl—C—F deformation
4 587 563 356.5 —12.7 C—I stretch
5 764 634 1237.3 10.1 C—Cl stretch
6 1053 990 837.7 6.7 C—F stretch
7 1180 1197 284.2 —4.5 H—C-I deformation
8 1301 1286 49.3 0.6 H—-C—F deformation
9 3150 3215 5.6 -1.7 C—H stretch

This journal is © the Owner Societies 2006

Phys. Chem. Chem. Phys., 2006, 8, 79-92 | 87


http://dx.doi.org/10.1039/b510675c

Published on 21 November 2005. Downloaded on 21/10/2014 22:42:25.

View Article Online

Observed VCD| 4
0
o
>
<
<
qF
Calculated VCD
-2 : . 2.0
Observed IR
« 600
2
=
a o)
5 400 s
@ 5]
Q o]
< S
k= 8
o 200
S <
0 Calculated IR, L
1400 1200 1000

Wavenumber (cm™)

Fig. 7 Comparison of IR (lower frame) and VCD (upper frame)
observed for (+)-CHFCII in the gas phase (right axes) and calculated
for (S)-CHFCII (left axes) at the DFT level, B3LYP functional, SDD
basis set (6 cm ™' half-width Lorentzian bands).
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Fig. 8 Calculated geometry, inertial axes and dipole derivatives
(u, with subscript indicating calculated frequency in cm™') for (S)-
CHEFCII, (DFT: (B3LYP functional/SDD basis set), for two normal
modes.

Conclusion

A complete investigation has been conducted on chlorofluor-
oiodomethane, one of the most simple model chiral molecule.
Racemic CHFCII has been synthesized in multigram quanti-
ties, its spectroscopic parameters for the vibrational ground
state have been determined by microwave spectroscopy
whereas the rovibrational analysis of the C—F stretching band
is under investigation. This spectroscopic analysis is one of the
most important steps in the perspective of future AEpy
measurements by ultrastable CO, laser spectroscopy because
it will enable selection of the most appropriate absorption line
for the final PV test. For this purpose it has been shown that it
is possible to prepare the two partially enriched S-(+) and
R-(—)-1 enantiomers, whose absolute configuration has been
determined by VCD studies in the gas phase. Finally, the
enantioselective complexation process by a chiral cryptophane
has shown to be effective and to be a practical tool for ee
measurements. For future work, a way to improve the en-
antiomeric enrichment of (+)- and (—)-CHFCII would be to
use gas chromatography on a chiral phase on the preparative
scale.

Experimental
1. Sample preparation

General. 'H-, 1*C- and '’F-NMR spectra were recorded on
a Bruker DPX 200 spectrometer (at 200 MHz for 'H, 50.4
MHz for '*C and 188.6 MHz for '°F) and on a Varian Unity +
spectrometer (at 500 MHz for 'H and 471.4 MHz for '°F).
Melting or decomposition temperatures were measured using
a Perkin-Elmer DSC7 microcalorimeter. Elemental analyses
were carried out by the Service Central d’Analyses, CNRS.
Specific rotations (in ° cm® g~') were measured in a 1 dm
thermostated quartz cell on a Jasco-P1010 polarimeter. Cir-
cular dichroism spectra were recorded on a CD6 Jobin-Yvon
dichrograph. [D;]tetrachloroethane was purchased from Eur-
isotop. Compounds 2, 4, 5, 6 and (+)-1 were prepared as
previously described.'* Cyclotriveratrylenes (+)- and (—)-9
and benzylic alcohol 10 were prepared according to lit-
terature.>’

(£)-Chlorofluoroiodomethane ((+)-1). 25 g (43.6 mmol) of
the {(£)-2, (—)-strychnine} salt in triethyleneglycol TEG (100
mL) was decarboxylated, by heating at 110 °C, under 110
mmHg, and under stirring for 1 h. 2.8 g (33%) of (£)-1 was
collected in a liquid nitrogen trap. "H NMR (CDCl;) 6 7.62 (d,
2Jur = 50.2 Hz). 3C NMR (CDCl3) 6 55.04 (d, 'Jcp = 308.4
Hz). ’F NMR (CDClsy; CFCl, as internal reference) d —86.99
(d, *Jur = 50.2 Hz). ’F NMR (CDCls; CF;CO,H as internal
reference) 6 —11.03 (d, 2Jyr = 50.3 Hz) in agreement with
literature data.''

(—)-Chlorofluoroiodomethane ((—)-1). A solution of 6.57 g of
the {(£)-2, (—)-strychnine} salt in 35 mL of MeOH was
allowed to crystallize at room temperature for one day under
stirring. After filtration, 3.758 g (57%) of the {(+)-
FCIICCO,H,(—)-strychnine} salt 8a was obtained as a yellow
precipitate, de 67% (determined by '"F NMR in CDCl; at
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200 MHz). From the mother liquors, after evaporation of the
solvent, 2.644 g (40%) of the {(—)-FCIICCO,H,(—)-strych-
nine} salt 8b was obtained, and subsequently decarboxylated
in TEG (10 mL) by heating at 110 °C, under 40 mmHg, and
under stirring for 1 h. 200 mg (22%) of (—)-1 was collected in a
liquid nitrogen trap. Enantiomeric excess 20.5% (analytical
gas chromatography on a Chirasil-y-Dex column under cryo-
genic conditions'?).

3-[(3-bromopropyl)oxy]-4-methylthiobenzenemethanol 11. A
mixture of 3-hydroxy-4-methylthiobenzyl alcohol (4.64 g, 27
mmol), K,COj3 (3.88 g, 28 mmol) and 1,3-dibromopropane (6
mL, 58 mmol) in acetone (50 mL) was refluxed for 24 h. The
solvent was stripped off and the residue was taken up in a
mixture of water and diethyl ether. The organic layer of the
filtrate was washed with aqueous (10%) KOH, with water,
dried over sodium sulfate and evaporated. Column chromato-
graphy (CH,Cl,/AcOEt 9:1) gave 5.08 g (64%) of pure 3-[(3-
bromopropyl)oxy]-4-methylthiobenzenemethanol 11. Mp
83 °C. 'H NMR (CDCls) 7.09 (d, Hs, *J5, = 8.0 Hz); 6.88—
6.94 (m, H, and H,); 4.63 (d, CH,OH, *J = 5.0 Hz); 4.17 (t,
OCH,; 3J = 5.5 Hz); 3.66 (t, CH,Br, °J = 6.5 Hz); 2.40 (s,
SCHs); 2.35 (qi, CH,, 3J = 6.0 Hz); 1.64 (t, CH,OH, *J = 5.0
Hz)."*C NMR (CDCl5) 155.3 (ArC-0); 138.8 (ArC-C); 126.8
(ArC-S); 125.7 (ArCy); 119.9 (ArC,); 110.1 (ArC)); 66.0
(CH,0); 64.9 (CH,OH); 32.3 (CH,); 30.1 (CH,Br); 14.5
(SCH3). Anal calc for C1H;50,SBr: C, 45.37; H, 5.19. Found:
C, 45.3; H, 5.2.

3-[(3-Iodopropyl)oxy]-4-methylthiobenzenemethanol 12. A
mixture of  3-[(3-bromopropyl)oxy]-4-methylthiobenzene-
methanol 11 (2.71 g, 9.3 mmol) and Nal (3.19 g, 21.3 mmol)
in acetone (25 mL) was refluxed at 40 °C for 2 h. The solvent
was evaporated and the residue was taken up in a mixture of
water and dichloromethane. The aqueous layer was extracted
with dichloromethane, the organic layer was dried over so-
dium sulfate and evaporated to dryness to give pure 12 (2.84 g,
90. Mp 79 °C. '"H NMR (CDCl;) 7.09 (d, Hs, 3J3> = 8.0 Hz);
6.88-6.94 (m, H, and H,); 4.63 (d, CH,OH, >J = 6.0 Hz); 4.10
(t, OCH,, *J = 5.5 Hz); 3.42 (t, CH,I, 3J = 6.5 Hz); 2.40 (s,
SCH;); 2.30 (qi, CH,, °J = 6.0 Hz); 1.68 (t, CH,OH, °J = 6.0
Hz). *C NMR (CDCl5) 155.2 (ArC-0); 138.8 (ArC—C); 126.8
(ArC-S); 125.7 (ArGC;); 119.2 (ArC,); 110.1 (ArCy); 67.9
(OCH,); 649 (CH,OH); 32.9 (CH,); 14.5 (SCHj3); 2.8
(CH,I). Anal calc for C;;H;50,SI: C, 39.07; H, 4.47. Found:
C, 39.3; H, 4.5.

M-(+)- and P-(—)-2,7,13-tris|3-[5-(hydroxymethyl)-2-thio-
methylphenoxy]-propyloxy]-3,8,13-trithiomethyl-10,15-dihydro-
SH-tribenzo|a,d,g]cyclononene M-(+)- and P-(—)-13. To a
solution of cyclotriveratrilene M-(+)-9 (80 mg, 176 pmol) in
4.8 mL of DMF/HMPA (1:1) was added 100 pl of aqueous
NaOH (6.25 M) and the mixture was stirred under argon for
10 min, followed by addition of iodide 10 (0.18 g, 526 pmol).
After the mixture was stirred at rt for 1 h, further amounts of
NaOH (100 pl) and 10 (0.18 g) were added. After a night, the
reaction mixture was poured into water and extracted with
ethyl acetate. The organic layer was washed with aqueous HCl
(1 M), with water, dried over sodium sulfate and evaporated to
dryness. Column chromatography (dichloromethane/acetone

8 : 2) gave M-(+)-13 (70 mg, 36%). [«]5 + 122 (¢ 0.08,
dioxane). Mp 300 °C (decomp). 'H NMR (CDCl;) 6.82-7.10
(m, aromatic H); 4.69 (d, H,, 2/ = 13.5 Hz); 4.53 (d, CH,OH,
3J = 5.5 Hz); 4.22 (m, OCH,); 3.56 (d, H, 2J = 13.5 Hz); 2.25
—2.35 (25, SCH; and m, CH>); 1.71 (t, CH,OH, 3J = 5.5 Hz).
13C NMR (CDCl;) 155.4 and 154.5 (ArC-0); 138.8, 137.6 and
132.0 (ArC-C); 128.3 (ArC-H); 126.6 (ArC-S); 125.5 (ArC-—
H); 125.2 (ArC-S); 119.7, 112.8 and 110.0 (ArC-H); 77.2
(CH,OH); 65.1 and 65.0 (OCH,); 36.3 (Ar—CH-Ar); 29.2 (O
—CH,—CH,—CH,-0); 14.5 and 15.1 (SCH3). Anal calc for
Cs57HgO9S6: C, 62.95; H, 6.12; S, 17.69. Found: C, 63.1; H,
6.2; S, 17.5.

The same procedure starting from 110 mg of P-(—)-9 gave
P-(—)-13 (140 mg, 53%). —108 (c 0.32, dioxane).

Cryptophanes M-(+)- and P-(—)-7. To 160 mL of 99%
formic acid stirred at 90 °C, was added dropwise a solution
of triol M-(+)-13 (70 mg, 64 umol) in CHCI; (15 mL) for 24 h.
Then the solution was stirred for 22 h at 90 °C. The solution
became yellow and heterogenous.The solvent was evaporated
under vacuum (some CHCIl; was added at the end in the order
to facilitate formic acid removal through azeotrope forma-
tion).Column chromatography (CH,Cl,) provided 17.7 mg
(27%) of M-(+)-7.%% Enantiomeric excess 81.6% (HPLC on
a Regis (S,5) Welk-O1 column; eluent THF /pentane 60 :40, 1
ml min~", wavelength 230 nm). CD (1.07 10™* M in CH,Cl,)
245.2 (38.7), 273.2 (—38.2), 291.2 (—29.8), 306.6 (20.9), 312.4
(21.2). Mp 300 °C (decomp). '"H NMR (CDCls) 6.84 (s, Hp);
6.49 (s, H,); 4.63 (d, H,, 27 = 13.5 Hz); 4.07 (m, O-CH-H’);
3.85 (m, O-CH'-H); 3.47 (d, H., 2J = 13.5 Hz); 2.37 (s,
SCH,); 2.22 (m, CH,). *C NMR (CDCl3) 153.8 (ArC-O);
135.9 and 131.3 (ArC-C); 125.4 (ArC-S); 125.2 and 110.9
(ArC-H); 63.8 (OCH,); 36.4 (Ar—-CH>-Ar); 30.2 (CH,); 14.8
(SCHj). Identical to literature.*

The same procedure starting from 127 mg of P-(—)-13 gave
P-(—)-7 ((24.1 mg, 20%). Enantiomeric excess 65.6% (HPLC
on a Regis (S,S) Welk-O1 column; eluent THF/pentane
60:40, 1 ml min~!, wavelength 230 nm). CD (8.42 107° M
in CH,Cl,) 245.6 (—29.4), 274.8 (32.4), 293 (30), 309 (—15.6),
311.8 (—16.6).

NMR experiments. The sample consisting of (%)-crypto-
phane-E-(SCH3)¢ and (£)-CHFCII was prepared by mixing
5 mg (4.8 umol) of (£)-7 and 1 pl (11.8 pmol) of (£)-1 in 0.7
mL of C,D,Cly. The sample consisting of (—)-cryptophane-E-
(SCH3)¢ and (—)-CHFCII was prepared by mixing 3 mg
(2.9 pumol) of (—)-7 and 1.7 pl (20.4 pmol) of (£)-1 in
0.7 mL of C,D,Cly. Each experiment was performed twice.

Fourier transform microwave spectrometer. Rotational spec-
tra in the 6-20 GHz spectral range were recorded using the
Lille FTMW spectrometer.”® A gas mixture of 3 mbar of
CHCIFI completed with neon as carrier gas to a total pressure
of 1 bar was prepared. Gas pulses were then expanded into the
vacuum tank through a pulsed nozzle to create a supersonic
beam. The supersonic beam cools the gas to a few Kelvin
which considerably reduces the number of observable transi-
tions. Gas pulses are introduced into the vacuum tank by
means of a pulsed solenoid nozzle. The molecules are then
polarized by a microwave pulse and the molecular free
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induction decay signal, after amplification is frequency down-
converted. As the nozzle is inserted in the centre of the fixed
mirror of the Fabry-Perot cavity, the supersonic expansion is
parallel to the optical axis of the cavity. Each transition is
divided into two Doppler components. The central frequencies
of the lines are determined by averaging the frequencies of the
two Doppler components after transformation of 4096 data
points time domain signal, leading to a digital resolution of 2.4
kHz in the spectrum. The accuracy of frequency measurements
is estimated to be better than 3 kHz. The linewidth for a
typical, well-resolved line is 10 kHz. Such a high resolution
spectrum is shown in Fig. 9 (part of the 4,35 « 33 transition
around 17 GHz). The three u,, up, p-types of transition have
been observed. At the same microwave pulse length, the
optimal microwave powers to polarize the molecules were
found to be around 20 mW for u,, u; type transitions and 4
mW for u.-type transitions, respectively (which indicates that
e > 1y & U, in agreement with the ab initio predictions). All
the FTMW data were weighted according to the frequency
measurement accuracy (3 kHz).

Millimetre spectra. Several high-J lines of CHCIFI have
been observed at room temperature in the 270-350 GHz range
and recorded at a pressure of about 0.13 mbar. All spectra
were measured with the Lille computer-controlled MMW
spectrometer using a phase-stabilized backward-wave-oscilla-
tor source and a He-cooled InSb bolometer (Queen Mary
College) detector. The accuracy of the measurements is equal
to 50 kHz. However several lines are broadened by the
quadrupole hyperfine structure or the K degeneracy, and can
only be resolved when the frequency difference reaches 400
kHz. All these blended lines were individually weighted,
between two and four times the measurement accuracy, in
accordance with the obs — calc values. This procedure was
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carefully applied in order to not bias the fit, and for reaching
as meaningful frequencies as possible.

Rovibrational spectroscopy. Our continuous supersonic jet-
FTIR spectrometer device has been described in detail else-
where.®® Briefly, CHFCII is seeded in argon at about 40% by
sweeping the rare gas over the chiral molecule maintained at
room temperature in a pyrex flask. The CHFCII/Ar mixture is
then expanded at a stagnation pressure of about 700 mbar
through a circular nozzle of 250 pm diameter and evacuated
by a 18 m> h™'. Varian four stage diffusion pump backed by a
400 m* h™'. Roots pump (Edwards EH 500) and a Leybold
D60 (60 m* h™") rotary vane pump. In these conditions, the
background pressure is typically equal to 107> mbar with a
stagnation pressure of 700 mbar. The supersonic expansion is
probed about 2 mm in front of the nozzle by the IR beam
coming from a Bruker IFS 120 HR interferometer, which
intersects the molecular beam 16 times, crosses a bandpass
filter centred around 1060 cm™' (FWHM = 300 cm™') and
finally focusses on a HgCdTe photovoltaic detector (cut-off at
16 pm).

The small available quantity of racemic CHFCII synthesized
(4.3 g) for these continuous gas flow experiments represents a
strong limitation to obtain a complete set of excited-state
rotational constants, centrifugal distortion constants and band
centers with a sufficient accuracy. Therefore our experimental
strategy is based on the following considerations: firstly, with a
throughput of 1 mol h™' and in our seeded jet conditions, the
whole CHFCII is consumed after only 20 min of recording.
From the LN, cooling traps installed at the end of the
pumping system, about 85% of iodochlorofluoromethane
injected was recovered after each cycle and could be reused
without purification, which increased the recording time by a
factor of four. Secondly, scan-by-scan acquisition mode of the
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Fig. 9 Part of the well resolved F; = 3 « 3 and 4 « 4 components of the Jx x, = 413 < 303 transition of CHF?*CII. The figure is obtained by
concatenation of several high resolution spectra obtained after Fourier transformation of 100 coadded free induction decays.
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interferograms was operated in order to record an individual
phase correction, which contributes to significantly lower the
statistical noise of the spectrum. In these conditions, the
resulting jet spectrum is the Fourier transform of 50 coadded
interferograms recorded at 0.008 cm™! resolution.

The remaining quantity of CHFCII (about 1 g) was used for
cell experiments. The vacuum chamber of our molecular beam
device is used as a room temperature static cell with a volume
of 50 dm® and an absorption length of 5 m, which enables
injection of low sample pressures (0.05 mbar for the v4 band of
CHFCII). The maximum optical path difference of our Bruker
FTIR spectrometer is 2.25 m, resulting in an instrumental
bandwidth (full width at half maximum) of 0.0022 cm™'
(unapodized) or 0.002 cm™! (with boxcar apodization). Two
cell spectra, which represent the Fourier transform of 150 and
75 coadded interferograms, have been recorded at 0.008 and
0.002 cm™! resolution, respectively. During the static cell
experiments, a significant evolution in the band contour of
the C—F stretching band of CHFCII is observed after 40 min of
recording. This is interpreted as resulting from the slow
decomposition of the product, and consequently the vacuum
chamber is evacuated and fresh CHFCII is reinjected after
each cycle of ten scans.

Gas phase VCD spectroscopy. A sample of (+)-CHFCII (ee
50%) was transferred on a vacuum line into a 5 cm pathlength
gas cell with BaF, windows by condensing into a side-arm of
the cell. Spectra were obtained for the gas phase at ambient
vapor pressure (~ 100 torr). IR and VCD spectra were mea-
sured on a modified Chiral/R VCD spectrometer (BioTools,
Inc., Wauconda, IL) equipped with dual PEM optics to
minimize baseline artifacts.! VCD spectra were recorded for
6 hin 1 h blocks, at 4 cm™' resolution.

Calculations: Optimized geometries, vibrational frequencies
and IR and VCD intensities were calculated at the DFT level
with Gaussian 032! with a variety of basis sets and functionals
for the (S)-enantiomer (B3LYP functional with LanL.2DZ,%*%*
CEP-121G.* and SDD® basis sets; B3PW91 functional with
LanL2DZ basis set). Calculated intensities were converted to
Lorentzian bands with 6 cm ™' half-width for comparison to
experiment.
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