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Abstract: 1H-indazoles are good candidates to study phenomena of molecular 

association and spontaneous resolution of chiral compounds. Thus, because the 1H-

indazoles can crystallize forming dimers, trimers or catemers, depending on their 

structure and the phase where they are, the difficulty of the experimental analysis of the 

structure of the family of 1H-indazoles is clear. This lead to contemplate several 

questions: How can we determine the presence of different structures of a determined 

molecular species if they change according to the phase? Could these different 

structures be present in the same phase simultaneously? How can it be determined? In 

order to shed light on these questions, we outline a very complete strategy by using 

different techniques of vibrational spectroscopy sensitive (VCD) and not sensitive (IR, 

FarIR and Raman) to the chirality together with quantum chemical calculations. 
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1. Introduction and motivations  

 

 1H-indazoles are good candidates to study phenomena of molecular association 

and spontaneous resolution of chiral compounds 
[1]

. In those cases where the N-H···N 

hydrogen bonds between 1 and 2 (see Scheme 1) determine the secondary structure, 

indazoles crystallize forming dimers, trimers or catemers (chains) 
[2]

. When the 

monomer is achiral, the most common case is that the crystal is also achiral, being 

usually a dimer or a trimer. An example of this group is 3-methyl-1H-indazole, 

LIDFUA (code used by the CSD to identify the compounds 
[3]

) in the solid state (see 

Scheme 1) crystallizing as a dimer 
[4]

. If it is a catemer, an achiral structure can be 

obtained if two helices of opposing chirality are present in the unit cell, for example in 

TELXUD (space group Pbca) 
[5]

  

 On the other hand, 3-trifluoromethyl-4,5,6,7-tetrafluoro-1H-indazole, LIDGEL 

(see Scheme 1), is an example of 1H-indazole crystallizing as a catemer where only one 

enantiomer is present in the unit cell for a given crystal that can be separated manually, 

i.e. they are conglomerates (spontaneous resolution) 
[1,2]

. The subject of spontaneous 

resolution of achiral molecules is very relevant because it is related with the origin of 

the life 
[1,2,6]

.  

 Vibrational circular dichroism (VCD) spectroscopy has shown to be a very useful 

tool for studying the chirality in both molecular species in solution 
[7]

 and 

supramolecular organizations in solid phase 
[8]

. Moreover, combined with quantum 

chemical calculations, it has allowed the determination of absolute configurations in 

both cases 
[6]

. Particularly, in ref 
[5]

 the chirality, and further the absolute supramolecular 

configuration of the parent 1H-indazole crystals, INDAZL, in the solid state was 

obtained by using concomitantly X-ray and IR, Raman and VCD experimental data and 

quantum chemical calculations. In ref 
[9]

 the trimeric structure of the crystals of (4S,7R)-

7,8,8-trimethyl-4,5,6,7-tetrahydro-4,7-methano-2H-indazole, LABHEB, in the solid 

state and its absolute configuration have also been determined using IR, Raman and 

VCD spectroscopies combined with DFT calculations. 

 Thus, because any 1H-indazole can in principle crystallize forming dimers, trimers 

or catemers depending on the phase where it is present, as above mentioned, the 

difficulty of the experimental analysis of the structure of the family of 1H-indazoles is 

clear. This lead to contemplate several questions: How can we determine the presence 

of different structures of a determined molecular species if they change according to the 

phase? Could these different structures be present in the same phase simultaneously? 

How can it be determined? 

To try to answer those questions, and in addition to the studies carried out in refs 
[5]

 and 
[8]

 for INDAZL and LABHEB crystals, respectively, in this paper, we outline a 

very complete strategy by using different techniques of vibrational spectroscopy 

sensitive (VCD) and not sensitive (IR, FarIR and Raman) to the chirality together with 

quantum chemical calculations. 

 The determination of the absolute configuration of chiral compounds and 

crystalline supramolecular organizations requires the comparison of the experimental 

VCD spectra of a pair of enantiomorphous species and crystals, respectively, with the 
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calculated VCD spectrum for one enantiomer. The case of enantiomers (R, S) is much 

simpler than that of helices (M, P) because it is suffices to calculate the corresponding 

monomer or oligomer. If the chirality appears in the secondary structure, it is further 

necessary to calculate catemers with increasing number of monomers until the 

experiment becomes acceptably reproduced 
[5]

. 

In addition, in order to carry out the interpretation of the VCD spectral features 

of medium size chiral compounds, our experience reveals that a previous vibrational 

analysis for them, from IR and Raman data and quantum chemical calculations, is a 

recommended approach 
[6]

. 

 

2. Results and discussion 

 

Vibrational absorption spectra 

 

 Our methodology for the systematic study of 3-methyl-1H-indazole and 3-

trifluoromethyl-4,5,6,7-tetrafluoro-1H-indazole in liquid and solid phases will be: 1) 

Recording the IR spectra in CCl4 of 3-methyl-1H-indazole and 3-trifluoromethyl-

4,5,6,7-tetrafluoro-1H-indazole. 2) Recording the IR (including FarIR) and Raman 

spectra in solid phase of LIDFUA and LIDGEL crystals. 3) Then, these spectra will be 

compared with the calculated B3LYP/6-31G(d) spectra of the monomers and the 

oligomers (see Figure 1) of both chemical species, after using a frequency scale factor 

of 0.96 
[10]

. DFT calculations have been done in the harmonic approximation in this 

work; it does not consider overtones and combination bands, therefore, some bands of 

IR and Raman spectra are not predicted here. 4) Recording the IR and VCD spectra of 

LIDFUA and LIDGEL crystals in nujol/fluorolube mulls. 5) The VCD spectra of 

LIDGEL will be compared with those calculated at the B3LYP/6-31G(d) level for the 

monomer and oligomers of these chemical species. This approach has not been used for 

LIDFUA crystals because their samples are VCD-silent, as expected of its achirality 

and of the centrosymmetric character of its crystals.   
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Scheme 1. The different situations present in crystals of NH-indazoles with their refcodes [3]. 
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Figure 1. Molecular structures of LIDFUA and LIDGEL monomers and oligomers.  

 

 We have started to analyze the presence of different structures of 3-methyl-1H-

indazole and 3-trifluoromethyl-4,5,6,7-tetrafluoro-1H-indazole focusing our attention 

on their Raman and IR spectra, i.e. N-H stretching, C-H stretching and intermediate 

regions (see SI). In the experimental IR spectra in CCl4 solution of the two NH-

indazoles (3-methyl-1H-indazole and 3-trifluoromethyl-4,5,6,7-tetrafluoro-1H-

indazole), the monomer as well as the achiral dimer (3-methyl-1H-indazole) or chiral 

oligomers (3-trifluoromethyl-4,5,6,7-tetrafluoro-1H-indazole) seems to be present. 

However, the presence of the associated species of both compounds seems to be enough 

to reproduce the experimental FarIR and Raman spectra in the solid phase (LIDFUA 

and LIDGEL crystals). 

 The low frequency region is very useful in order to differentiate between different 

structures of LIDFUA (see Figure 2a) and LIDGEL (see Figure 2b). The experimental 

FarIR and Raman spectra of LIDFUA solid are in good agreement with the theoretical 

ones of the achiral monomer and dimer structures, but the dimer model better predicts 

them. Furthermore, the experimental FarIR and Raman spectra of LIDGEL are in better 

agreement with the theoretical ones of the tetramer model. 

 This region, with vibrations below 700 cm
–1

, presents bands corresponding to 

normal modes with contributions of waggings, rockings and torsions (see Figure 2a and 

2b). In the first place, Figure 2a displays some examples of them, such as the 

experimental bands at 585 cm
-1

 (IR, 574 cm
–1

 in Raman) and at 532 cm
–1

 (IR and 

Raman) that are assigned to the ring deformation of LIDFUA structure. Another 
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interesting band is observed at 468 cm
–1

 (IR, 474 cm
–1

 in Raman) and is assigned to ring 

deformation. This last band is due to presence of dimers. In addition, the experimental 

band at 239 cm
–1

 (IR and Raman) is assigned to the butterfly motion. Another example 

is the band observed at 189 cm
–1

 (IR, 191 cm
–1

 in Raman), which is assigned to torsion 

normal modes of one LIDFUA subunit with respect to the other one. 

 In the second place, we can make remarks about the most helpful and relevant 

spectral features of Figure 2b. An example of them is the experimental band observed at 

492 cm
–1

 (IR and Raman), which corresponds to the asymmetric ring deformation of 

LIDGEL structure. Other examples are the bands observed at 319 cm
–1

 (IR and 

Raman), at 294 cm
–1

 (IR and Raman) and at 268 cm
–1

 (IR, 269 cm
–1 

in Raman), which 

are assigned to the C-H rocking normal modes of the benzene and pyrazole rings. These 

four bands are due to presence of oligomers. Another example could be the 

experimental band observed at 193 cm
–1

 (IR and Raman), which is assigned to the 

butterfly motion. 

 Finally, in both Figures (2a and 2b), due to the fact that the 3-methyl-1H-indazole 

and 3-trifluoromethyl-4,5,6,7-tetrafluoro-1H-indazole monomer structures does not 

present any band below 170 cm
–1

, the two bands present in the Far-IR and Raman 

spectra of the solid LIDFUA at 80 cm
–1

 (IR, broad band at 103 cm
–1

 in Raman) and at 

55 cm
–1

 (IR), and the three bands present in the Far-IR and Raman spectra of the solid 

LIDGEL at 132 cm
–1

 (IR and Raman), at 117 cm
–1

 (IR and Raman) and at 82 cm
–1

 (IR, 

84 cm
–1

 in Raman) can be assigned to more complex molecular species, i.e. oligomers. 

Concretely, the theoretical Far-IR and Raman spectra calculated for the dimer 

configuration of LIDFUA and for dimer, trimer and tetramer configurations of 

LIDGEL allow the following assignment: 

 In the case of LIDFUA, the first band (80 cm
–1

) is assigned to the methyl torsions 

of the two monomers subunits and the second one (55 cm
–1

) to torsion normal modes of 

one subunit with respect to the other one. The first band (132 cm
–1

) of LIDGEL is 

assigned to the butterfly motion, the second band (117 cm
–1

) to the framework 

deformation and the third one (82 cm
–1

) to torsion normal modes of one LIDGEL 

subunit with respect to the others. 

 The other spectral regions (see Figure 1S) in both IR and Raman spectra, i.e.: N-

H, C-H and intermediate regions agree with the presence of the above-mentioned 

structures for 3-methyl-1H-indazole and 3-trifluoromethyl-4,5,6,7-tetrafluoro-1H-

indazole species. 
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a) LIDFUA 

 

b) LIDGEL 

 

 

Figure 2. Experimental and scaled predicted Far-IR and Raman spectra of LIDFUA (panel a) 

and LIDGEL (panel b) in the 700 cm
–1
–25 cm

–1
 spectral region. 

 

Chirooptical response 

 

 Up to now, the vibrational (IR-Raman) study has been made taking into account 

the presence of monomer, dimer, trimer and tetramer species in the 3-trifluoromethyl-

4,5,6,7-tetrafluoro-1H-indazole and the monomer and dimer species in the 3-methyl-

1H-indazole molecule. In the case of LIDGEL crystals, the analysis of the VCD 

spectra, shown below, will throw more light on this matter, especially on the 

configuration M (RRRR. . .) or P (SSSS. . .) of the LIDGEL catemer.  

Now, we can examine the chirooptical properties of LIDGEL in relation with 

their structures in the different phases by means of the combined use of vibrational 

circular dichroism (VCD) and computational calculations 
[11]

. In this way, the signs of 

the rotatory strength will be helpful to determine the absolute configuration of the 

LIDGEL catemer i.e., P or M helix model. In addition, the VCD-silent character of the 

samples of LIDFUA crystals helps us to confirm the achirality of its structures present 

in the solid phase (see Figure 2S). 
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Figure 3. Experimental IR spectra (top) and experimental (middle) and theoretical (bottom) 

VCD spectra of LIDGEL in the 2000 cm
–1
–900 cm

–1
 spectral region.  

 

 LIDGEL crystallizes as catemers. Thus, it is expected that only LIDGEL 

presents a chirooptical response, i.e. VCD features in solid state. Figure 3 displays the 

experimental (in fluorolube/nujol mulls) IR and VCD spectra and theoretical VCD 

spectra of LIDGEL crystals in the 2000-900 cm
–1

 spectral region. Data concerning the 

Raman spectra in solid phase in the 2000-400 cm
–1

 region are also shown in Figure 1S. 

Bottom panel in Figure 3 shows the predicted scaled VCD spectra for the LIDGEL 

dimer (in red), trimer (in blue) and tetramer (in black), where the solid lines correspond 

to the S configuration (P helix model) and the dotted lines correspond to the R 

configuration (M helix model). The DFT calculations are made in the harmonic 

approximation. 

 We observe a fair agreement between the experimental VCD spectra and the 

predicted scaled ones for LIDGEL (see Figure 2). A few experimental VCD bands that 

evidence the presence of a chiral structure are: 

(1) In fluorolube mulls, the three (–, –, –) bands at 1560, 1510 and at 1490 cm
–1

 are 

well predicted by the dimer and trimer models, but better predicted by the tetramer 

model (P helix model). The bands observed at 1560 cm
–1

 (VCD, IR and Raman) 

and at 1510 cm
-1

 (VCD, 1506 cm
-1

 in IR and Raman) are assigned to the C-N and 

C=C (aromatic) bond stretchings of the pyrazole ring. In addition, the experimental 

band observed at 1490 cm
–1

 (VCD and IR, 1497 cm
–1

 in Raman) is assigned to the 

N-H wagging normal mode. 

(2) Concerning the VCD spectra in nujol mulls, we can assign the region below 1400 

cm
-1

 in fair agreement with the predicted VCD spectra: once again, the tetramer 

model (P helix, (S) configuration) improves the agreement with the experimental 

one in relation to the dimer and trimer models. For example, the (–) band observed 

at 1289 cm
–1

 (VCD, IR and Raman) is assigned to the rings deformation. Other 

interesting (–, +) bands are observed at 1194 cm
–1

 (VCD and IR, 1210 cm
–1

 in 

Raman) and at 1172 cm
–1

 (VCD and IR, 1163 cm
–1

 in Raman), being assigned to 
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the asymmetric CF3 bending. A last example could be the (–) band observed at 

1150 cm
–1

 (VCD and IR), which is assigned to the ring deformation. 

 

3. Conclusions 

 

1) We have measured the IR (including FarIR), VCD and Raman spectra of 3-methyl-

1H-indazole and 3-trifluoromethyl-4,5,6,7-tetrafluoro-1H-indazole in solution as well as 

in the solid-state, and all bands, excluding overtones and combinations, were assigned 

based on scaled B3LYP/ 6-31G(d) calculations. 

 

2) Although the dimer, trimer and tetramer models predict well the experimental VCD 

spectra of LIDGEL crystals, the last theoretical model improves the agreement with the 

experimentally recorded spectra. In order to get a better agreement between the 

experimental VCD spectra and the theoretical one we would need probably to improve 

the simulation of the helix model with calculations for an oligomer structure higher than 

those studied in this work. The reader interested in how the assignments were made in 

similar situations can refer to refs. 
[12]

 and 
[13]

 and, especially in the case of bonds 

involved in H-bonding, to ref. 
[14]

. 

 

3) Concerning LIDGEL crystals, VCD technique allows the determination of its 

absolute configuration, i.e. P helix model. With the previous analysis of IR and Raman 

spectra we also concluded that different oligomers should be present CCl4 solution 

depending on the concentration. 

 

4) With the technique in hand, it should be possible to select a single crystal, increase its 

size by crystal growth and then determine its absolute configuration and its nonlinear 

optical properties. 

 

5) In the case of 3-methyl-1H-indazole, achiral monomers and dimers seem to be 

present according to the experimental IR and Raman spectra in CCl4 solution. However, 

the presence of dimers suffices to reproduce the experimental IR and Raman spectra in 

solid phase (LIDFUA crystals). The lack of chirooptical response was proved when its 

solution or mulls VCD spectra were recorded. 

 

6) The analysis of the low frequency region (700-25 cm
–1

) in the FT-Raman and Far-IR 

spectra reveals important information in order to determine the presence of the dimers 

(LIDFUA) or tetramers (LIDGEL) in the solid phase. 

 

Experimental and theoretical details 

 

Samples 

3-Methyl-1H-indazole, LIDFUA, was prepared by treating o-ethylaniline with 

isoamyl nitrite as diazotizing agent in the presence of potassium acetate/acetic 
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anhydride in toluene, followed by elimination of the acetyl group from the 1-

acetylindazole thus formed 
[15]

. White solid crystals of mp. 114-115 Cº were obtained 

from a solution of dichloromethane, plus hexane drops until dimness, at room 

temperature. 

 3-Trifluoromethyl-4,5,6,7-tetrafluoro-1H-indazole, LIDGEL, was prepared by 

reacting octafluoroacetophenone with hydrazine monohydrate as we have previously 

described in reference 4. White solid crystals of mp. 71-73 Cº were obtained from a 

solution of dichloromethane, plus hexane drops until dimness, at room temperature. 

 

IR, Far-IR and Raman spectra 

 

 The Far-IR spectra of LIDFUA and LIDGEL in the solid phase were recorded 

using a Bruker Vertex 70 in the 700-25 cm
–1

 region, with a resolution of 4 cm
–1

 and 200 

scans, and the platinum ATR accessory (single reflection diamond ATR accessory) and 

the silicon beamsplitter for the Far-IR region. 

 A FT-IR 4100 JASCO spectrometer, equipped with a Globar source, a DGTS 

detector and KBr optics, was used to record the IR spectra of 0.23 M, 0.11 M, 0.011 M, 

0.0011M and 0.0023 M solutions (in CCl4) using a standard liquid cell equipped with 

KBr windows. For the film spectra we prepare a very low concentration solution in 

CCl4 of the sample and we evaporate the solvent under anhydrous conditions in order to 

get a very thin film of the sample which is measured. Finally, we have recorded the 

ATR spectra for the solid sample. The IR spectra have been recorded in the 4000–400 

cm
–1

 range with a resolution of 1 cm
–1

 and 200 scans. 

 The Raman spectra of LIDFUA and LIDGEL have been recorded using a 

MultiRAM Stand Alone FT-Raman Spectrometer, equipped with an Nd:YAG laser 

(excitation line at 1064 nm) and a Ge detector cooled at liquid nitrogen temperature. 

The spectra were measured using a standard solid support with a resolution of 1 cm
–1 

and 200 scans. 

 

VCD spectra 

 

 The VCD spectra of LIDGEL and LIDFUA in the fluorolube and nujol mulls 

were recorded using a JASCO FVS-4000 FTIR spectrometer, equipped with MCTV 

(2000–800 cm
–1

) detector. A few milligrams of LIDGEL and LIDFUA were mixed 

with fluorolube or nujol mineral oils in order to get suitable mulls. Special attention is 

needed when working with solid samples in circular dichroism spectroscopy 
[16-18]

. In 

fact, we have measured the mulls in several positions by rotating the sample around 

both the beam propagation axes (90º and 180º, face A) and that perpendicular to it 

(180º, face B) in order to get the true VCD peaks and to be sure on the absence of 

artifacts VCD spectra 
[18]

. All spectra were recorded using a standard cell equipped with 

BaF2 windows, with a resolution of 4–8 cm
–1

, path lengths between 6–50 microns and 

2000-8000 scans, by blocks of 2000 scans. Finally, the 0.28 M solution (in CCl4) was 

also recorded. Concerning the baseline correction, we have subtracted the nujol and/or 
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fluorolube signals for the suspension spectra and the solvent signal for the solution 

spectra. 

 

Computational details 

 

 The geometry of the LIDGEL and LIDFUA monomers has been fully optimized 

while in the case of the dimer, trimer and tetramer, the position of  the nonhydrogen 

atoms has been fixed at the positions determined by X-ray crystallography and 

hydrogen atoms have been optimized at the B3LYP/6-31G(d) 
[19,20]

 computational level 

. The vibrational analysis was carried out taking into account a single scaling factor of 

0.960 from the NIST database for the B3LYP/6-31G(d) level. All the calculations have 

been carried out with the Gaussian package 
[21]

. 
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a) 

 

b) 

 

c) 

 

d) 

 

Figure 1S. Experimental and scaled predicted IR (top) and Raman (bottom) spectra of 

LIDFUA (panels a and c) and LIDGEL (panels b and d) in the 3700 cm
-1
–2600 cm

–1 
and in the 

2000-400 cm
-1

 spectral regions.  
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Figure 2S. Experimental IR (top) and VCD (bottom) spectra of LIDFUA in fluorolube and 

nujol mulls for faces A and B (rotation of 180º with respect to the perpendicular axis to the 

beam propagation) in the 2000 cm
–1
–900 cm

–1
 spectral region.  

 


