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ABSTRACT: Molecular structures for the heterochiral and
homochiral gas-phase homodimers of 3-fluoro-1,2-epoxypropane
and 3,3-difluoro-1,2-epoxypropane are investigated using both ab
initio and density functional quantum chemistry calculations.
Although microwave spectra for the heterochiral dimers are not
observed as the lowest-energy isomers lack an electric dipole
moment and others are presumably too high in energy, rotational
spectra are observed for the homochiral dimers of each molecule
that are consistent with the lowest-energy isomers of each. The
presence of hydrogen atoms in the fluoromethyl groups makes it
possible for these groups to participate in the intermolecular
interactions that stabilize these dimers, resulting in a distinctly different bonding motif than is observed in the homodimers of 3,3,3-
trifluoro-1,2-epoxypropane where the lack of a hydrogen atom prevents this possibility. The rotational spectra and energy ordering of
the dimers are sufficiently well predicted with modest calculational methods to enable straightforward assignment of the observed
spectra and to identify the molecular carrier of an assigned spectrum.

1. INTRODUCTION for chiral analysis.” By complexing this tag with a sample
containing a mixture of styrene oxide (SO) enantiomers, we
unambiguously identify and distinguish the two complexes, (R)-
TFO-(R)-SO and (R)-TFO-(S)-SO, and using the intensities of
the transitions, determine the enantiomeric excess (ee)
satisfactorily [the sample has an ee of 47.2 + 0.4% (S), while
the chiral tag experiment gives an ee of 46.7 = 0.2% (S)]. In
another study, TFO plays the role of a tag as well as an analyte (a
“self-tagging” experiment). The presence of both enantiomers
allows the formation of homochiral as well as heterochiral
(TFO),. We have successfully analyzed the spectra of two
isomers of homochiral (TFO),."" The lowest-energy hetero-
chiral (TFO), is predicted to have no dipole moment, and as a
result, it is microwave-silent. Indeed, despite an extensive
spectral search, we are not able to identify any heterochiral
isomers.

While we are conducting further experiments to continue to
explore the usefulness of TFO as a chiral tag, it is also important

Our search for effective chiral tags has revealed that epoxides
substituted with fluorine atoms are good candidates. Thus far,
we have studied and reported the rotational spectra of three
epoxides with a fluoromethyl group (—CH,F;_,, where n = 0—
2).'7® These epoxides have several desirable attributes. The
relative ease of introduction of these species into free jet
expansion and the existence of multiple functional groups
suggest that they should be able to establish favorable
intermolecular interactions with a pair of enantiomeric analytes
so that the use of an enantiopure form of the tag would convert
the enantiomers into spectroscopically distinct diastereomeric
dimers, thus allowing the identification of the absolute
configurations of the analytes and the determination of their
relative amounts in the original sample.*”'" Because each of
these epoxides has relatively small moments of inertia, the
rotational constants for the diastereomeric dimers are
reasonably large, which, together with the absence of hyperfine
interactions and internal dynamics in the epoxide, results in little
spectral congestion or complication in analyzing the dimeric
spectra.

We have shown in two experiments that indeed, 3,3,3-
trifluoro-1,2-epoxypropane [2-(trifluoromethyl)oxirane or
TFO] works well as a chiral tag. In a collaboration with the
Schnell group, an enantiopure sample of TFO, (R)-TFO, is used
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to examine other tags, as different analytes may interact better
with some tags and/or produce dimer spectra with them that are
easier to analyze than others. We therefore turn to two
analogous fluoromethyl oxiranes: 3-fluoro-1,2-epoxypropane
[2-(fluoromethyl)oxirane or FO] and 3,3-difluoro-1,2-epox-
ypropane [2-(difluoromethyl)oxirane or DFO]. The structures
of the lowest-energy FO, DFO, and TFO monomers are similar
(two higher-energy conformers of FO have also been
reported ), yet their complexes with argon show two different
motifs. > We use argon as a buffer gas in our molecular beam to
allow repeated formation and dissociation of molecular
complexes; thus, each observed argon-fluoromethyl oxirane
complex most likely represents the lowest-energy isomer.

Argon interacts with DFO and TFO in a similar manner: using
the three-membered epoxy ring as a reference plane, oriented so
that the fluoromethyl group is below it, argon lies practically
above the O atom, interacting most strongly with it and
somewhat less so with the two C atoms in the ring.>” This is the
same binding mode observed in the argon complex of the
unsubstituted epoxide, ethylene oxide."® In the presence of only
one F atom in the fluoromethyl group, however, the binding
motif of Ar to FO is very different. This time, Ar is off to one side
of the ring, interacting with the O and C (the one connected to
the CFH, group) atoms in the ring and also with the F atom." To
understand the different binding modes, we map the electro-
static potential of each epoxide onto its total electron density
surface [calculated at the MP2/6-311++G(2d,2p)] level." These
mapped surfaces reveal that the most negative atom in all three
epoxides is O; thus, it is not surprising that both binding motifs
involve an Ar—O interaction. As the number of F atoms
increases in the fluoromethyl group, the nucleophilicity of these
atoms decreases. The only F atom in FO is very nucleophilic
(comparable to that of the O atom in the molecule); therefore, it
also forges an interaction with argon. The F atoms in DFO and
TFO, on the other hand, are much less nucleophilic and as such,
their interactions with argon are not expected to be particularly
strong; this is perhaps the reason why this binding mode is not
observed for these molecules under our experimental con-
ditions. Of course, attractive and repulsive forces are delicately
balanced in intermolecular interactions. Theoretical calculations
at the MP2/6-311++G(2d,2p) level show that both modes of
argon binding correspond to potential minima for each of these
three epoxides, and the energies for these two modes in each
argon complex of FO, DFO, and TFO may be too similar
(differing in each case by no more than 20 cm™, that is, 0.25 kJ
mol™") to make the energy ordering reliable. In fact, in the case
of Ar—FO, the experimentally observed motif does not agree
with the theoretically predicted energy ordering.'

Given the two different binding modes observed in these
argon-fluoromethyl oxirane complexes, we wish to examine the
oxiranes to understand further how they participate in
intermolecular interactions and hence, their usefulness as chiral
tags. We especially would like to examine several questions: (1)
Does the computational method we currently use satisfactorily
predict the lowest-energy complex formed by each tag? (2)
More fundamentally, how does the presence of different
numbers of F atoms in FO, DFO, and TFO affect the ability
of these tags to interact with more complicated binding
partners? We report our results of two self-tagging studies
here, the investigation of the binding modes of (FO), and
(DFO),, and compare them to that of (TFO),.

2. THEORETICAL CALCULATIONS

To explore the conformational landscape in each of the oxirane
dimers, we employ the same theoretical methods as those we
used previously for the two dimers, (TFO), and TFO-SO. We
consider all different combinations of the conformers of each
oxirane. Applying the artificial bee colony algorithm with the
ABCluster program developed by Zhang and Dolg,'*" we
rapidly identify 28—30 isomers on the potential energy surface
that describes the interactions between the various conforma-
tional possibilities for the subunits in heterochiral and
homochiral (FO), and in heterochiral and homochiral
(DFO),. Each isomer is then optimized using density functional
theory (DFT), as implemented in Gaussian 16.'° Specifically, we
use the B3LYP functional and the def2-TZVP basis set'” with
the addition of D3 dispersion correction with Becke—Johnson
(BJ) damping.'® All structural parameters, including those of the
subunits, are fully relaxed, and harmonic correction is used to
give the zero-point energy (all energies reported in the following
are zero-point energies). From the isomers of each dimer
identified by ABCluster, we obtain 14—17 unique structures
after the DFT calculations. The lowest-energy dimers are
typically formed by the lowest-energy conformers of FO and
DEFO.

The lowest-energy heterochiral isomers of (FO), and (DFO),
each have an inversion center; thus, they are nonpolar and have
no microwave spectra (Figure 1). The stabilization of these

2.9021 A
2.3290 A

2.7817 A
23710 A

Figure 1. Lowest zero-point energy isomers (using B3LYP-GD3B]/
def2-TZVP) of heterochiral (FO), (left) and heterochiral (DFO),
(right). The most significant intermolecular distances are color coded
for easy visualization.

symmetric arrangements is not surprising: the enantiomeric
subunits can forge equivalent interactions with each other in
each dimer; as such, the electrostatic interactions can be
maximized while steric strain can be minimized in the complex.
These equivalent interactions in both (FO), and (DFO),
involve the most nucleophilic atom in these oxiranes, O, and
H atoms connected to C-1 and C-3, respectively (the atomic
positions of these dimers in their principal axis systems are
available as Supporting Information). Other heterochiral
isomers of (FO), are much higher in energy, by at least 156
cm ™ or 1.86 kJ mol ™!, compared to the lowest-energy structure.
The energy gap between the lowest-energy and other
heterochiral isomers of (DFO), goes up to at least 265 cm™"
or 3.17 kJ mol™". Because the rotational temperature in our
molecular beam is only several kelvins, these higher-energy
isomers are not likely to be accessible. We are fully aware that
intermolecular interactions are too subtle to expect that
theoretical calculations will provide energy values accurate to
several k] mol ™, but despite extensive searches, we are not able
to observe higher-energy heterochiral dimers of either (FO), or
(DFO),.

Each of these most stable heterochiral dimers is also lower in
energy than its most stable homochiral counterpart, by 11 cm™
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(0.13 kJ mol™) for (FO), and by 92 cm™ (1.1 kJ mol™*) for
(DFO),. Three isomers each of homochiral (FO), and (DFO),
have relative energies less than 100 cm™ (1.20 kJ mol™"); these
energies are listed in Table 1 and their structures, labeled (i—iii)

Table 1. Relative Zero-Point Energies in cm ™" and in k] mol ™"
for the Three Lowest-Energy Isomers of Homochiral (FO),
and of Homochiral (DFO), Using Different Levels of Theory
and Basis Sets”

B3LYP B3LYP
B3LYP def2- 6-311++G 6-311++G MP2 6-311++G
TZVP (P’d) (ZP:Zd) (ZP:Zd)
k] k] k] k]
em™ mol! em™ mol? m™? mol! em!  mol?
(FO),
(i) 0 0 0 0 0 0 0 0

() 39 046 23 028 32 039 63 0.75
(i) 62 075 39 047 SI 061 180 216

(DFO),
(i) 0 0 0 0 0 0 0 0
(i) 4 052 6 008 SO 060 93 112

(i) 67 080 33 040 82 098 223 266

“GD3BJ dispersion is included in calculations that use the B3LYP
model.

in order of increasing energy, are shown in Figure 2 (the atomic
positions of these isomers in their principal axis systems are

2.5091 A 2.5564 A
2.6831 A 2.5791 A
2.7861 A 2.9207 A
3.0533 A 2.9670 A
23454 A 23538 A
2.7971 A 2.8564 A
24156 A 2.4597 A
23356 A 23120 A
2.7673 A 29120 A
23185 A 23365 A

62 cm™ 67 cm™

(i) (i)

Figure 2. Three isomers with lowest zero-point energies (using B3LYP-
GD3BJ/def2-TZVP) for homochiral (FO), (left) and for homochiral
(DFO), (right). The most significant intermolecular distances are color
coded for easy visualization.

available as the Supporting Information). To investigate what
level of theory is more adequate for these species, we also
optimized these six isomers using different levels of theory and
basis sets, namely, B3LYP with 6-311++G(p,d) and 6-311+
+G(2p,2d), both with GD3BJ dispersion, and MP2 with 6-311+
+G(2p,2d). The harmonically corrected zero-point energies are
listed in Table 1. Indeed, all four methods show the same energy
ordering for homochiral (FO), and (DFO),.

The lowest-energy homochiral (FO),, (FO),-i, has a C, axis
and two sets of equivalent interactions: O interacting with two
hydrogen atoms connected to C-1 and C-3, respectively, and an
F atom interacting with an H atom connected to C-3 (Figure 2).
The reason why the six interactions do not stabilize the
homochiral complex as much as the four interactions in the
heterochiral complex (Figure 1) is apparent when the
interaction lengths are compared. The two sets of equivalent
O---H interactions in each complex involve the same H atoms.
The one connected to C-3 should be more electropositive
because of its proximity to the F atom than the one connected to
C-1. Without the CF; groups near each other, the O---H(C-3)
interaction in the heterodimer is allowed to be very short
(2.3710 A, as opposed to 2.6831 A in the homochiral dimer)
and, hence, strong. The proximity of the CF; groups allow two
F--H(C3) interactions, but a length of 2.7861 A suggests a fairly
weak intermolecular bond. Much of the same can be said for the
lowest-energy heterochiral (DFO), (Figure 1) and lowest-
energy homochiral (DFO),, (DFO),-i (Figure 2). This time, the
O---H(C-3) interaction in the heterochiral species is 2.3290 A
[slightly shorter than its heterochiral (FO), counterpart but
more significantly so than the 2.5791 A length in homochiral
(DFO),], and it appears to be the interaction that makes the
heterochiral (DFO), more stable than homochiral (DFO),. It is
interesting to note that the next higher-energy homochiral
isomer of (FO), and that of (DFO), likewise share structural
similarities; the same is true for the pair of isomers still higher in
energy (Figure 2). Using the same four model chemistries
mentioned previously, the rotational constants and dipole
moment components are calculated at the equilibrium
structures for the lowest-energy homochiral (FO), and
(DFO), isomers and tabulated in Table 2. Because of the
symmetry of each of these dimers, the only nonzero dipole
moment component is along the b inertial axis, which is also the
C, symmetry axis for each dimer (Figure 2, top).

3. EXPERIMENT

Rotational transitions of (FO), and (DFO), are observed in the
broadband, chirped pulse Fourier transform microwave (CP-
FTMW) spectra previously obtained for and described in our
reports on FO/Ar-FO' and DFO/Ar-DFO,” respectively.
Briefly, vapor of the relevant oxirane is entrained in argon and
introduced into a spectrometer'”~>" via expansion through two
pulsed valves, each with a 0.8 mm orifice. The 5.6—18.1 GHz
spectrum is obtained in three separately acquired segments by
polarization with a 4 ys chirped pulse with 20—25 W of power
followed by S0 Gs s™" digitization of the resulting free induction
decay (FID). For FO, the FID is digitized for 20 us, which after
averaging is Fourier transformed to give a frequency domain
spectrum with a resolution element of 11.92 kHz, typical line
widths (FWHM) of 125 kHz, and allows us to assign line centers
with an estimated measurement uncertainty of $ to 10 kHz. For
DEFO, only 10 us of the FID is recorded resulting in a 23.84 kHz
resolution element, line widths of 225 kHz, and an estimated
measurement uncertainty of 10 to 15 kHz. As noted in the earlier
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Table 2. Rotational Constants and the b Dipole Moment Components” Predicted Using Different Levels of Theory and Basis

Sets” for (FO), and (DFO),*

B3LYP def2-TZVP B3LYP 6-311++G(p,d)

B3LYP 6-311++G(2p,2d)

MP2 6-311++G(2p,2d)

theory exp. — theory theory exp. — theory theory exp. — theory theory exp. — theory experimentd
(FO),
A/MHz 1485.4 11.9 1477.1 20.2 1480.6 16.7 1497.4 —0.11 1497.31344(36)
B/MHz 944.6 —18.1 947.1 -20.5 940.8 —14.2 981.2 —54.7 926.58964(31)
C/MHz 652.3 -7.7 652.4 -7.8 650.1 —54 673.2 -28.6 644.61117(13)
Ip|/D 2.92 3.29 3.08 3.00
(DFO),
A/MHz 1169.5 7.9 1175.3 2.1 1164.9 124 1170.6 6.7 1177.32680(60)
B/MHz 572.6 —4.1 568.3 0.2 578.3 -9.8 602.0 -33.5 568.49295(41)
C/MHz 471.1 —4.1 472.6 -5.6 475.7 —-8.8 489.5 -22.5 466.98133(25)
Ipl/D 424 4.69 442 4.36

“The a and ¢ dipole moment components are zero. bGD3B_] dispersion is included in calculations that use the B3LYP model. “The experimental
rotational constants, derived from the A-reduced Hamiltonian, are also listed for comparison. “These constants are derived from the Watson A-

reduced Hamiltonian.

reports,”” significantly fewer FIDs were averaged for the DFO
spectrum (72,000 to 78,000) than for the FO spectrum
(450,000 to 1,713,000).

4. SPECTRAL ANALYSIS

We have observed 74—76 b-type transitions each for homochiral
(FO), and (DFO),, sampling J from 2 to at least 13 and K, from
0 to at least 6. We have searched for a- and c-type transitions but
are not able to locate any, consistent with the theoretical
predictions for and symmetry of the most stable species. Figure 3

FO
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Figure 3. Forty megahertz portion of the spectrum taken with FO in Ar

showing spectral lines due to the three isotopologues of the most stable
conformer of FO and a less stable conformer of FO, Ar—FQ, and (FO),.

shows a portion of the spectrum taken with FO in argon in which
two transitions of homochiral (FO), are observed, together with
several transitions due to the isotopologues of the most stable
conformer of FO and Ar—FO"'” and one due to a less stable
conformer of FO, conformer II."> The transition intensities of
the homochiral dimer are similar to the '*O isotopologue of the
most stable conformer of FO. Using DFO in argon, Figure 4
shows transitions due to homochiral (DFO),, as well as four
isotopologues of DFO and Ar-DFO. This time, the spectral lines
for (DFO), have similar intensities as those for Ar-DFO and the
13C isotopologues of DFO.

Spectral assignments of homochiral (FO), and (DFO), are
performed with Kisiel's AABS program,”” and the transitions are
analyzed using both Watson A- and S-reduced Hamilto-
nians,”>™*° each in the I representation, and Pickett’s nonlinear

CH,"*CH(CHF,)O

DFO

Ar-DFO

<)
=
e

CH,CH("*CHF,)0
'3CH,CH(CHF,)O

2l
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MHz
Figure 4. One hundred megahertz portion of the spectrum taken with

DFO in Ar showing spectral lines due to four isotopologues of DFO, Ar-
DFO, and (DFO),.

least squares SPFIT program.”® For each species and for each
Hamiltonian, we obtain three rotational constants and five
quartic centrifugal constants (Table 3). The rms uncertainties of
these fits, 4 kHz for (FO), and 9 kHz for (DFO),, are
reasonable, within a portion of a linewidth. The rms
uncertainties also reflect the different FID lengths and resulting
measurement uncertainties for the two species. The longer (20
us) FID length for (FO), provides a more precise determination
of the transition frequency and a smaller rms than does the
shorter (10 us) FID used in obtaining the (DFO), spectrum
(tables of observed and calculated transition frequencies with
assignments for these species fitted to the A-reduced
Hamiltonian are available as the Supporting Information). As
expected, the corresponding rotational constants from the two
Hamiltonians are practically the same, differing by less than
0.0008% for (FO), and less than 0.0003% for (DFO),. With an
asymmetry parameter of —0.71 for (DFO),, the species is less of
an asymmetric top than (FO),, which has an asymmetry
parameter of —0.34.

5. DISCUSSION

Our experimental work is well guided by theory: we are able to
use the theoretical rotational constants for the lowest-energy
isomers to assign the spectra for homochiral (FO), and (DFO),.
The DFT method using any one of the three basis sets works
particularly well (Table 2). In general, the values for the A
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Table 3. Spectroscopic Constants (in MHz, Unless Otherwise Noted), Fitted, Respectively, to the Watson A-Reduced and S-

Reduced Hamiltonians, for (FO), and (DFO),”

A-reduction (FO), (DFO),
A 1497.31344(36) 1177.32680(60)
B 926.58964(31) 568.49295(41)
C 644.61117(13) 466.98133(25)
Aj/107° 0.5681(23) 0.1991(20)
Ap/1073 4.6569(79) 0.5700(99)
Ag/1073 —5.0457(82) —0.577(12)
/1073 0.1671(11) 0.0474(10)
8x/1073 3.0130(97) 0.673(19)
rms/kHz 4.40 8.91

(FO),

no. of transitions 76
] range 2-13
K, range 0-6

“1o standard deviations in the parameters are given in parentheses.

S-reduction (FO), (DFO),
A 1497.31497(36) 1177.32693(60)
B 926.58301(30) 568.49155(39)
C 644.61659(13) 466.98263(24)
D;/107° 0.2694(16) 0.1732(17)
Djy/1073 6.4499(74) 0.725(10)
Dy/1073 —6.5400(83) —0.706(12)
d,/1073 —0.1670(11) —0.0474(10)
d,/1073 —0.14923(48) —0.01294(37)
rms/kHz 4.44 891
(DFO),
74
2—-14
0-7

constant are underestimated (by 2—20 MHz) but those for the B
and C constants are overestimated (by 4—20 MHz) [the only
exception is that the B value calculated for (DFO), with the 6-
311++G(p,d) basis set is underestimated by a remarkably small
amount, 0.2 MHz]. For (FO),, both def2-TZVP and 6-311+
+G(2p,2d) basis sets give somewhat better predictions than the
6-311++G(p,d) basis set, but for (DFO),, the 6-311++G(p,d)
basis set gives the best prediction, and def2-TZVP is better than
6-311++G(2p,2d). It appears that each basis set gives somewhat
better predictions for the heavier (DFO), than for (FO),. The
MP2/6-311++G(2p,2d) level of theory, however, did not do as
well compared to the DFT method. While it predicts the A
constants for the two species to within 7 MHz, the B and C
constants are overestimated by 23—55 MHz. The A rotational
constant is more sensitive to the relative orientation of the
subunits about the a-axis (which is very well approximated by
the line joining the centers of mass of the two subunits), while
the B and C rotational constants are more sensitive to the
intermolecular distance (and the A rotational constant less so).
This indicates that the MP2 level of theory does very well with
the mass distribution about the a-axis but overestimates the
intermolecular interactions, which is a known problem, resulting
in a shorter intermolecular distance and smaller moments of
inertia about the b- and c-axes. The inherent high-resolution
nature of our technique can be greatly facilitated by theory that
gives a balance of high accuracy and time economy; as such, in
this application, the more time-consuming MP2 level of theory
does not offer an advantage to us.

To examine how the number of F atoms in the fluoromethyl
group affects the nature of intermolecular interactions in the
homodimers, we compare the lowest-energy homodimers of
(FO), and (DFO), in this work with their (TFO), counterpart.
In the presence of one or two F atoms, the fluoromethyl group in
one subunit points toward the other subunit, making possible
two F--H interactions (Figure 2) as well as four O--H
interactions (with lengths of 2.5—2.7 A). The F---H interactions
in (FO), are shorter and thus stronger than those in (DFO),.
This is consistent with our finding from the mapped electrostatic
surfaces of these species that the F atoms in FO is more
nucleophilic than those in DFO." When three F atoms are
present, however, there is no longer any H atom available in the
trifluoromethyl group to form similar F---H interactions in the
homodimer. In fact, for both the homochiral and heterochiral
TFO dimers, the trifluoromethyl group in each TFO subunit

points away from the other subunit (Figure 5) and the subunits
are bound together by four O---H interactions, with lengths of

27192 A
2.6211 A

2.8270 A
2.5418 A

Figure 5. Heterochiral (left) and homochiral (right) isomers of
(TFO), with lowest zero-point energies (using B3LYP-GD3BJ/def2-
TZVD).

2.5—2.8 A, similar to those found in their (FO), and (DFO),
counterparts. However, in (TFO),, the hydrogen atoms
involved in the interactions are all ring hydrogens, while for
(FO), and (DFO),, one ring hydrogen and one fluoromethyl
hydrogen from each subunit interact with the oxygen atom on
the other. This configuration is not surprising. The F atoms in
TFO are even less nucleophilic than those in DFO' and
therefore, they are unlikely to interact strongly with their dimeric
partner. Furthermore, the trifluoromethyl groups are bulky and
would cause severe steric effects if they were to point toward
each other in the dimer.""

To explore if the homochiral and heterochiral isomers of
(TFO), may assume structures similar to those of (FO), or
(DFO),, we start the dimer at each of these configurations and
try to locate a minimum nearby using B3LYP/def2-TZVP with
GD3BJ empirical dispersion. We are able to find such a
configuration for the heterochiral (TFO),, but it is 244 cm™ or
2.92 kJ mol™" higher in energy than the most stable isomer
(Figure S), but we are unsuccessful in finding a similar
configuration for the homochiral dimer.

It is instructive to compare the observed and predicted
isomers of (FO), and (DFO), with those of their nonfluorinated
counterpart, the propylene oxide dimer, (PO),,”” as we did
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Table 4. Contributions to SAPT Binding Energy (in k] mol ™' and % of Total Stabilization Energy”) for Three Lowest-Energy
Homochiral and the Lowest-Energy Heterochiral Isomers for (FO), and (DFO), and the Lowest-Energy Homochiral and

Heterochiral (TFO),

electrostatics induction dispersion exchange SAPT

kJ mol™! % kJ mol ™! % kJ mol™ % kJ mol™! % kJ mol ™

i) —28.50 50.68 -6.37 11.33 —21.37 37.99 26.51 —47.13 —29.74

(ii) —29.78 55.02 —6.0S 11.18 —18.30 33.80 25.56 —47.21 —28.58

(iii) —-31.33 56.11 —6.83 12.24 —17.67 31.65 28.54 =S51.11 —27.30

heterochiral -31.76 54.40 —6.56 11.23 —20.07 34.37 27.06 —46.35 -31.33
(DFO),

i) —27.05 50.56 —5.82 10.88 —20.64 38.57 25.28 —47.23 —28.24

(ii) —28.42 54.79 —5.46 10.53 —17.99 34.68 23.97 —46.20 —2791

(iii) —29.95 56.20 —6.33 11.87 —17.01 31.93 26.97 —50.61 —26.32

heterochiral =32.75 55.38 —6.70 11.33 —19.69 33.29 27.41 —46.35 =31.72
(TFO),

homochiral —21.55 51.37 —3.78 9.00 —16.62 39.63 17.92 —42.72 —24.03

heterochiral —22.74 52.69 -3.96 9.17 —16.46 38.14 18.53 —42.93 —24.62

“The stabilization energy is the sum of electrostatics, induction, and dispersion energies. Percentages are relative to this total stabilization energy. In
the case of exchange energy, the negative percentage indicates that it is destabilizing.

earlier with the TFO dimer."" All of the observed PO dimers
contain at least one hydrogen bond between a methyl group
hydrogen and a ring oxygen, in common with those observed
here for FO and DFO. However, the effects of fluorine
substitution can be seen in multiple ways. The lowest-energy
isomers predicted for heterochiral (FO), and (DFO), are
analogous to the similarly nonpolar and unobserved RS1 isomers
of (PO),, with two symmetrically equivalent hydrogen bonds
forming between a methyl group hydrogen atom on one
monomer and the ring oxygen of the other and an additional two
forming between a hydrogen atom of the ring —CH, group of
one monomer and the ring oxygen of the other, which is termed
H3H2R-H3H2S in ref 27. Interestingly, despite the presence of
fluorine atoms in FO and DFO, there are no hydrogen bonds
involving fluorine atoms in this lowest-energy heterochiral
dimer.

For the homochiral PO dimer, the isomer predicted to have
the lowest energy, RR1, was also predicted to have very small
dipole moment components and was not observed.”” The
presence of the fluorine atoms in (FO), and (DFO), results in
rather large dipole moments for their respective analogous
H3H2R-H3H2R lowest-energy isomers, and these are the only
isomers observed in the argon expansion used here. One of the
observed isomers of homochiral (PO), RR4 (H3H2R-
H2HI1R), is structurally similar to the higher-energy isomer
(ii) of (FO), and (DFO),. However, in (PO),, this isomer is
higher in energy than isomer RR2 (H3H2R-H3HIR). We
attribute the lowering in (FO), and (DFO), to the presence of a
hydrogen bond between one of the fluoromethyl fluorine atoms
and a —CH, ring hydrogen, which is not possible in (PO),. A
similarly formed hydrogen bond in isomer (iii) of (FO), and
(DFO), leads to the stabilization of this isomer that has no
(PO), analogue.

We can examine how the various contributions to the
intermolecular interactions—electrostatic, induction, disper-
sion, and exchange—affect the stability of the FO, DFO, and
TFO dimers using symmetry-adapted perturbation theory
(SAPT)* as implemented in the PSI4 program package,”
choosing the def2-TZVP basis. The results are summarized in
Table 4 and Figures 6 and 7. The greatest contribution to
stability for each species comes from electrostatics (>50%),
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Figure 6. Contribution to SAPT binding energy from exchange (red
triangles), induction (orange squares), dispersion (green circles), and
electrostatics (blue diamonds), together with the total stabilization
energy (sum of electrostatics, dispersion, and induction energies, brown
stars). For (FO), and (DFO),, the three lowest-energy homochiral and
the lowest-energy heterochiral species are shown. For (TFO),, only the
lowest-energy homochiral and heterochiral species are shown.

followed by dispersion (32—40%) and then induction (9—12%).
The exchange energy is repulsive, and its magnitude is ~43—
51% of the stabilization energy (that arises from the other three
contributions). Let us consider first the lowest-energy, micro-
wave-silent heterochiral dimers of FO, DFO, and TFO. The first
two species are lower in energy by 6.7 and 7.1 kJ mol™,
respectively, than (TFO),. For (FO), and (DFO),, the SAPT
energy for heterochiral species is lower than that for the lowest-
energy homochiral species; specifically, by 1.6 and 3.5 kJ mol ™",
respectively. The major factor for this lowering is due to more
favorable electrostatics contributions. As described earlier, in the
homochiral species, the bulky fluoromethyl groups are near each
other, preventing short intermolecular interactions between O,
the most nucleophilic atom in one subunit, and H atoms in the
other subunit. The steric effects are lessened for the heterochiral
species where the fluoromethyl groups can be located away from
each other (Figures 1 and 2). In the case of (TFO),, because the
fluoromethyl groups in both heterochiral and homochiral
dimers are located far from each other, the electrostatics
contribution for both species are similar. Nevertheless, taking all
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Figure 7. Contribution to SAPT binding energy from electrostatics
(blue diamonds), exchange (red triangles), dispersion (green circles),
and induction (orange squares), each as a percentage of the total
stabilization energy. Note the exchange energy is destabilizing; only the
magnitude of the percentage is expressed. For (FO), and (DFO),, the
three lowest-energy homochiral and the lowest-energy heterochiral
species are shown. For (TFO),, only the lowest-energy homochiral and
heterochiral species are shown.

contributions together, the heterochiral species is slightly more
stabilized by 0.6 kJ mol ™.

In the case of the three lowest-energy isomers of the
homochiral species, the induction contributions for these
isomers of the same dimer [(FO), or (DFO),] are quite small
(only several k] mol™") and also similar, differing by at most 0.51
k] mol™". The contributions from electrostatics (approximately
30 kJ mol™") and dispersion (approximately 20 kJ mol™") are
greater. While isomer (iii) is most stabilized by the electrostatics
contribution, followed by isomer (ii), which in turn is followed
by isomer (i) for each dimer, the order of stabilization provided
by dispersion is reversed. Additionally, isomer (iii) is
destabilized more by the exchange contribution. Taken together,
isomer (i) is the lowest in energy for each dimer; specifically, for
(FO),, the SAPT energy for isomer (i) is 1.2 and 2.4 kJ mol™
lower than those for isomers (ii) and (iii), respectively, and for
(DFO),, the SAPT energy for isomer (i) is 0.3 and 1.9 kJ mol™
lower than those for isomers (ii) and (iii), respectively. Isomer
(i) is the only homochiral dimer observed for each of (FO), and
(DFO),. In fact, the SAPT energy for isomer (i) of (FO), is 1.5
kJ mol ™" lower than that of (DFO),, which in turn is 4.2 k] mol ™"
lower than that for the lowest-energy homochiral (TFO),
observed. In the case of this (TFO), homodimer, although
the destabilizing exchange energy is the smallest compared to
isomer (i) of (FO), and isomer (i) of (DFO),, the dispersion
contribution and, more noticeably, the electrostatics contribu-
tion are the least of all.

One of the interesting aspects of Figure 6 is that the SAPT
energies of the three isomers of homochiral (FO), or (DFO),
are very similar; yet under argon expansion, we are only able to
observe one of them [in the case of (TFO),, two homochiral
isomers are observed in the argon expansion]. If the FO
monomer or the DFO monomer can form only one observable
isomeric complex with each of a pair of enantiomeric analytes in
an argon expansion, it will greatly reduce spectral congestion
and, as such, make them more useful as chiral tags. Of course,
further experimentation is necessary to be able to draw such a
conclusion.

6. CONCLUSIONS

Quantum chemistry characterization of the heterochiral and
homochiral gas-phase homodimers of FO and DFO reveals
several low energy isomers for each. In the case of the
heterochiral homodimers, the lowest-energy form of each
possesses a center of inversion. Consequently, the dipole
moment vanishes, and they do not have a microwave rotational
spectrum. Additionally, the higher-energy forms, which are
polar, apparently are sufficiently high in energy that they are not
populated under the conditions of our experiment, as no spectra
for either of the heterochiral dimers are found. However, spectra
are obtained for one isomer each of the homochiral dimers of
FO and DFO. Upon analysis, these are identified as
corresponding to the lowest-energy forms predicted by theory.
Unlike the homodimers of the similar molecule TFO in which
the fluoromethyl groups are positioned on the outside of the
dimer, presumably to minimize steric clash, in the lowest-energy
forms of (FO), and (DFO),, the fluoromethyl groups are
located between the two subunits where they participate in the
binding and contribute to additional stabilization. SAPT
calculations show significantly greater electrostatic (~27 to 33
k] mol™! versus ~23 kJ mol™) but more similar dispersion
stabilization (~20 k] mol™ versus ~17 k] mol™") in (FO), and
(DFO), as compared to (TFO),, while (TFO), has only ~70%
of the exchange destabilization (18 kJ mol™") found in (FO),
and (DFO), (25 to 27 k] mol™). On balance, the SAPT results
show (FO), and (DFO), are both more strongly bound than
(TFO),, although the difference in binding energy between the
homo- and heterochiral dimers is greater in (FO), and (DFO),
than (TFO),.

Our assignment and analysis of the spectra for these species
were greatly facilitated by the use of rather modest quantum
chemistry methods. In particular, the equilibrium rotational
constants predicted using DFT (augmented with empirical
dispersion) provided good estimates of the zero-point averaged
rotational constants observed in the spectra and showed little
basis set dependence. This will be valuable in applications of the
chiral tagging method by not needing the use of more realistic,
but expensive, methods that would then require the calculation
and application of vibrational corrections to predict the spectra
of diastereometric chiral tag-analyte pairs. These modest
calculations, admittedly with the inclusion of harmonic zero-
point corrections, also did surprisingly well in identifying the
lowest-energy forms of the dimers.
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