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Indirect spin-spin couplings (“J-couplings™) lead to well-known multiplet patterns in Nuclear
Magnetic Resonance (NMR) spectra that are also observable in non-decoupled solid-state NMR
spectra, if the J-coupling constant exceeds the linewidth. Such J-multiplet line shapes in the
solid state might however be affected by spin diffusion (SD) on the passive nuclei. When the
SD rate constant is fast compared to the J-coupling constant, the multiplet resolution can be lost
due to a so-called “self-decoupling” mechanism as it has been already reported in the context
of decoupling and for proton SD in solid adamantane. We herein report on the influence of I°F
SD on '3C-detected solid-state NMR spectra of a small organic molecule bearing a
trifluoromethyl group. The target compound is the chiral a-(trifluoromethyl) lactic acid
(TFLA). Enantiopure phases ((R) or (S), respectively) of TFLA are composed of homochiral
dimers whereas the racemic phase consists of heterochiral dimers in the solid state. Despite
their structural similarity, the 13C line shapes of the CF; group in cross-polarization spectra
recorded at slow to medium MAS frequencies — in the range between 14.0 kHz and 60.0 kHz —
differ substantially. By combining experimental observations, analytical calculation based on
the Bloch-McConnell equations, and numerical spin-dynamics simulations, we demonstrate
that differences in the '°F SD rate constant between racemic and enantiopure TFLA-phases
significantly affect the respective solid-state '3C NMR spectral line shapes. Slowing down SD
by increasing the magic-angle spinning frequency restores the quartet line shape for both phases

of TFLA.
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The presence of fluorine has significant effects on the physicochemical properties of molecules
(for some selective reviews see references ). From a chemical point-of-view, the high
electronegativity of the fluorine atoms leads to compounds with polarized carbon-fluorine
bonds and, therefore, partially negatively charged fluorine atoms,!® which might cause
electrostatic repulsion. In medicinal chemistry, the trifluoromethyl (—CF3) group is often used
as bioisostere for a methyl (~CH3) group.>> '"13 As a consequence, the molecule becomes more
lipophilic, which often improves the desired bioactivity,'# the latter being, however, still a
matter of debate.!> The presence of a CF; group also changes other physicochemical properties,
such as volatility, boiling and melting point, as well as solubility.'® 7 Furthermore, CF; groups
have been reported to be engaged in amphiphilic noncovalent bonding, acting as both
electrophiles and nucleophiles.!® In addition, the role of CF;3 groups as hydrogen-bond acceptors

has recently been discussed (for a recent example see '°).

Fluorine also plays an important role in sublimations of chiral compounds, where self-
disproportionations of enantiomers have been observed.!% 2% In such processes, the sublimation
rates of enantiopure solid entities and their racemic counterparts differ.?! Soloshonok and co-
workers have observed such phenomena for various compounds bearing CF; groups.'® For a-
(triflouromethyl) lactic acid (TFLA) discussed here, this behaviour leads to an enantiomeric

enrichment over time for the remaining solid.?® Because the crystal structure of the enantiopure

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

compound contains homochiral dimers, whereas heterochiral dimers are found in the racemic

form, 20 it was suggested that the solid-state molecular packing might explain the differences in

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:15:49 PM.

the sublimation behaviour, for instance caused by electrostatic repulsions of CF3 groups.!6 20

(cc)

22,23

We have recently employed NMR spectroscopy in solution using an in-operando setup®* and
in the solid state to investigate the influence of mechanochemistry, e.g., ball milling and
resonant-acoustic mixing, on the self-disproportionation process and on molecular-recognition
events involving TFLA in general.?* 25 In the course of such studies, we noticed that the 3C
magic-angle spinning (MAS) NMR line shapes for the CF; groups differ significantly between
the enantiopure and racemic phases of TFLA.?> We herein report 3C-detected solid-state NMR
MAS experiments to probe how differences in the °F spin-diffusion (SD) rate constants for
enantiopure and racemic TFLA affect the '*C NMR resonances of the corresponding CF;
groups. Spin diffusion, which describes the energy-conserving transfer of polarization among

dipolar-coupled nuclear spins,?® might lead to the so-called “self-decoupling” mechanism?’-3!
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affecting the 'F-13C J-multiplet line shape. Similar effects on '*C line shapes have for, instén¢

already been reported for fluorinated single-walled carbon nanotubes3? or flurbiprofen.?®
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As reported previously, the effect of SD on J-coupled multiplet lines in solid-state NMR spectra
can conveniently be described as an exchange process between the multiplet components using
the Bloch-McConnell equations.?’”- 33 For this purpose, a symmetry-adapted basis set for the
three magnetically equivalent fluorine atoms in the CF; group needs to be constructed (which
is obviously identical to the ones of protons in a methyl group). In CFj3, the three fluorine nuclei
with C;, symmetry generate eight spin states, which can be grouped by their symmetry into the

three irreducible representations A, £, and Ej, for which the symmetry-adapted basis sets are

listed below.34-36
The 4 manifold (symmetric to spin exchange), with four states:

) (1)
(jaaB) + |aBa) + |Baa))3 2

(lapB) + |1Bap) + Iﬁﬁa))3_%
\BBB),

the £, manifold (non-symmetric to spin exchange), with two states:

(jaapy + ¢ 3 Japay + e~ 3 |pac))373(2)

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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and the £, manifold (non-symmetric to spin exchange), with two states:

(cc)

i2m i2m 1
(laap) + =3 lapay + € 3 |Baa))373 (3)
i2n i2m 1
(¢ 5'1app) + e~ 1ap) + 188))(— 379)

. A 3 )
The four A states have a total group spin F = > while the four £, and E), states have a total

. A1 . . o
group spin of F = 2. The only observable transitions are one-quantum transitions within states

of the same irreducible representation, and transitions between different manifolds are
forbidden. This leads to the expected quartet line shape in the 13C spectra of molecules bearing
CF; groups with a 1:3:3:1 integral ratio (1:1:1:1 quartet caused by the A4 states and two 1:1

doublets caused by the two E-states). A schematic representation of the spin states for a CF;
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group is shown in Scheme 1 and the transition probabilities between these states under/ass >

perturbation of strength w; (dipolar coupling) is given by?:
s
Wmm—1= Ea)izf(O)(I +m)(I—m+1) =k, (I+m)(I—m+1)(4)

wherein f(0) is the zero-quantum line intensity at frequency zero,” while I represents the

nuclear spin and m the magnetic quantum numbers.?’

=-1/2, -1/2
Ea’ Eb _~ L ’
| G m=1/2,1/2
|
Ground state l
1A
|
} m=-3/2
| 2 / =-1/2
‘ < m=1/2
x m = 3/2
Tunneling splitting Zeeman splitting

Scheme 1: Spin-states ground state energy level scheme for an isolated CF; group (without including
the coupling to the '3C spin, adapted from reference 3%). The energy difference between the 4 and E,, E,,
manifolds is the tunneling splitting A,.

Therefore, the Bloch-McConnell equations to describe SD for the F= % group spin are given
by:

1 T 1

d Mx<+z> 3 _kex_T_z_lT[]CF kex Mx<+5>
dt ( 1) - k e — i) ( 1) ®

Mx ) ex ex T, CF Mx )

and for the F = % group spin by:

3 T ) 3
Mx(+§) —3keX—T—2— 3injcr 3kex 0 0 MX(+§)
1 T 1
d Mx( + E) 3kex —Tkex — T_Z — inmJcF Akex 0 Mx( + E)
- = T 7 [(6)
dt Mx(—z) 0 Ahey _7kex_T_2+ in]cr 3kex MX(_E)
3 T . 3
Mx(—g) 0 0 3kex ~3kex — 7 + 3imjcr Mx(—g)

Here, T, represents the inverse of the 13C line width, which contains the coherent (incomplete
MAS averaging of anisotropic interactions) and incoherent (stochastic relaxation) contributions
to the residual line width of the 13C line under MAS. k., stands for the '°F SD rate constant and
Jcr the 9F-13C scalar spin-spin-coupling constant.

6
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The line shapes of the CF; group in 3C-detected spectra of enantiopure and racemic TFLA
differ

Figure 1 shows the chemical structure of TFLA together with the experimental 'H-13C cross-
polarization (CP) solid-state NMR spectra of the racemic and enantiopure (S)-TFLA crystalline
phases recorded at 17.5 kHz MAS frequency and at the same probe temperature. Note that the
spectra were recorded under "H SPINAL-64 decoupling,*® but no '°F decoupling was applied.
Figure la clearly shows that the '*C line shape for the CF; resonances at ~124 ppm differs
significantly between the two samples. While the expected 1:3:3:1 quartet caused by the three
one bond '"F-13C scalar spin-spin couplings for the three magnetically equivalent fluorine nuclei
is observed for the CF; group of rac-TFLA, the enantiopure sample shows strong line
broadening with a “quartet-like” line shape buried underneath a broad feature. Figure S1 shows
the comparison of the spectra of (S)-TFLA and (R)-TFLA, illustrating that this line shape is
observed for both enantiomeric compounds whose spectral properties are, as expected,

identical.

To determine whether this broadening originates from carbon-fluorine indirect spin-spin
interactions (J-couplings), 3C-detected °F-13C CP spectra of (S)-TFLA with and without °F
high-power decoupling during data acquisition have been recorded and are shown in Figure 1b

(note that in these experiments no 'H decoupling was applied). Indeed, a similar line shape as

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

in Figure la can be observed in case of non-'°F decoupled spectra, while the expected

significantly sharper singlet is detected in the °F-decoupled spectra, pointing to '°F-13C spin-

Open Access Article. Published on 27 February 2025. Downloaded on 2/27/2025 10:15:49 PM.

spin couplings contributing to the broad '3C resonance. This motivated us to further investigate

(cc)

the reasons behind the observed line shape differences between the enantiopure and racemic

compounds.
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Figure 1: a "H-13C CP spectra of (S)- and rac-TFLA recorded at 17.5 kHz and 16.4 T static magnetic-
field strength. The chemical structure of TFLA is shown. b °F-13C CP spectra of (S)-TFLA recorded at
15.0 kHz and 11.7 T with and without '"F high-power decoupling during data acquisition. The
homochiral and heterochiral dimeric units taken from the crystal structures of (S)- and rac- TFLA (CSD
numbers: (S)-TFLA refined from 666327 (for more details see Experimental Section) and rac-TFLA
666328), respectively, are additionally shown.?’ * denotes MAS spinning sidebands. Signal truncation
in a results from too short acquisition times.
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The effect of '°F SD on the 13C NMR multiplet line shape of CF’; groups View Article Online

DOI: 10.1039/D5CP00275C

To address this observation, we simulated how the '°F SD affects the CF; multiplet line. The
role of '"H SD on 3C NMR line shapes has been reported in detail for adamantane, for which
the influence of “self-decoupling” of the 'H-'3C J-coupling by proton SD has been discussed.?’
Also in context of PF-13C spin pairs this effect has been reported for the monofluorinated

molecule flurbiprofen.?®

Figure 2 shows simulated '3C spectra for the CF; multiplet line as a function of the SD rate
constant k., (fixing the transverse '3C relaxation time, 7>, to a constant value) using Bloch-
McConnell equations as introduced above.?’” Depending on the ratio of k., and the magnitude
of the F-13C J-coupling constant, different line shapes are observed, consistent with three
exchange-like regimes. For the case of (a) kex << 2mJcr (similar to the slow exchange regime),
the result is a perfectly resolved quartet multiplet. In case of coalescence k.x = 2nJcf, only a
single line is observed whose linewidth decreases for k.x >> 2mJcr (fast exchange regime). In

the fast exchange regime, the sharp resonance is denoted as “self-decoupled”.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Figure 2: Simulation of the 13C NMR spectrum of a CF; group affected by '°F SD assuming a '°F-13C
J-coupling constant of 280 Hz and a linewidth of 10 Hz (FWHM = 1/(xT3)). The spectra have been
simulated as a function of the SD rate constant k.

The SD rate constant scales down with increasing MAS frequency, since second-order terms in
the effective Hamiltonian, which dominate the SD process, scale with the inverse of the
spinning frequency.*® Therefore, we turned to MAS-dependent '3C CP-spectra of (S)-TFLA to
investigate whether slowing down '°F SD has an effect on the CF3 multiplet line. As a matter
of fact, 3C NMR spectra recorded at faster MAS frequencies would result in the expected CF3
line shape featuring the 1:3:3:1 quartet also for the enantiopure sample, assuming the main
contribution to the observed line broadening comes from °F SD. Figure 3 shows the 3C-
detected CP spectra of (S)- (a) and rac-TFLA (b) recorded at MAS frequencies ranging from
14.0 kHz to 60.0 kHz (spectra recorded in 3.2 mm and 1.3 mm rotors under high-power 'H
SPINAL-64 decoupling®®). For both substances, a narrowing of the multiplet lines and an

increase in resolution of the quartet line shape is observed with increasing MAS frequency. In
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(S)-TFLA (Figure 3a), the quartet becomes resolved at around 30.0 kHz MAS and aboye, whiless >0
decreasing the MAS to 14.0 kHz produces a significantly broadened resonance as reported
before. Similar observations can be drawn for the racemic sample (Figure 3b), although the
quartet becomes resolved at slightly lower MAS frequencies already. Figure 3 also shows the
simulations of the spectra (orange curves) based on a nonlinear least-square fit of the SD rate
constant, k., and the line width (FWHM = 1/(=T)) according to the Bloch-McConnell equations
(for more details see the Experimental Section). The comparison of the two sets of spectra and

the SD rate constants taken from the simulations indicates that the SD rate is approximately a

factor of three to four larger for (S)-TFLA compared to the racemic case (vide infra).

Plotting the resulting fit of k. against the inverse of the MAS frequency in Figure 4 reveals the
expected linear decrease in k., for faster MAS frequencies as well as the mentioned factor of
three to four difference in magnitude of k.« between enantiopure and racemic TFLA. The fitted
kex-values obtained from a nonlinear least-square minimization fit of the spectra at various MAS
frequencies correspond to local minima, for which however we expect relatively large errors in
the obtained rate constants. To determine the goodness-of-fit, we compared the 1D fit results to
a 2D minimum y>-estimation with variable 7,- and k.-values (Figure S2) indeed showing that

the minima reported in Figure 3 are a good estimate for the rate constant.
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Figure 3: '"H-'3C CP spectra of a (S)- and b rac-TFLA recorded at various MAS frequencies and at
16.4 T (blue curves). The spectra measured at 14.0, 17.5 and 22.0 kHz MAS were recorded in a 3.2 mm
rotor, the spectra at faster MAS in a 1.3 mm rotor. Displayed is a zoom in the 13C CF; spectral region
for the two compounds. For each spectrum the simulated spectrum resulting from Bloch-McConnell
equations using as variable parameters the optimal values of 7, and k., obtained from a nonlinear least-
square fit are shown (orange curves, for details regarding the error analysis see Supporting Information).
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Figure 4: Plot of the dependence of the fitted k. -values (obtained from 1D nonlinear least-square fits
of the experimental and simulated spectra) on the inverse of the MAS frequency, vyas. The
corresponding value of MAS frequency is reported on the x-axis on top for each datapoint. Dashed lines
are the linear regressions of the datapoints for both enantiopure and racemic TFLA samples. The R2-
values resulting from the linear regressions are reported in the legend.

The '°F SD can alternatively be slowed down by applying off-resonance radio frequency (rf)
irradiation on the °F nuclei, thereby scaling the homonuclear '°F dipolar interaction and, thus,
the SD rate constants as (P,(cosf))?. Note that this will also scale the heteronuclear J-
coupling, but with a different scaling factor, namely with cos 8. Such experiments have been
performed for solid adamantane before.?” Figure 5a shows a series of '°F-13C CP spectra of (S)-
and rac-TFLA recorded at 15.0 kHz MAS and with variation of the angle of the fluorine
effective field during data acquisition with respect to the static magnetic field direction, 6, as
shown schematically in Figure 5b. The angle 8 was varied between 20° and 54.7° (magic angle),
with the 90° case representing the control experiment. At the magic angle, 8 = arccos(1/v3),
the homonuclear '°F flip-flop term in the effective NMR-Hamiltonian vanishes and the

contributions of 'F SD to the line shape should, therefore, be eliminated. In such a scenario,
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the expected quartet line shape should be observed. As can be concluded from the spectra, thefess o
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is a clear deviation from both a symmetric quartet line shape when setting 6 to the magic angle
and a single decoupled line for = 90°, which is caused by second-order contributions between
a rather large '°F chemical-shielding anisotropy (CSA) and the heteronuclear dipolar coupling

under CW irradiation.*!- 42

To examine whether the experimentally observed line shapes under off-resonance CW
irradiation are compatible with the determined parameters, numerical simulations of the CF;
group including SD have been performed. The rf-field amplitude and the irradiation offsets
were set to the same values as in the experimental measurements of Figure 5a using an unscaled

exchange-rate constant of k., = 160 s! for rac-TFLA and a value of 670 s~! for (S)-TLFA as

determined above. The agreement between the simulations and the experimental data is not
perfect, but the general features of the line shapes are reproduced quite well. Furthermore, as
can be observed by comparing the rac- and (S)-TFLA spectra in Figure 5a and 5S¢, the CF; line
shapes for the two compounds become very similar if the SD is quenched near an effective field
along the magic angle indeed supporting the assumption of different SD rate constants for the

two compounds.

We initially assumed that the different SD rate constants are caused by differences in the
homonuclear '°F-°F dipolar-coupling network in the two TFLA-phases, which might also
explain the differences in their 1°F static spin echo lineshapes (Figure S3, see Figure S4 for the
corresponding MAS spectra). We thus calculated the square root of the sum of squared dipolar
couplings,® dRSS, using the published and refined crystal structures?® of rac- and (S)-TFLA,
respectively?? (for more details see Experimental Section). The resulting dRSS taking only
intermolecular CF; group contacts into account and calculated between the centers of mass of
the three fluorine nuclei in the CF; groups are reported in Table S1 and amount to 11.4 kHz for
rac-TFLA and 11.6 kHz for (S)-TFLA. The d®5S-values have also been calculated taking an
explicit averaging over all possible combinations on the circle into account and assuming
“uncorrelated” rotations of the involved CF; groups (10.6 kHz for rac- and 9.7 kHz for (S)-
TFLA). In both cases, the d;RSS-values do not reflect the expected difference by a factor of v/3

as predicted from the experimentally observed ratio of three of the SD rate constants. We also

@ We note here that the (S)-TFLA crystal structure has been refined based on the deposited structure (CSD number:
666327, ref. 20) (see Supplementary information, Figure S5), since the experimentally observed PXRD pattern
does not match with the predicted one (for details see ref. 25).

14


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp00275c

Page 15 of 21 Physical Chemistry Chemical Physics

note that reducing particle size by means of milling the sample does not affect thg line shapkcs oo

e.g. due to reduced longitudinal relaxation times upon milling samples.**

Although the detailed reason for the different SD rate constants remains currently unclear, we
note that the spatial orientations of the two CF; groups in the dimers differ (Figure 1b). While
the CF; groups in (S)-TFLA are oriented face-to-face with an inversion centre between them
(e.g. the 'F CSA- and the 'PF-1°F dipolar-coupling tensor are co-linear), they are stacked in
rac-TFLA (non-linear tensor orientations). The importance of such geometric effects for
instance on 3'P {1°F} REDOR dephasing curves involving CF; groups has been reported.*>® The
differences in the SD rate constants might be caused by dynamics. Similar 13C and '°F T}
relaxation times for the CF3 groups in rac- and (S)-TFLA point to fast rotations of these groups
with correlation times in the order of 10-100 ps for both samples. The above-mentioned face-
to-face orientation of the CFs-groups in (S)-TFLA might however lead to faster SD if a
correlated (cooperative) rotation of such groups exist, as for instance reported for the CF3-group
in 3-(trifluoromethyl)phenanthrene.*% 47 We have currently no direct experimental evidence for

this hypothesis and will further explore this effect in our laboratories.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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b As a final remark, we point out that we investigated two additional samples containing a CF3 group, namely a
supported-ionic liquid phase (SILP) containing bistriflimide as an anion, and the organic molecule 4-
(trifluoromethyl)benzene- 1 -carboximidamide hydrochloride hydrate (data discussed in Supplementary Section,
Figure S6). For both cases, the CF; groups spectra show a resolved quartet, in agreement with the slow
exchange-regime scenario of Figure 2
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a) m (S)-TFLA b) _4 DOI: 10.1035/DACPO0RTAE
0
B rac-TFLA Vetr

T T 1 T T T T T 12[0 T T é 1:5 ’i 0:5 6 -0I,5 'I1 '1I-5 _I2
5(*3C) / ppm v I kHz

Figure 5: a '°’F-13C CP spectra of the CF; spectral region for racemic (dashed red curve) and (S)-TFLA
(straight black curve) recorded at 15.0 kHz MAS under off-resonance '°F decoupling. The angle 6 of
the effective '°F field with respect to B, during CW decoupling varies as shown in the figure from 90°
to 20°. b schematic representation for the calculations of the effective field during CW decoupling. ¢
Numerical simulations of off-resonance °F decoupled spectra as a function of 8 and with k., = 160 s7!
representing rac-TFLA and k. = 670 s7! representing (S)-TFLA. The simulations are based on the
following parameters: J('°F-13C) = =280 Hz, J(\°F-°F) =100 Hz, 6(°F-13C)/2n = 7870 Hz, 6(*°F-'°F)/2n
= 10700 Hz, 6,{'°F}/2m = 26352 Hz with all tensors oriented along the rotation axis of the CF; group.
The MAS frequency was set to 15.0 kHz, B; to 90 kHz, and the offsets values as indicated in the figure.
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Conclusions DOI: 10.1039/DSCPO027SC.
We show that 13C-detected solid-state NMR spectra of molecules containing CF3 groups can be
affected by '°F spin diffusion leading to line broadening and sometimes even precluding the
observation of the expected quartet multiplet at slow to moderate MAS frequencies in spectra
without '°F decoupling. While in the case of small °F spin-diffusion rate constants, the
expected quartet line shape can be observed, this is not the case for faster rate constants. Our
study on the small organic molecule TFLA crystallizing as enantiopure and racemic phases
illustrates the high sensitivity of solid-state NMR to small differences in the '°F spin-diffusion
rate constants by using the CF;3 group as a highly sensitive marker. We hypothesize that these
differences could be the result of correlated or uncorrelated motion of the two face-to-face

oriented CF5 groups.
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