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1H-indazole derivatives exhibit a remarkable property since some of them form chiral
supramolecular structures starting from achiral monomers. The present work deals with the study of
three perfluorinated 1H-indazoles that resolve spontaneously as conglomerates. These
conglomerates can contain either a pure enantiomer (one helix) or a mixture of both enantiomers
(both helices) with an enantiomeric excess (e.e.) of one of them. The difficulty of the structural
analysis of this type of compounds is thus clear. We outline a complete strategy to determine the
structures and configurations (M or P helices) of the enantiomers (helices) forming the
conglomerates of these perfluorinated 1H-indazoles based on X-ray crystallography, solid state
NMR spectroscopy and different solid state vibrational spectroscopies that are either sensitive
(VCD) or not (FarIR, IR and Raman) to chirality, together with quantum chemical calculations
(DFT).



1. Introduction
Our groups have been interested over the years in indazoles,*#**° in fluorinated derivatives
(generally heterocyclic)®"®9% and in the intersection of these two fields, the fluorinated
indazoles.'1121314.151617.18.19.20 Tha |55t compounds have been used in different applications, the two
most significant of which are (i) as ligands in coordination chemistry (our work)™***#1% and (i)
their biological properties, particularly those of 7-fluoro-1H-indazole and its derivatives, that are
potent and selective inhibitors of factor Xa,?*** as well as a norepinephrine/serotonin reuptake
inhibitor for the treatment of fibromyalgia.”® There has been some alarm about the misuse of
fluoroalkylindazoles as controlled drugs.?*?> Concerning the synthetic approaches to these products,
we quote only those related to the 3-trifluoromethyl derivatives?>?*% and the 4,5,6,7-tetrafluoro
derivatives.?>

The present work concerns the perfluorinated compounds (except the NH) 1-3. Our interest in
these compounds is related to a remarkable property some indazoles present: upon crystallization,
chiral supramolecular structures are formed from achiral monomers.
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In the crystal, N-unsubstituted 1H-indazoles (the 2H-tautomers are generally much less
stable)***° can form three kinds of structures held together by N—H---N hydrogen bonds (Scheme
1). Most N-unsubstituted 1H-indazoles lack stereogenic centres, either intrinsically, like in indazole
itself (R = R' = H), or statistically by fast rotation of alkyl chains about the C-C bonds.
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Scheme 1 Structures found in 1H-indazole crystals.



They can form cyclic structures, cyclamers, the most common being the trimers that are devoid
of chirality. They can also form chains, catemers, of helical chirality (M or P).** Usually, both
enantiomeric chains are found in the crystal — racemates —, but in some cases, the crystal contains
only one chain — conglomerates —** (ideally, there should be a 50:50 mixture of both types of
crystals, but this situation is never found in a single crystallization experiment). When a compound
crystallizes as a conglomerate (spontaneous resolution), it often means that the compound
crystallizes as a catemer in which only one enantiomer is present in the unit cell for a given crystal
that can be separated manually.®® The last case is what interests us here. Moreover, spontaneous
resolution of achiral molecules has become a very relevant topic because it is related to the origins
of life, 4323334353037 Racall that although M and P enantiomers have the same probability to be
formed, a 50:50 mixture of crystals is never formed;® due to ripening processes related to the
different size of the crystals, an enantiomer always predominates in each crystallization experiment.
As the number of crystallizations becomes very large the ratio of the two enantiomers becomes
close to one.

Note that other NH-azoles devoid of stereogenic centres also crystallize forming conglomerates
although this phenomenon remains rare: pyrazoles (3,5-dimethyl-4-nitro-1H-pyrazole, space group
P3,21),% benzimidazoles (2-propyl-1H-benzimidazole, space group P2:2:2,)* and benzotriazoles
(1H-benzotriazole, space group P23).** Amongst the conglomerates of NH-indazoles, we have
already studied 1H-indazole itself (space group P2,)* and 3-trifluoromethyl-4,5,6, 7-tetrafluoro-1H-
indazole (1) (space group P3y).* The latter will be considered here only for comparative purposes.

In this work, we have followed a unified strategy to study the supramolecular organization of
two new conglomerates — namely, 3-(perfluoroethyl)-4,5,6,7-tetrafluoro-1H-indazole (2, CSD code
YODJIM)** and 3-(perfluoropropyl)-4,5,6,7-tetrafluoro-1H-indazole (3, YODJOS)™ — using (i) X-
ray crystallography (new data sets), (ii) solid state multinuclear NMR spectroscopy, (iii) different
vibrational spectroscopies that are either sensitive (Vibrational Circular Dichroism, VCD) or not
(IR, FIR and Raman) to chirality, and (iv) quantum chemical calculations. We will use the numbers
1, 2 and 3 for the compounds, irresponsibly of their physical state, and LIDGEL, YODJOS and
YODJIM, for their corresponding crystal structures.

Herein, we report the P and M absolute configurations of each catemer forming conglomerates
corresponding to the crystals of compounds 2 and 3. When the crystals are obtained by repeated
sublimations under static vacuum at constant temperature, the same enantiomer is formed for these
compounds, the M helix for compound 2 and the P helix for 3. However, when the crystals are
recrystallized in acetone by removing the solvent using a magnetic stirrer and a N, flow, the
enantiomeric structures for both compounds are observed, that is, the P helix for compound 2 and
the M helix for compound 3. For an unambiguous determination of the absolute configuration
quantum chemical calculations were accomplished, getting the best reproduction with a pentamer
model. It is suggested that a better agreement between the experimental and theoretical VCD
spectra would be achieved by a better simulation of the P or M helix models with the calculation of
higher-molecular-weight oligomers structures than the pentamers. We show that solid-state NMR
(SSNMR), IR, Raman and VCD spectroscopies provide a complete characterization of this kind of
conglomerates. The helicities of selected single crystals of 2 and 3 have also been obtained from
new X-ray diffraction data sets.

2. Experimental

2.1. Synthesis

Compounds 2 and 3 were synthesized according to published procedures.***® The crystals used in
this study were obtained, on the one hand, by repeated sublimations under static vacuum (ca. 8x10~
% mbar) at a temperature of 70 °C and, on the other, by recrystallizing these crystals in acetone by



removing the solvent using a magnetic stirrer and a N, flow. We also recrystallized both
compounds in acetone without using the magnetic stirrer and the N flow.

2.2. SSNMR

Solid state NMR spectra were recorded on a WB 400 (9.4 Tesla, 400.60 MHz for *H, 100.73 MHz
for 1*C and 40.60 MHz for °N) at 300 K using a 4 mm DVT probe head. Samples were carefully
packed in a 4-mm diameter cylindrical zirconia rotor with Kel-F end-caps. Operating conditions
involved 2.9 ps 90° *H pulses and decoupling field strength of 86.2 kHz by SPINAL 64 sequence.
3C spectra were originally referenced to a glycine sample and then the chemical shifts were
recalculated to the Me,Si (for the carbonyl atom & (glycine) = 176.1 ppm) and *°N spectra to
>NH,CI and then converted to nitromethane scale using the relationship: & °N (nitromethane) = &
>N (ammonium chloride) — 338.1 ppm. In order to distinguish protonated and unprotonated carbon
and nitrogen atoms, the NQS (Non-Quaternary Suppression) experiment by conventional cross-
polarization was recorded; before the acquisition the decoupler is switched off for a very short time
of 25 ps for °C and 80 ps for 1°N.+4243

9F (376.94 MHz) NMR spectra have been obtained on a Bruker WB 400 spectrometer using a
MAS DVT BL2.5 X/F/H double resonance probe head. Samples were carefully packed in 2.5 mm
diameter cylindrical zirconia rotors with Kel-F end-caps. Samples were spun at the magic angle at
rates of 25 kHz and the experiments were carried out at ambient probe temperature. The *°F spectra
were referenced to an ammonium trifluoroacetate sample and then the chemical shifts were
recalculated to the CFCls (6 (CF3COO ™ NH,") = -72.0 ppm)

2.3. FarIR, MIR, Raman and VCD

The IR spectra of the two compounds in solid phase (powder) were recorded using a Bruker Vertex
70 in the 2000-30 cm™* region, with 100-200 scans and resolutions of 2 cm™ (FarIR) and 4 cm™
(MIR) for compound 2 and 4 cm™ (FarIR) and 1 cm™ (MIR) for compound 3. The Pt ATR
accessory (single reflection diamond ATR accessory) and the silicon beam-splitter were used for
the Far-IR region.

The Raman spectra were recorded on a MultiRAM Stand-Alone FT-Raman spectrometer that
was equipped with an Nd:YAG laser (excitation line: 1064 nm) and a Ge detector that was cooled
to liquid-nitrogen temperature. The spectra were measured using a standard solid support
(resolution: 2 cm ™, scans: 200-300) in the 2000-100 cm™ region.

The IR and VCD spectra of crystals, obtained by both ways described in section 2.1, of
compounds 2 and 3 in nujol mull were recorded on a JASCO FVS-4000 FTIR spectrometer that
was equipped with an MCTV (2000-900 cm™) detector. A few milligrams of 2 and 3 were mixed
with nujol mineral oil to obtain suitable mulls. Special attention is required when working with
solid samples for CD spectroscopy.*****¢ We measured the mulls at several positions by rotating the
sample around both the beam-propagation axes (90° and 180°, face A) and that perpendicular to it
(180°, face B) to obtain the “true” VCD peaks and ascertain the absence of artefacts in the VCD
spectra.”>* All of the spectra were recorded using a standard cell that was equipped with KBr and
BaF, windows (resolution: 4 cm™; scans: 2000-8000, in blocks of 2000 scans). For the baseline
correction, we subtracted the nujol signals from the raw VCD spectra of both compounds. Later, for
each compound, we averaged these (nujol corrected) VCD spectra of the pair of enantiomers
obtaining the VCD baseline, which was subtracted from them giving the baseline corrected VCD
spectra.

We tried to record the VCD spectra of several large single crystals emulsified in nujol mull, but
the corresponding VCD spectra were of low quality (less intense). For this reason, we recorded the
VCD spectra of several single crystals mixed and emulsified in nujol mull. The spectra were of high
quality (more intense) but similar to those of individual single crystals.



2.4. Computational details

We have carried out two different kinds of calculations, both with the hybrid HF/DFT B3LYP
computational method. Those calculations corresponding to IR, Raman and VCD at the B3LYP/6-
31G(d) level.*" In this case, fragments of the X-ray geometry were used for the catemers (dimer to
pentamer) and only the position of the NH proton was optimized. Although these structures are not
minima, we carried out frequency calculations.

For the monomers of the NMR part we used the B3LYP/6-311++G(d,p) level.*® In this case,
frequency calculations were carried out to verify that the structures obtained correspond to energetic
minima. These geometries have been used for the calculation of the absolute chemical shieldings
with the GIAO method.***°

All the calculations have been carried out with the Gaussian-09 package.>*

Equations 18-20 have been used to transform absolute shieldings into chemical shifts:

0'H = 31.0 - 0.97*¢™H, (reference TMS, 0.00 ppm) (Eq. 18)>
0*3C = 175.7 — 0.963*¢™°C, (reference TMS, 0.00 ppm) (Eq. 19)>®
0N = —152.0 — 0.946*¢™°N, (reference TMS, 0.00 ppm) (Eq. 19)>*
O F = 162.1 — 0.959*¢™°F, (reference CFCls, 0.00 ppm) (Eq. 20)**

2.5 X-ray crystallography.

Crystals of 2 were cut from long (ca 3 cm) and thick crystal (ca 0.6 mm) obtained by slow
sublimation under static vacuum. Two single crystals were analysed. Crystals of 3 were obtained as
small needles from sublimation under static vacuum. Data for 2 (CCDC 1511341) were collected at
low temperature (110 K) on a Gemini Agilent diffractometer using a graphite-monochromated Cu-
Ko Enhance radiation (A = 1.54184 A) and equipped with an Oxford Instrument Cooler Device.
The geometry of the Gemini diffractometer does not allow to reach a value of sin6/A to at least 0.6;
in the present case sin6/A = 0.5709. Data of 2 (CCDC 1511342) and 3 (CCDC 1511340) were
collected at low temperature (100 K) on a Bruker Kappa Photon diffractometer using a micro-focus
Cu-Ka radiation (A = 1.54184 A) and equipped with an Oxford Cryosystems Cryostream Cooler
Device. The final unit cell parameters have been obtained by means of a least-squares refinement.
The structures have been solved by direct methods using SIR92,% and refined by means of least-
squares procedures on a F? with the aid of the program SHELXL®® included in the softwares
package WinGX> version 1.63 or with the program CRYSTALS.*® The Atomic Scattering Factors
were taken from International tables for X-Ray Crystallography.®® The hydrogen atoms were
located by Fourier differences and isotropically refined by using a riding model. Crystal and
refinement data are collected in Table 1 and the analysis of the absolute structure using Flack®® and
Hooft®! parameters is found in Table 2.

3. Results and discussion

Our strategy for the study of 2 and 3 in solid phase has been: 1) to record the NMR spectra of
the two compounds and to analyse them with the corresponding calculations; 2) to record their IR
(including FIR) and Raman spectra; 3) to compare these spectra with those calculated for
monomers and oligomers at the B3LYP/6-31G(d) level of theory; 4) to record the IR and VCD
spectra in nujol mull; 5) to compare their experimental VCD spectra with those calculated for
oligomers at the same level of theory as above. The main goal is to associate the experimental VCD
spectra with a given chiral supramolecular structure. For this purpose, a previous NMR-IR-Raman
analyses and an adequate correction of the baseline of the VCD spectra (see 2.3. section) together
with accurate calculations are crucial for a correct VCD assignment. The determination of the



absolute structure of selected single crystals of 2 and 3 by X-ray diffraction analysis is also
provided.

Given our own experience, the interpretation of complex VCD features is facilitated by a prior
vibrational analysis based on IR and Raman spectra and quantum chemical calculations.*** When
the chirality appears in the secondary structure, it is mandatory to calculate catemers with an
increasing number of monomers until the experiment becomes acceptably reproduced.***

3.1. Crystallography

The X-ray crystal structures of the three indazoles 1-3 have been previously recorded.***® The
three compounds crystallize as conglomerates. Compounds 1 and 2 crystallize in the space group
P3, forming helices of order 3 while compound 3 (space group P2;2,2;) forms a helical catemer of
order 2. The diffraction data used MoKa. radiation. In the absence of heavy atom, anomalous
diffusion does not differentiate Friedel pairs and the absolute configurations of the helices cannot be
determined. New data sets have now been collected with CuKa radiation for indazoles 2 and 3
(Table 1) with the goal of obtaining the absolute configuration of the helices. The analysis of the
absolute structure is provided in Table 2.

Two data sets were collected for 2; both of them confirmed the overall structure recorded
previously (YODJIM).* A long (ca 3 cm) and thick crystal (ca 0.6 mm) of 2 was carefully cut and
two single crystals were analysed. For one of them (CCDC 1511341), the data were collected at 110
K on a diffractometer operating with a normal Cu electrode. Refinement of the structure yielded a
Flack parameter of -0.14(16) and the statistical analysis® that follows the computation of the Hooft
parameter supports an M helix as the absolute structure (Fig. 1). The data set for the second crystal
(CCDC 1511342) was obtained from a Cu microsource. While the structure determination and
refinement proceeded smoothly, a twinning by inversion was established from the analysis of the
Flack and Hooft parameters (Table 2). Both M and P helices are present. This confirms that both
enantiomers can be formed upon sublimation. The crystal structure of 3 with the Cu microsource
(Table 1-2) yielded a single enantiomer with an M configuration (Fig. 1). The rest of the structure is
fully similar to that obtained previously with MoKa radiation (YODJOS).*

Table 1. Crystal data and refinement parameters for indazoles 2-3 (R' = 4,5,6,7-tetrafluoro).

Compound 2 2 3

CCDC number 1511341 1511342 1511340

R CF,CF; CF,CF; CF,CF,CF3
Formula CoHFgN, CoHFgN, C1oHF11N2
Radiation CuKa CuKa CuKa

Size/ mm 0.2x0.03x0.02 0.10 x 0.20 x 0.25

Wavelength A/ A 1.54184 1.54180 1.54178
Crystal system Trigonal Trigonal Orthorhombic
Space group P3; P3; P212:29

al A 12.4065(3) 12.3863(7) 5.1207(5)
b/ A 12.4065(3) 12.3863(7) 9.1029(8)

o/ A 5.5725(2) 5.5727(3) 24.816(2)
VI A 742.81(4) 740.42(7) 1156.75(18)
Z(Z) 3(2) 3(1) 4 (1)




T/ K 110 100 100
Data/restraints/paramet | 1554 [777]/1/ 185 1952 [976]/1/182 2298 [1378] / 0/ 209
ers
Final R indices R1=0.0238 R1=0.0276 R1=0.0625
(1I>25(1)) wR2 = 0.0606 WR2 = 0.0688 WR2 = 0.1542
Largest diff. peak / 0.153/-0.175 0.24/-0.26 0.544/-0.378
hole/ e. A’
Table 2. Absolute structures for crystals of 2 and 3.
Compound | Flack Hooft p2(correct) | p3(correct) | p3(twin) p3(inverse)
parameter | parameter
2 (CCDC | -0.14(16) -0.16(12) 1.000 1.000 0.000 0.000
1511341)
2 (CCDC |0.22(10) 0.23(4) - 0.978 0.022 0.000
1511342)
3 (CCDC |0.1(4) 0.07(17) 1.000 0.955 0.045 0.000
1511340)
N\ 1\ -
B WA T
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Fig. 1. The absolute structures (M helices) of indazole 2 (a) and 3 (b) as determined by X-ray
diffraction.

We have optimized the geometries of the three indazoles at the B3LYP/6-311++G(d,p) level in
the gas phase. They are very close to the experimental ones, particularly with respect to the
conformation of the perfluoroethyl and perfluoropropyl chains (Fig. 2).

Fig. 2. The optimized structures of indazoles 1, 2 and 3.




3.2. SSNMR results
Table 3 contains all the available information, both experimental and calculated, on indazoles 1-3.

Table 3 *3C, N and *°F chemical shifts (5, ppm) of compounds 1-3. The experimental values
correspond to SSNMR while the calculated ones correspond to isolated molecules in the gas phase.

13C

Compound | C3 C3a | C4 C5 C6 C7 Cr7a | 3R

1, CFs™ 1136.2 | 106.3 | 139* | 139* | 139* | 133* | 128.1 | 120*

GIAO 136.8 | 108.1 | 142.0 | 139.9 | 143.4 | 135.0 | 127.2 | 124.9

2, CsFs 129.3 | 108.1 | 133.7 | 133.7 | 133.7 | 129.3 | 129.3 | 108.1 (CF,), 129.3 (CF3)

GIAO 136.2 | 109.2 | 142.2 | 140.2 | 143.3 | 133.9 | 127.0 | 114.0 (CF,), 123.4 (CF3)

3, CsF7 134.0 | 108.4 | 134.0 | 134.0 | 134.0 | 127.8 | 127.8 | 109.7 (CF, o), 108.4 (CF; ),

127.8 (CFs)
GIAO 135.9 | 109.8 | 141.4 | 140.1 | 143.0 | 134.1 | 126.7 | 116.4 (CF, a), 112.5 (CF; p),
122.6 (CFs)

* very broad.

15N

Compound N1H N2

1, CF3 —200.0 -81.9

GIAO —216.9 —60.9

2, CsFs —195.6 ~76.9

GIAO —213.4 —56.2

3, CsF; ~195.9 —71.6

GIAO -213.0 —55.8

19F

Compound | F4 F5 F6 F7 3R

1,CF ™ | 1412 |-1605 | -154.5 |-156.7 | —62.7 (CFs)

GIAO ~136.7 | -159.9 |-151.4 |-161.9 |-60.8 (CF3, mean)

2, CoFs ~138.6 |-155.7 | -151.9 |-159.4 |-111.5 -118.4 (CF, ), —84.2 (CFs)

GIAO -134.1 |-159.4 |-151.9 |-161.6 |-109.3 (alF, CF,), —116.0 (a2F, CFy),
—84.1 (CF3, mean)

3, CsF7 -137.9 |-162.3 |-155.7 |-157.6 |-111.7,-113.8 (CF,a),-123.9 (CF.p),
—79.4 (CF3)

GIAO ~107.7 (a1F, CFy), —111.0 (a2F, CFy),
—123.4,-123.8 (CF, ), —78.4 (CF3, mean)

Note that because of the absence of free rotation in the solid state, the o fluorine atoms are
diastereotopic as expected from the X-ray structures (Fig. 3). The B fluorine atoms of 3 are also
diastereotopic but their anisochrony is too small to be resolved in SSNMR.




Fig. 3 The X-ray structures of compounds 2 and 3.

It might be argued that comparing NMR data obtained in the solid state (CPMAS and MAS
techniques) with calculated values corresponding to isolated molecules in the gas phase could
appear crude but with only two dummies for the N—H---N hydrogen-bonded N atoms, the results
are highly satisfying:

Exp. (ppm) = —(2.1+0.6) + (0.990+0.004) — (17.7+2.1) N2 + (17.2+2.3) N1H, n = 49, R? =
0.999, RMS = 3.5 ppm

As expected, the N-H---N hydrogen bonds present in the crystal structures affect both >N

signals in opposite ways. A plot of experimental versus fitted values (see Fig. 4) shows the
excellent linear agreement.
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Fig. 4 Plot of experimental vs. fitted values for 49 points including **C, **N and *°F chemical shifts.



This section dealing with SSNMR results, although insensitive to chirality, proves that the bulk
samples that will be used for vibrational spectroscopy behave like the single crystals used for X-ray,
in particular in what concerns the conformation of the perfluoroalkyl chains. Moreover, the
minimum energy geometries calculated theoretically predict well the chemical shifts measured in
the solid state; therefore, they can be used to build up the catemers as required for the discussion of
the vibrational results.

3.3. Nonchiroptical Vibrational Spectroscopies (FIR, IR and Raman)

We first focused our attention on the intermediate and far regions (2000-30 cm™) of the
vibrational spectra of 2 and 3 (see Fig. 5 and Supporting Information). In the intermediate region
(2000-700 cm™Y), there are many bands that could be reproduced by the theoretical spectra of the
monomers of compounds 2 and 3, but the theoretical spectra of the oligomers achieve a better
agreement by reproducing some bands that are absent in the theoretical spectra of the monomers.
Consider for example the bands appearing in the 800-700 cm ™ region in both the IR and Raman
spectra of the two compounds, which are associated with N-H waggings, in plane ring deformations
and symmetric bendings of CF3 groups. In Figure 1S of ref. 4 it can be seen that a similar situation
occurs for compound 1. Note that DFT calculations have been performed in the harmonic
approximation which does not take into account overtones and combination bands. Consequently,
some bands appearing in the recorded IR and Raman spectra are not predicted here.

In the low frequency region (Fig 5), bands corresponding to normal modes with contributions
from wagging, rocking and torsion modes are present. Thus, the region below 700 cm™ is very
useful for distinguishing among different structures of compounds 2 (Fig 5a) and 3 (Fig 5b). Figs.
5a and 4S in SI show some examples of these modes, such as the bands at 603 cm™ (IR and Raman
spectra), 484 cm ™ (IR and Raman spectra), 446 cm* (IR, 444 cm™ in Raman spectrum) and 431
cm* (IR, 428 cm™ in Raman spectrum), which are assigned to complex deformation and torsion
motions as in plane/out plane ring deformations and N-H waggings involving two or more
hydrogen bonded monomer subunits. These four bands are due to the presence of oligomers, that is,
they are predicted to have a different intensity or to be absent in the monomer model. Similar
conclusions are valid for 3 in Fig. 5b. A pentamer model predicts significantly better the
experimental bands at 611 cm™ (IR, 606 cm ™ in Raman spectrum), 566 cm™ (IR, 571 cm* in
Raman spectrum) and 487 cm™ (IR and Raman spectra).

Finally, it must be emphasized that the monomers of 2 and 3 do not present any band below
160 cm . Accordingly, oligomers must be present in these crystals. Particularly noteworthy are the
five bands observed at 157 cm™ (FarIR, 155 cm™ in Raman spectrum), 136 cm ™ (FarIR, 134 cm™
in Raman spectrum), 120 cm* (Raman), 83 cm* (FarIR) and 56 cm* (FarIR) in the FarIR and
Raman spectra of solid 2, as well as the four bands appearing at 148 cm™ (FarIR and Raman), 129
cm* (FarIR and Raman), 117 cm™ (FarIR and Raman) and 64 cm™ (FarlR) in the spectra of solid 3
that are assigned to torsion normal modes of one subunit of 2 or 3 with respect to the others. Note
that in the case of crystals of 1,* this low-frequency region was also very helpful to prove the
presence of oligomers.

10



a) Compound 2 b) Compound 3

Pentamer

Monomer P Monomer Pentamer

I 5| 85
W. W

f T T T T T T T T T T T f T T T T T

T T
FarlR theor.

FariR theor.
) FAYN j V W A’\‘_ A
t t
I T T T T T T
N YODJIM Raman exp. ” YODJOS Raman exp.

M«.LJ\\_A_A_W‘,—M;

r T T T T T T r T T T T T T
700 600 500 400 300 200 100 700 600 500 400 300 200 100

o -1
Wavenumbers, cm”’ Wavenumbers, cm

Fig. 5 Experimental and predicted FarIR and Raman spectra (scaled) of (a) compound 2 and (b)
compound 3 in the solid phase (powder) in the 700-30 cm ™ spectral region. Scaling frequency
factor of 0.99.° Lorentzian function, pitch = 1 cm %, FWHM (Full Width Half Maximum) = 4 cm™*

3.4. Chiroptical Vibrational Spectroscopy (VCD)

So far, we have analysed the FarIR, MIR and Raman spectra considering the monomer and the
oligomers species of compounds 2 and 3; although the larger oligomers structures improved their
analysis. The next step was to shed light on the possible chirality and, then, absolute configuration
of catemers of 2 and 3 in the solid state. Indeed, despite of the achirality of their corresponding
monomers in gas phase or liquid solutions, supramolecular chirality is present in their crystals and
M or P helix models could predominate in them (enantiomeric excess). For this, we used the VCD
technique, which is sensitive to chirality, combined with theoretical calculations. The signs of the
rotatory strength (signs of the VCD bands) were required for the determination of the absolute
configuration of the catemers. 364

Figs. 6 and 7 show the theoretical and experimental IR and VVCD spectra in nujol mull for both
enantiomers of compounds 2 and 3, respectively. The bottom graphs depict the predicted scaled
VCD spectra of the pentamers of 2 and 3, in which the M helix model has been marked in red
colour and the P helix model in blue colour.

We observe a fair agreement between the experimental VCD spectra of crystals of 2 and 3 and
the predicted scaled of the corresponding M helix oligomers and P helix oligomers. In the crystals
of compounds 2 and 3, a few key experimental VCD bands demonstrate the predominance of one of
the two proposed helix models, as indicated above. The literature contains examples about how the
assignments were made in similar situations.***® The main conclusions are:

(1) For the red VCD spectrum of compound 2 catemer, the three (+, +, —) bands at 1075 cm™
(VCD, 1078 cm ™ in IR and 1080 cm™ in Raman spectrum), 1036 cm™* (VCD, IR and Raman)
and 986 cm™ (VCD, 989 cm ™ in IR, 991 cm ™ in Raman spectrum) and the (+, —) couplet at
941 cm* and 933 cm™ (VCD, 939 cm ' in the IR and Raman spectra) are the signature of a M
helix, confirming that in the crystal 2 organizes itself as a left-handed helix when it is obtained
by repeated sublimations.

(2) The situation in the blue VCD spectrum of catemer 3 is quite different when it is obtained in
the same way (repeated sublimations). In this case, the chiroptical features point to the
existence of a right-handed P helix. The (-, —, —, —) bands at 1124 cm* (VCD, 1119 cm ™ in IR
and Raman), 1065 cm™* (VCD, 1062 cm ™ in IR and Raman spectra), 1026 cm™ (VCD, IR and
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Raman spectra) and 961 cm™ (VCD, 958 cm™ in IR and Raman) allow us to assign
unambiguously the P helix to the supramolecular structure of 3.

To sum up, the best agreement between experimental and theoretical spectra has been reached
in both cases with the oligomers of larger size, i.e., pentamers (see Figs. 5S and 6S in Sl); the signs
of the VCD bands confirm the existence of a M helix in the case of compound 2 and a P helix for
compound 3, when the crystals studied for both compounds were those obtained directly by
sublimation. Different helicities are observed upon changing the experimental conditions. The
absolute configuration was the opposite when the crystals were obtained from acetone by removing
the solvent using a magnetic stirrer under a N, flow. Recrystallization from acetone without stirring
and the N, flow provided crystals with the same absolute configuration as that obtained from
sublimed samples. For compound 1, the best agreement was achieved by the tetramer model (the
Iarges} modelled oligomer), and the signs of the rotatory strength pointed the existence of a P
helix.

Fig. 8 shows a superposition of the VCD spectra corresponding to the P (top) and M (bottom)
helices of compounds 2 and 3 highlighting the spectral differences between them. To analyse some
of these spectral differences, we focus our attention on the VCD spectra of M helix (bottom
graphic). In both compounds, there is a (+, —) couplet with the same signs but different positions
according to the compound. This couplet appears at 941 cm* and 933 cm™ in compound 2 and at
961 cm * and 954 cm* in compound 3. The same occurs for the (+) band at 1036 cm™* (compound
2) and 1026 cm* (compound 3). There is a band with similar position but different sign according
to the compound; it appears with negative sign at 1132 cm* for compound 2 and at 1124 cm* with
positive sign for compound 3. It is surprising how the difference in the length of the side chain in
the monomer can dramatically change the spectral features of their supramolecular structures, i.e.
the catemers. The space groups determined by X-ray****® are P3, and P2,2,2; for compounds 2 and
3, respectively. It is important to bear in mind that the quantum chemical calculations were carried
out starting from these X-ray data (see 2.3 section “Computational details”).

YODJIM IR Nujol
M helix
IR theor. Pentamer

P helix
T 1

: v
YODJIM VCD Nujol baseline corrected .
P helix

3 : M helix

T . T X T X 1 /

YODJIM VCD Nujol P helix
7 W {; 6 S 6Baselineii EM helix

T Y T r 1

¥ v L
VCD theor. : ’
eor. P helix M helix P helix

Pentamer
: : M helix

T v T v T T 1
1200 1100 1000 900

Rl
Wavenumbers, cm

Fig. 6 Experimental and theoretical IR spectra (top) and experimental (top and bottom middle) and
theoretical (bottom) VCD spectra of compound 2 in nujol mull in the 1215-900 cm™ spectral
region. In the bottom middle graphic, the raw VCD spectra were corrected by subtracting nujol
signals. The average of these two VCD spectra provides the baseline, which was subtracted from
them giving the baseline corrected VCD spectra shown in the top middle graphic. Scaling frequency
factor of 0.96.% Lorentzian function, pitch = 1 cm™*, FWHM (Full Width Half Maximum) = 4 cm™*
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Fig. 7 Experimental and theoretical IR spectra (top) and experimental (top and bottom middle) and
theoretical (bottom) VVCD spectra of compound 3 in nujol mull in the 1215-900 cm™ spectral
region. In the bottom middle graphic, the raw VCD spectra were corrected by subtracting nujol
signals. The average of these two VCD spectra provides the baseline, which was subtracted from
them giving the baseline corrected VCD spectra shown in the top middle graphic. Scaling frequency
factor of 0.96.% Lorentzian function, pitch = 1 cm™*, FWHM (Full Width Half Maximum) = 4 cm™*
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Fig. 8 Comparison of the nujol corrected experimental VCD spectra obtained for P (top) and M
(bottom) helices for compounds 2 (in black) and 3 (in red), in nujol mull in the 1215-900 cm™
spectral region.

4. Conclusions

i) Polycrystalline samples of 2 and 3 have been studied in detail by a combination of X-ray
crystallography, solid state NMR techniques, non sensitive (IR and Raman) and sensitive (VCD) to
chirality vibrational spectroscopies, and quantum chemical calculations. The analysis of low-
frequency region (700-30 cm™) in the FarlR and Raman spectra deserves a special mention since it
has been of valuable importance to determine the presence of catemers in the crystals of compounds
2 and 3. After a detailed analysis of their VCD spectra, we concluded that the configurations of the
catemers corresponding to compounds 2 and 3 were M and P helices, respectively, when the
crystals were obtained by repeated sublimations, and the opposite P and M helices when a
recrystallization in acetone by removing the solvent using a magnetic stirrer and a N, flow was
used. Although dimer, trimer, tetramer and pentamer models predicted adequately the experimental
FarIR, MIR, Raman and VCD spectra of crystals of 2 and 3, the pentamer model improved the
agreement significantly. With this technique well in hand, it should be possible to select a single
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crystal, increase its size by crystal growth, and then determine its absolute configuration. This work
illustrates the importance of using synergistically different solid state experimental techniques, such
as NMR, IR, Raman and VCD, combined with quantum chemical calculations for the elucidation of
the structures and the chirality, including the absolute configurations, of crystalline supramolecular
organizations. X-ray crystallography on a single crystal is very efficient but does not represent
statistical distributions.

ii) VCD is clearly superior to CD®" for determination of the absolute configuration of
conglomerates because it has many more bands to differentiate enantiomers and because vibrational
spectra (frequencies and intensities) are much easier to calculate than electronic spectra.®®

iii) It is important to understand that the VCD experiments only determine that one enantiomer
predominates but not the enantiomeric excess (the minor enantiomer cancels the equivalent amount
of the major enantiomer bands and those observed corresponds to the excess of the major one).

iv) In a given crystallization experiment and although both enantiomers are equiprobable being
of the same energy, there is always one enantiomer more abundant than the other due to many
factors (chiral impurity, glass defects, Ostwald ripening,®® etc.). Therefore, the present results do not
mean that the M/P predominance could not been inverted in other crystallizations. However, it has
been reported several examples of repeated crystallizations starting from an achiral compound
yielding always the same enantiomer.”® 727374

V) The characterization of the absolute configuration of the three perfluorinated indazoles by
VCD will allow to determine what enantiomer was formed in future experiments, for instance,
growing them on chiral surfaces.
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