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Abstract 

The conformational study of some 2-(2’-haloacetyl)-5-substituted five-membered 

heteroaromatic compounds Z-CH2C(O)(C4H2X)-Y bearing a halogen (Z = Cl or Br) at 

the 2’-position and (Y = NO2, H, Me or Cl) substituents at the 5-position of the 

heteroaromatic ring for X = NMe, O and S was performed by IR carbonyl stretching 

band (νCO) analysis supported by the harmonic frequency, NBO and PCM calculations 

on the minima and saddle-point structures obtained at the M05-2X/aug-cc-pVTZ level. 

The computational results predicted the presence of four stable conformers, classified 

by the orientation of the Xring–C–C=O (syn/anti) and the O=C–C–Z (anticlinal/ 

synperiplanar) moieties as ac(syn), sp(syn), ac(anti) and sp(anti). The anti/syn 

equilibrium controls the relative stabilities of the conformers to a large extent while the 
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anticlinal/synperiplanar accounts for the observed trend of the IR carbonyl band 

components. The computed νCO frequencies and the PCM trend of the relative 

abundance in solvents of increasing permittivity allowed the pairs of ac(syn)/ac(anti) 

and sp(syn)/sp(anti) conformers to be assigned to the lower and higher νCO frequency IR 

carbonyl doublet components, respectively. The PCM data failed to reproduce the 

experimental carbonyl triplet found in chloroform. However, the additional component 

could be justified by assuming the formation of complexes constituted by one 

chloroform molecule hydrogen bonded to the conformers in a PCM chloroform 

continuum. 

The NBO and short contact analysis suggested that the syn/anti conformational 

equilibrium is governed mainly by electrostatic interactions, while the 

anticlinal/synperiplanar depends to different extents on both orbital and electrostatic 

interactions. 

 

 

 

 

 

 

 

 

  

Keywords: Infrared spectroscopy; theoretical calculations; solvent effect; 
conformational analysis; 2-(2’-haloacetyl)-5-substituted heteroaromatic 

compounds. 
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1. Introduction  

 

Aromatic heterocyclic compounds are widely studied from a synthetic point of view as 

building blocks [1,2], due to their applicability in the polymer [3,4] and food industries 

[5,6] and to their potential biological activity [7].  

In 2-formylthiophene and some thiophene-2-carbonyl halides [8,9], the higher relative 

abundance of the cis conformer was ascribed to the coulombic interaction between the 

oppositely charged Oδ-(CO) and Sδ+ atoms. The same stability order for 2-acetylthiophene 

in n-hexane and benzene was determined through Kerr constants and dipole moments 

[10] and was confirmed by DFT calculations and infrared spectra in carbon tetrachloride 

and chloroform [11]. These findings are also supported by Photoelectron (PE) and 

Electron Transmission (ET) spectral analysis [12], as well as by ab-initio HF/6-31G** 

and MP2/6-31G** calculations [13]. Therefore, all these studies indicate that the cis 

conformer (relative to the O=C–C–S moiety) is more stable than the trans. 

For 2-acetylfuran, the observed trend is reversed. The Kerr constants and dipole 

moments in n-hexane and benzene [10] indicate the trans conformer to be the more 

stable. An NMR, infrared and DTF study [14] also reported preference for the trans 

conformer in vacuum, dichloromethane and acetone. Semi-empirical calculations 

suggest that electronic delocalisation should favour the cis conformer, indicating that 

the trans preference is mainly a consequence of the strong Repulsive Field Effect (RFE) 

that acts on the Oδ-(CO)…Oδ- short contact [15]. 

For 2-acetylpyrrole, the cis conformer is highly stabilised in CS2/CD2Cl, CCl4, CHCl3, 

CH3CN and acetone-d6 by the intramolecular hydrogen bond N–Hδ+…Oδ-(CO) [16]. In 

the same study, only this conformer was evidenced in N-methyl-2-acetylpyrrole. 
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In the solid state, N-methyl-2-trichloroacetylpyrrole assumes an s-cis conformation, 

which is stabilised by a network of intermolecular halogen and hydrogen bonding 

interactions [17]. DFT calculations assigned the singlet νCO IR symmetric band at 1681 

cm-1 to this structure [18]. Similarly, the s-cis conformer was ascribed to the most 

intense doublet νCO component at a lower frequency (1662 cm-1) for N-methyl-2-(2-

chloroacetyl)pyrrole [19]. 

The present paper reports infrared and theoretical studies of some 2-(2’-haloacetyl)-5-

substituted five-membered heteroaromatic compounds Z–CH2C(O)(C4H2X)–Y (1–7) 

bearing halogen (Z = Cl or Br) at the 2’-position and the substituent (Y = NO2, H, Me or 

Cl) at the 5-position of the heteroaromatic ring, for X = NMe, O and S (See Scheme 1). 

These compounds were chosen taking into account that both the X and Y substituents 

may affect the syn/anti and the synperiplanar/anticlinal conformational equilibrium 

with respect to the X–C–C=O and O=C–C–Z moieties, respectively. 

 

2. Experimental 

2.1. Materials 

 

All solvents for IR measurements were spectrograde and were used without further 

purification. The title compounds 1–7 were commercially available (1–3 from Ablock 

Pharmatech and 4–7 from Sigma-Aldrich).  

 

2.2. IR measurements 

 

The IR spectra were recorded with a Michelson Bomem MB100 FTIR spectrometer, 

with 1.0 cm-1 resolution at a concentration of 1.0 × 10-2mol dm-3 in n-hexane, carbon 
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tetrachloride, chloroform, dichloromethane and acetonitrile using a 0.519 mm sodium 

chloride cell, for the fundamental carbonyl region (1800–1600 cm-1). The spectra of the 

carbonyl first overtone (3600–3100 cm-1) were recorded in carbon tetrachloride solution 

(1.0 × 10-2mol dm-3), using a 1.00 cm quartz cell. The overlapping carbonyl bands 

(fundamental and first overtone) were resolved by means of the Grams/32 curve-fitting 

software, version 4.04, Level II [20]. This software detects, through the second 

derivative of the actual carbonyl band, the number of components that composes it and 

then, statistically, adjusts them to the original band using a Gaussian/Lorentzian profile. 

The conformer populations for compounds 1–7 in the referred solvents were expressed 

as percentages of the integrated intensity estimated from the integrated absorbance B = 

∫bandln(Io/I)ν dν (ν in cm-1) for each resolved carbonyl multiplet (doublet, triplet or 

quartet) component, on the assumption of equal integrated molar absorption coefficient 

� [21] for all the conformers (for details see Table S1and Note S1). 

 

2.3. Theoretical calculations 

 

The local and global minima, as well as the first order saddle point geometries, were 

found by rotating the α (O=C–C–Z) and δ (X–C–C=O) dihedral angles, from 0º to 180º 

with steps of 10º, through the relaxed SCAN method (Mod Redundant) implemented in 

the Gaussian 09 package [22] at the M05-2X/aug-cc-pVDZ [23,24] level of theory. The 

final geometries, harmonic vibrational modes and orbital interaction at 298 K were 

refined at the same M05-2X/aug-cc-pVTZ [25] level. Condensed phase Polarisable 

Continuum Model (PCM) [26] calculations were carried out at the M05-2X/aug-cc-

pVTZ level, as implemented in Gaussian 09, in order to obtain the Gibbs free energies 

of solvation. Relative energies were estimated using the harmonic zero point energy 
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(ZPE) correction. Due to the symmetry of the conformers, either C1 or CS point groups, 

in order to obtain accurate molar fractions, the thermodynamic probability factor 

(� = �(� �⁄ )) was applied as a weighting factor of 2 or 1, respectively. The NBO 3.1 

program [27] implemented in the Gaussian 09 package was used to estimate 

delocalisation energies (E2) by means of second-order perturbation theory. The partial 

atomic charges were calculated using Natural Population Analysis (NPA) [27].  

 

3. Results and Discussion 

Table 1 collects the frequencies and relative intensities of the resolved components of 

the carbonyl stretching (νCO) band for compounds 1–7 in solvents of increasing relative 

permittivity, from n-hexane to acetonitrile [28]. In general, a doublet is observed, with a 

less intense component at higher νCO frequency (ca. 18 cm-1). For all compounds, the 

relative intensity of this component increases as the dielectric constant of the medium 

increases. In chloroform, an additional νCO component at the lowest frequency is 

detected for compounds 1, 3 and 5. This triplet component is the most intense for 

compound 3 and least intense for compounds 1 and 5. 

In contrast, for compound 7 in n-hexane, the doublet is split into a quartet with a 

difference of ca. 20 cm-1 between the highest frequency (1702 cm-1) and the third 

component (1683 cm-1) and between the second component (1694 cm-1) and that at the 

lowest frequency (1673 cm-1). The solvent effect on the carbonyl band components is 

illustrated in Figures 1–3 for compounds 1, 2 and 7, taken as representatives of the 2-

(2’-haloacetyl)-5-substituted 1-methylpyrrole (1), furans (2–5) and thiophenes (6 and 7). 

The carbonyl first overtone band profiles match those of the fundamentals. The resolved 

components, in carbon tetrachloride, appear at frequencies twice those of the 

fundamental minus two times the mechanical anharmonicity [21] of ca. 20 cm-1. These 
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features indicate the existence of at least two conformers in solution for the studied 

compounds 1–7 [29,30], ruling out the existence of any vibrational effect in the 

fundamental transition of the νCO mode. 

In Table 2, the relative energies and populations, dipole moments, carbonyl stretching 

frequencies and dihedral angles of the global and local minima at the M05-2X/aug-cc-

pVTZ level of theory for compounds 1–7 are reported. 

The calculation results suggest the presence in vacuum of four conformers, which may 

assume either an anticlinal or synperiplanar geometry on the α dihedral angle and either 

a synperiplanar or antiperiplanar geometry on the δ dihedral angle. Therefore we 

labelled the anticlinal and synperiplanar geometries of the α dihedral angle as ac and 

sp, respectively. As for the δ dihedral angle, the short terms syn and anti were used. 

Therefore, the four conformers in the present work are labelled as ac(syn), sp(syn), 

ac(anti) and sp(anti).  

The α angle varies in the range 102–113º in the ac conformers, while assuming the 

value of exactly 0º, with the exception of compound 5 (5°), in the sp conformers. With 

regard to the syn and anti conformation, the corresponding δ angle values are close to or 

exactly equal to 0° or 180º. As a consequence, the sp(syn) and the sp(anti) conformers 

of all derivatives, except the sp(syn) of 5, belong to the Cs point group due to the 

presence of a symmetry plane, while the ac(syn) and the ac(anti) conformers belongs to 

the C1 point group. The four conformers of compound 3, taken as representatives for the 

whole series, are illustrated in Figure 4. 

For the methylpyrrole derivative 1, the lowest frequency ac(syn) conformer is the most 

stable and the least polar, followed by the sp(syn) and by the two (anti) rotamers, both 

destabilised by more than 5.7 kcal mol-1. 
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On the contrary, for all of the furan derivatives 2–5, the lowest frequency ac(anti) 

conformer becomes the most stable, while the highest νCO frequency sp(syn) is the least 

stable. The relative stability of the sp(anti) and the ac(syn) conformers is likely to be 

affected by the nature of the Z and Y substituents. For instance, the sp(anti) conformers 

are destabilised to about the same extent in the 3–5 derivatives (Z = Br) with respect to 

compound 2 (Z = Cl). Furthermore, the relative abundance of the ac(syn) conformers is 

almost equivalent in compounds 2-4 (Y = H, Me) and decreases to a larger extent in 

compound 5 (Y = NO2). 

For thiophenes 6 and 7, the most and least stable conformers are, respectively, the 

lowest frequency ac(syn) and the highest frequency sp(anti), as for compound 1. In 

contrast to compound 1, the ac(anti) conformers are significantly stabilised at energy 

values comparable with those of the sp(syn) conformers. 

The computed νCO frequency differences on the syn/anti equilibrium are usually small 

for compounds 2–7. On the contrary, for compounds 1–7, the calculated νCO frequencies 

of the two synperiplanar conformers (syn and anti) are higher than those of the 

corresponding anticlinal conformers by ca. 20 cm-1, which is in agreement with the 

observed νCO differences of the resolved IR doublet components. 

In order to better understand the conformational preferences in the condensed phase for 

compounds 1–7, the four conformers were fully optimised with PCM at the M05-

2X/aug-cc-pVTZ level of theory. The results are summarised in Tables 3a and 3b. 

For compound 1 the relative abundance of the higher frequency sp(syn) conformer in 

vacuum (16%) increases with respect to the most stable ac(syn) as the solvent polarity 

increases, up to 36% in the higher permittivity solvent, acetonitrile. This trend relatively 

closely matches the experimental results, which show a progressive intensity increase of 

the higher frequency carbonyl doublet component from 30% in n-hexane to 48% in 
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acetonitrile. Therefore, the computed higher frequency sp(syn) conformer can be 

unequivocally ascribed to the higher IR frequency carbonyl doublet component. A 

relevant mismatch between the calculated and experimental findings occurs in 

chloroform, as the experimental carbonyl band shows an additional third component at 

the lowest frequency. Literature data report that a conformer may be stabilised by 

intermolecular hydrogen bonding in chloroform [31,32]. Therefore, we tried to simulate 

the solvation effect in a PCM chloroform continuum at the M05-2X/aug-cc-pVTZ level 

on the complexes formed by a single chloroform molecule hydrogen bonded to the 

sp(syn) and ac(syn) conformers. The intermolecular hydrogen bonding interaction is 

depicted in Figure 5, while Table 4 collects the computed energies, the carbonyl 

frequencies, the orbital interactions and the relevant geometric parameters involving the 

interacting atoms on the complexes. Since the higher frequency sp(syn) conformer has a 

symmetry plane (CS symmetry), the approach of the chloroform molecule to the 

carbonyl oxygen atom from either plane side leads to indistinguishable complexes 

(complex 1). At variance, with the lowest frequency ac(syn) conformer, two distinct 

stable complexes (complex 2 and complex 3) can be obtained, whose frequencies differ 

by about 4.5 cm-1. Although the relative abundances of the complexes calculated in 

vacuum and in the CHCl3 continuum (PCM) are not quite accurate, these calculations 

predict three distinct components for the carbonyl band whose frequencies are in 

agreement with the experimental findings (Table 1). 

It should be pointed out that the results presented in this paper disagree with the 

interpretations of Dubis et al. [19] (see Introduction), who assigned the higher 

frequency doublet component to the s-trans conformer [either ac(anti) or sp(anti)] in a 

syn/anti conformational equilibrium. On the contrary, the present results indicate that 

the two carbonyl components are related to the synperiplanar/anticlinal conformational 
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equilibrium. This behaviour is similar to that described for the doublet in the n-hexane 

IR spectra of the α-haloacetophenones Ph–C(O)CH2–X (X = F, Cl, Br and I) [33] and is 

in line with the findings of Ducati et al. [16], who assert that only the s-cis conformer 

should be stable enough to be observed at room temperature. 

Likewise, the experimental findings for the furan derivatives 2–5 in solution can be 

explained on the basis of the synperiplanar/anticlinal conformational equilibrium. The 

PCM calculations in n-hexane predict the same conformer stability order as found in the 

gas phase. However, the solvation affects the νCO frequencies of the four conformers 

and, in particular, decreases the energy difference between the two anticlinal (syn and 

anti) rotamers, as well as between the two synperiplanar (syn and anti) forms. With 

regard to the two anticlinal rotamers of compounds 2–5, the mean frequency difference 

decreases progressively as the solvent dielectric constant increases, varying from about 

5.8 cm-1 in vacuum to about 2.4 cm-1 in acetonitrile. Therefore, as the mean 

experimental Full Width at Half Maximum (FWHM) of the distinct band components 

varies from 11.7 to 18.3 cm-1 (see Table 1), the two anticlinal conformers should 

coalesce into a single unresolved peak at the low frequency side. 

The same arguments hold for the synperiplanar (syn and anti) conformers of 

compounds 2–5, in spite of the large frequency difference calculated for compound 5. In 

that case, in fact, ∆νCO varies from 17 cm-1 in vacuum to 14 cm-1 in n-hexane, CCl4 and 

CHCl3. However, as the corresponding relative abundance of the sp(syn) conformers is 

in the range 0–2%, the calculations still suggest the occurrence of a single peak at the 

high frequency side. The sum of the computed (PCM) relative populations of the two 

anticlinal conformers decreases with respect to the sum of the two synperiplanar forms 

as the permittivity of the solvent increases, going from a mean value of ca. 84% in n-

hexane to ca. 65% in acetonitrile. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

12 

 

This trend agrees fairly well with the experimentally observed intensity decrease of the 

lowest frequency component of the carbonyl doublet on going from the lowest 

permittivity solvent, n-hexane (mean value ca. 80%), to the highest, acetonitrile (mean 

value ca. 61%). The carbonyl band for compounds 3 and 5 in chloroform shows three 

components that can be explained with the formation of complexes analogous to those 

described for compound 1. 

Following the same arguments, the PCM calculations suggest that the two pairs of 

anticlinal and synperiplanar conformers of compounds 6 and 7 behave in a similar way 

to the corresponding forms of the 2–5 derivatives. In fact, all of the relevant data, such 

as the ∆ν for the anticlinal (and the synperiplanar) conformers, or the variation of the 

sum of the relative populations of the rotamers with the solvent permittivity, are 

comparable to those calculated for compounds 2–5. Therefore, it can be inferred that the 

IR bands are likely to appear as a doublet and that the low frequency component can be 

assigned to the two anticlinal (syn and anti) conformers, with the exception of the band 

of compound 7, in n-hexane, which can be resolved into four distinct components due to 

their narrower FWHM. 

The potential energy surfaces (PES) of compounds 1–7 were obtained by varying the α 

and δ dihedral angles from 0º to 180º with a step size of 10º at the M05-2X/aug-cc-

pVDZ level. Further optimisation was performed on the six saddle points detected. The 

saddle points were labelled with capital letters (SP1-SP6) in order to avoid confusion 

with orbital hybridisation. Their energies and geometries are reported in Table 5 for 

compounds 2 and 6.  

The interconversion path from syn to anti conformers requires the rotation of the X–C–

C=O moiety through the high energy saddle points SP2 and SP4 (barriers of ca. 9.0 kcal 

mol-1), whose geometries are characterised by the lack of conjugation between the 
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aromatic ring and the carbonyl group. At variance, the interconversion path from 

anticlinal to synperiplanar conformers involves the low energy saddle points SP1 and 

SP3 (barriers of ca. 2.1 kcal mol-1), in which the Z–C–C=O moiety assumes a synclinal 

geometry (ca. 50º). The two dimensions PES for compounds 1, 2 and 6, taken as 

representatives of the series, are presented in Figure 6, while a diagram of the 

interconversion paths described is reported in Scheme 2 for compound 6. The other two 

saddle points, SP5 and SP6 (barriers of ca. 4.1 kcal mol-1), are both planar and 

transform the anticlinal conformers into their mirror images, which have the same 

properties as those previously presented in Table 2 for the anticlinal conformers. These 

interconversions through the α dihedral angle are shown in the one dimension PES in 

Figure 7. 

To recognise the electrostatic interactions that contribute to the stabilisation of each 

conformer, some selected Natural Population Analysis (NPA) charges and interatomic 

distances are collected in Tables 6, 7a and 7b, respectively. 

Both the syn and the anti conformers of compound 1 are destabilised by electrostatic 

repulsion between atoms separated by distances shorter than the sum of the van der 

Waals radii (ΣvdWr). These repulsions involve, for the anti conformers, the positively 

charged hydrogen atoms of the N–CH3 and methylene groups and, for the syn forms, the 

negatively charged carbonyl oxygen and nitrogen atoms. On the contrary, only the syn 

conformers are stabilised by the short contact between the oppositely charged Hδ+
NMe 

and Oδ-
CO atoms. The two synperiplanar conformers, unlike the two anticlinal forms, 

exhibit the electrostatic destabilising interaction caused by the short contact between the 

negatively charged carbonyl oxygen and chlorine atoms. All these electrostatic 

interactions account for the major stability of the syn conformers with respect to the anti 

forms, as well as for the anticlinal preference over the synperiplanar. 
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For the furan derivatives 2–5, the short contact Oδ-
CO…Hδ+

12 interaction enhances the 

stabilisation of the two anti conformers, while the electrostatic repulsion between the 

negatively charged furan and carbonyl oxygen atoms destabilises the two syn forms. 

These interactions, and the absence of those involving one hydrogen atom of the N–Me 

group described for compound 1, justify the preference for the anti conformers of the 

furan derivatives. This behaviour has been already reported for similar molecules [14, 

15]. As for compound 1, the Repulsive Field Effect [34] between the C=O…C–Z 

dipoles (Z = Cl or Br) accounts for the lowest stability of the synperiplanar (anti) and 

synperiplanar (syn) conformers with respect to the anticlinal (anti) and anticlinal (syn) 

forms, respectively. 

For compounds 6 and 7, the syn conformers are stabilised by the short contact 

electrostatic interactions that involve the oppositely charged Oδ-CO and thiophene Sδ+ 

atoms, while the synperiplanar conformations are destabilised by the Repulsive Field 

Effect previously described for the synperiplanar conformers of compounds 2–5. 

The natural bond orbital (NBO) analysis was performed for all compounds, to identify 

the relevant orbital interactions that contribute to the stabilisation of each conformer. 

Tables 8a and 8b show some selected orbital interactions and energies. 

The heteroatom lone pair LPX is delocalised to both the π*C(5)=C(6) and π*C(7)=C(8) 

orbitals. The mean values of the sum of the LPX→π*C(5)=C(6) and LPX→π*C(7)=C(8) 

delocalisation energies of all conformers bearing the same X heteroatom in the series 1–

7 decrease progressively as the atomic number of the X ring atom increases, from ca. 

54.4 kcal mol-1 for compound 1 (X = N) to 38.5 kcal mol-1 for compounds 2–5 (X = O) 

to 34.8 kcal mol-1 for compounds 6 and 7 (X = S). For compounds 2–7, the sum of the 

two interactions slightly stabilises the synperiplanar conformers (mean value 0.5 kcal 

mol-1) in the syn orientation and the anticlinal forms (1.3 kcal mol-1) in the anti 
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orientation. In contrast, their sum plays a relevant role in the syn/anti equilibrium, 

favouring the syn conformers over the anti by a mean value of about 4.6 kcal mol-1. 

The πC(5)=C(6) ring orbital interacts with both the carbonyl π*C(2)=O(1) and the ring 

π*C(7)=C(8) orbitals. The latter interaction contributes, together with the 

πC(7)=C(8)→π*C(5)=C(6), to the aromatic ring conjugation. The comparison between the 

delocalisation energies indicates that the πC(5)=C(6)→π*C(2)=O(1) interactions generally 

exceed those of πC(5)=C(6)→π*C(7)=C(8) by 1–10 kcal mol-1, with the exception of all the 

conformers of the nitro-substituted compound 5 and the ac(anti) of compound 4. In 

these cases, the πC(5)=C(6)→π*C(7)=C(8) interaction also exceeds that of 

πC(7)=C(8)→π*C(5)=C(6), and thus favours ring conjugation over carbonyl delocalisation to a 

large extent. With regard to the anticlinal/synperiplanar equilibrium for compounds 2–

7, the πC(5)=C(6)→π*C(2)=O(1) carbonyl delocalisation favours, in the syn and anti 

orientations, the anticlinal conformers over the synperiplanar forms by a mean value of 

1.7 kcal mol-1. Analogously, the overall effect of the πC(5)=C(6)→π*C(7)=C(8) and 

πC(7)=C(8)→π*C(5)=C(6) ring interactions always stabilises the anticlinal conformers with 

respect to the synperiplanar forms by less than 1.0 kcal mol-1 (compounds 1–3, 5–7) and                   

4.8 kcal mol-1 (compound 4). 

Following the same arguments for the syn/anti equilibrium, the sum of the 

πC(7)=C(8)→π*C(5)=C(6) and πC(5)=C(6)→π*C(7)=C(8) ring interactions indicates the anti 

preference for both the anticlinal and the synperiplanar conformers (mean value 1.2 

kcal mol-1), except for the sp(syn) of compound 4. On the contrary, the 

πC(5)=C(6)→π*C(2)=O(1) delocalisation mainly stabilises the syn orientation by less than 1.0 

kcal mol-1, apart from the sp(anti) conformers of 2–4. The overall effect of the three 

interactions indicates a general preference for the anti conformation (0.7 kcal mol-1), 

except for compound 4. 
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For compounds 1–7, the charge transfer interaction LPO(1)→σ*X(9)-C(8) stabilises 

exclusively the syn conformers (mean value 0.6 kcal mol-1), while that of         

LPO(1)→σ*  X(9)-C(5) affects only the anti conformers by ca. 1.5 kcal mol-1. 

Regarding the O1=C2–C3–Z4 moiety, the through-bond coupling interactions [35] 

LPO(1)→σ*C(2)-C(3) and LPO(1)→σ*C(2)-C(5) stabilise to almost the same extent (ca. 3 kcal 

mol-1) all the sp(syn,anti) conformers of compounds 1–7 over the corresponding ac(syn, 

anti) forms. Additionally, the sp(syn, anti) conformers are also favoured by the 

LPZ(4)→σ*C(2)-C(3) charge transfer interaction (ca. 1.9 kcal mol-1). It should be noted that, 

in the same moiety, the LPZ(4)→σ*C(2)-C(5) interaction uniquely affects the sp(syn, anti) 

conformers by ca. 0.7 kcal mol-1, while the LPZ(4)→π*C(2)=O(1), σC(3)-Z(4)→π*C(2)=O(1) and 

πC(2)=O(1)→σ*C(3)-Z(4) interactions favour only those of ac(syn, anti) (mean value of the 

sum about 12.1 kcal mol-1). Moreover, the latter interactions stabilise the ac(anti) by 

about 2.2 kcal mol-1 more than the ac(syn). Finally, the σC(3)-Z(4)→σ*C(2)-C(5) interaction 

(mean value ca. 3.1 kcal mol-1) occurs solely in the sp(syn) conformers. 

As can be seen from Tables 8a and 8b, the sum of all of the cited orbital interactions 

reproduces exactly the stability order of the conformers for compounds 1, 6 and 7 and 

the two more stable ac(anti) and ac(syn) forms of compound 4, as well as the preference 

for anticlinal over synperiplanar for all compounds. On the contrary, for the furan 

derivatives 2, 3 and 5, these interactions favour the less stable ac(syn) and sp(syn) 

conformers with respect, respectively, to the more stableac(anti) and sp(anti) forms. 

 

4. Conclusions 

 

The conformational preferences of some 2-(2’-haloacetyl)-5-substituted 5-membered 

heteroaromatic compounds Z–CH2C(O)(C4H2X)–Y bearing a halogen (Z = Cl or Br) at 
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the 2’-position and substituents (Y = NO2, H, Me or Cl) in the 5-position of the 

heteroaromatic ring (X = NMe, O and S) have been determined by νCO IR analysis and 

theoretical calculations at the M05-2X/aug-cc-pVTZ level. The relaxed PES reveals 

four stable conformers for all compounds, labelled as ac(syn), sp(syn), ac(anti) and 

sp(anti). Their relative stability is controlled to a large extent by the anti/syn 

equilibrium, related to the Xring–C–C=O moiety. In fact, the gas phase is characterised 

by the prevalence of the syn conformers for compounds 1, 6 and 7 and of the anti forms 

for compounds 2–5. In particular, the syn conformers were detected exclusively for 

compound 1. Although the carbonyl oxygen atom is involved in the main electrostatic 

interactions that determine the syn or anti orientation, the changes in the νCO frequencies 

of the ac(syn)/ac(anti) pair, as well as those of sp(syn)/sp(anti), are negligible. On the 

contrary, in the anticlinal/synperiplanar equilibrium, referred to as the O=C–C–Z 

moiety, for all compounds 1–7, the anticlinal conformers are always favoured over the 

synperiplanar. The latter are destabilised mainly by the Repulsive Field Effect between 

the C=O…C–Z dipoles (Z = Cl or Br), which is also responsible for their νCO 

frequencies increasing by ca. 20 cm-1. These findings are in line with the cis/gauche 

frequency differences previously reported for the α-haloacetophenones [33].  

Taking into account the frequency difference and the FWHM of the IR doublet 

components, it is reasonable to ascribe both the sp(syn) and sp(anti) conformers to the 

high frequency IR component and both the ac(syn) and ac(anti) to the low frequency 

one. These assignments are supported by the four distinct components resolved in the 

IR spectrum of compound 7 in n-hexane, which can be assigned, in order of increasing 

frequency and decreasing abundance, to the ac(syn), ac(anti), sp(syn) and sp(anti) 

conformers. Moreover, the PCM data indicate that the relative stability of the lower 

frequency ac(syn) and ac(anti) conformer pair decreases as the dielectric constant of the 
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media increases, which is in agreement with the experimental findings for the IR 

analytically resolved bands. However, the PCM data mismatch the IR results for 

compounds 1, 3 and 5 in CHCl3. The PCM solvation model in fact predicts a carbonyl 

doublet, in contradiction to the experimental triplet. The additional third component has 

been explained by assuming the formation of complexes constituted by a single 

chloroform molecule hydrogen-bonded to the conformers. The calculations performed 

for compound 1 in the gas phase and in CHCl3 continuum predicted three distinct 

complexes to be formed with the sp(syn) (one complex) and the ac(syn) (two 

complexes) conformers, whose νCO frequencies are in line with the experimental 

findings. 

The interconversion path from the syn to the anti conformers involves high energy 

saddle points that exhibit the lack of conjugation between the aromatic ring and the 

carbonyl group. On the contrary, in the anticlinal/synperiplanar interconversion path, 

the energy barriers are lowered by the synclinal geometry of the Z–C–C=O moiety. An 

additional interconversion path occurs through a planar saddle point that converts one 

anticlinal conformer into its mirror image. 

The aromatic ring conjugative interactions, as well as the charge transfer to the carbonyl 

group, favour the syn conformations for all compounds 1–7. However, while the syn 

arrangements of compounds 1, 6 and 7 are further stabilised by attractive electrostatic 

interactions, the short contact Oδ-CO…Oδ-(9) electrostatic repulsion, in conjunction with 

the short contact Oδ-
CO…Hδ+

12 attractive interaction, dictate the anti orientation 

preference for the furan derivatives 2–5. Finally, the σC(3)-Z(4)→π*C(2)=O(1), 

πC(2)=O(1)→σ*C(3)-Z(4) and LPZ(4)→π*C(2)=O(1) orbital interactions heavily stabilise the 

anticlinal conformers uniquely, while the LPZ(4)→σ*C(2)-C(3) and LPO(1)→σ*C(2)-C(3) 

charge transfer interactions favour the synperiplanar forms to a minor extent. 
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Figure and Scheme Captions 

Fig. 1. IR spectra of 2-(-2’-chloroacetyl)-1-methylpyrrole (1) showing the carbonyl 

stretching band in n-hexane (a), carbon tetrachloride [fundamental (b) and first overtone 

(c)], chloroform (d), dichloromethane (e) and acetonitrile (f). The red line is the 

experimental band; the blue line is the fitted band; the black lines are the band 

components. 

Fig. 2. IR spectra of 2-(2’-chloroacetyl)furan (2) showing the carbonyl stretching band 

in n-hexane (a), carbon tetrachloride [fundamental (b) and first overtone (c)], 

chloroform (d), dichloromethane (e) and acetonitrile (f). The red line is the experimental 

band; the blue line is the fitted band; the black lines are the band components. 

Fig. 3. IR spectra of 2’(-2-bromoacetyl)-5-chlorothiophene (7) showing the carbonyl 

stretching band in n-hexane (a), carbon tetrachloride [fundamental (b) and first overtone 

(c)], chloroform (d), dichloromethane (e) and acetonitrile (f). The red line is the 

experimental band; the blue line is the fitted band; the black lines are the band 

components. 

Fig 4. sp(syn) (a), ac(syn) (b), sp(anti) (c) and ac(anti) (d) conformers of 2-(2’-

bromoacetyl)furan (3) optimised at the M05-2x/aug-cc-pVTZ level. 

Fig. 5. Structures of the hydrogen bonding complexes between 2-(2’-chloroacetyl)-

pyrrole and chloroform obtained at the M05-2x/aug-cc-pVDZ level: Complex 1 

[sp(syn)…HCCl3]; Complex 2 [ac(syn)…HCCl3]; Complex 3 [ac(syn)…HCCl3].  
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Fig. 6. Potential energy surfaces of compounds 1, 2 and 6 obtained at the M05-2x/aug-

cc-pVDZ level.  

Fig. 7. One dimension potential energy surfaces of the α dihedral angle for compound 2 

when δ dihedral angle is 0º (black line) or 180º (red line).  

Scheme 1. Atom labelling of 2-(2’-haloacetyl)-5-substituted five-membered 

heteroaromatic compounds Z–CH2C(O)(C4H2X)–Y (1–7) and definition of the 

relevant dihedral angles. 

Scheme 2. Interconversion of the four conformers of 2-(-2’-bromoacetyl)thiophene. All 

energy values are in kcal mol-1. E(Rel) indicates the energy relative to the minimum 

energy structure ac(syn). ∆E refers to the proper energy difference between two 

conformers. ∆E* refers to the energy difference between a minimum structure and that 

of a saddle point (SP). 
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Table 1 

Frequencies (ν, cm-1), integrated absorbances (B, cm-1) and relative intensities of the carbonyl stretching band components in the IR Spectra of 2-(2’-haloacetyl)-5-substituted 
five-membered heteroaromatic compounds ZCH2C(O)(C4H2X)Y (1-6). 

Comp X Y Z n-C6H14 (ε=1.9) 
 

CCl4(ε=2.2)  
 

CHCl3(ε=4.8) 
 

CH2Cl2(ε=9.1) 
 

CH3CN (ε=38) 

    ν Pa HWb Bc 
 

ν P HW B ν
d P HW B  

 
ν P HW B 

 
ν P HW B 

 
ν P HW B 

1 NMe H Cl 1685 30 14.7 4.18 
 

1680 26 15.0 3.53 3342 34 31.7 0.43  1672 29 18.9 5.89 
 

1672 37 17.8 5.95 

 

1673 48 15.8 5.49 

    
1664 70 10.5 9.53 

 

1659 74 12.9 9.88 3299 66 32.1 0.82  1655 53 22.8 10.77 
 

1654 63 20.9 9.99 1655 52 17.4 5.97 

    
-e    -    -     1641 18 19.7 3.74  -    - 

 
  

2 O H Cl 1713 40 13.4 2.88 1707 37 12.5 3.01 3393 47 27.8 0.98  1696 51 20.0 6.89 

 

1697 56 16.4 4.95 1697 63 15.6 4.87 

    
1693 60 10.7 4.35 1688 63 12.9 5.07 3356 53 26.2 1.12  1679 49 21.9 6.50 1681 44 17.2 3.82 1682 37 14.3 2.88 

3 O H Br 1709 14 9.4 1.49 1705 17 8.9 1.11 3382 18 33.6 0.51  1697 14 15.4 1.45 1692 37 18.5 2.70 1693 33 15.8 2.75 

    
1691 86 8.7 9.39 1686 83 13.8 5.42 3348 82 28.9 2.25  1684 33 16.9 3.57 1677 74 19.6 7.43 1678 68 16.3 5.68 

    
-    -    - 

 
   1672 53 18.4 5.74 -    - 

 
  

4 O Me Br 1700 16 14.9 1.64 1691 26 21.2 2.61 3367 23 31.3 0.42  1682 25 21.7 2.70 1683 35 20.0 4.55 1684 30 18.6 5.57 

    1683 84 14.4 9.12 1675 74 14.6 7.32 3333 77 27.9 1.40  1665 75 21.0 8.03 1667 65 16.3 8.58 1669 70 14.6 12.70 

                             

5 O NO2 Br 1718 9 8.7 0.18 1715 14 10.9 0.92 3408 16 26.8 0.29  1712 21 12.8 1.38 1712 17 10.7 0.55 1711 33 13.7 0.76 

    
1702 91 13.3 1.76 1698 86 15.8 5.87 3375 83 28.4 1.52  1697 57 14.8 3.66 1695 83 14.5 2.77 1695 67 14.9 1.54 

    
-    -    -     1687 22 18.6 1.43 -    - 

 
 

  

6 S H Br 1695 16 13.0 2.56 1690 17 15.0 1.53 3364 16 29.7 1.05  1682 17 18.4 4.64 1681 30 18.7 4.22 1682 46 16.2 4.96 

    
1675 84 11.4 12.82 1670 83 12.6 7.53 3322 84 26.1 5.50  1663 83 18.7 23.16 1663 70 14.0 9.60 1664 54 12.3 5.70 

7 S Cl Br 1702 3 11.8 0.39 -    -     -    -    -    

    1694 7 11.9 1.12 1687 16 17.5 2.59 3359 13 30.9 0.66  1682 17 18.9 2.52 1680 30 19.3 5.77 1681 33 16.6 7.36 

    1683 6 8.5 0.87 -    -     -    -    -    

    
1673 84 9.5 12.79 1668 84 12.5 13.65 3319 87 27.7 4.78  1663 83 19.4 12.50 1663 70 14.5 13.69 1665 67 12.9 14.71 

ε = Relative permittivity 
a Relative intensity of each component of the carbonyl stretching band expressed in percentage of the integrated  absorbance.  
b Full width at the half maximum (FWHM). 
c Integrated absorbance. 
d First overtone. 
e Undetected component. 
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Table 2 

Relativeenergies (E, kcal mol-1), dipole moments (µ, D), selected dihedral angles (°) and 
the carbonyl IR stretching frequencies (ν, cm-1)for the minimum energy conformations 
of 2-(2’-haloacetyl)-5-substituted five-membered heteroaromatic compounds at M05-
2x/aug-cc-pVTZ level. 

Comp. X Y Z Conf.a Eb ω
c Pd µ ν Dihedral Anglese 

          α δ 

1 NMe H Cl ac(syn) 0 2 84 2.9 1762.7 106 -2 

    sp(syn) 0.59 1 16 4.1 1789.6 0 0 

    ac(anti) 5.70 2 0 4.6 1768.6 110 168 

    sp(anti) 7.59 1 0 6.0 1793.9 0 180 
 

2 O H Cl ac(syn) 1.00 2 12 3.8 1808.2 113 -1 

    sp(syn) 2.03 1 1 5.5 1830.5 0 0 

    ac(anti) 0 2 64 3.5 1807.9 106 174 

    sp(anti) 0.19 1 23 5.0 1827.6 0 180 
 

3 O H Br ac(syn) 1.20 2 11 4.0 1811.4 105 0 

    sp(syn) 2.82 1 1 5.4 1826.7 0 0 

    ac(anti) 0 2 81 3.6 1806.0 102 175 

    sp(anti) 1.01 1 7 5.0 1821.2 0 180 
 

4 O Me Br ac(syn) 1.01 2 14 4.2 1801.6 106 -1 

    sp(syn) 2.65 1 1 5.7 1825.3 0 0 

    ac(anti) 0 2 79 4.4 1792.5 102 176 

    sp(anti) 1.10 1 6 5.8 1818.9 0 180 
 

5 O NO2 Br ac(syn) 2.00 2 3 5.9 1830.8 109 0 

    sp(syn) 4.03 1 0 6.2 1855.2 5 1 

    ac(anti) 0.00 2 90 2.3 1822.6 103 173 

    sp(anti) 1.13 1 7 2.1 1838.2 0 180 
 

6 S H Br ac(syn) 0 2 79 3.6 1788.6 105 0 

    sp(syn) 1.25 1 5 5.1 1809.4 0 0 

    ac(anti) 0.99 2 14 3.3 1790.7 103 180 

    sp(anti) 1.89 1 2 4.8 1819.1 0 180 
 

7 S Cl Br ac(syn) 0 2 83 3.3 1789.9 107 0 

    sp(syn) 1.31 1 5 4.5 1809.9 0 0 

    ac(anti) 1.19 2 11 2.1 1794.4 105 180 

    sp(anti) 2.25 1 1 3.5 1822.0 0 180 
a Conformer assignment.The symbols ac and sp refers to anticlinal and syn periplanar geometries 
respectively on the Z-CH2-C=O moiety in order to avoid confusion with the (syn) and (anti) symbols 
which refers to the syn periplanar and anti periplanar geometries respectively on the X-C-C=O moiety. 
b Harmonic ZPE corrected relative energies at 298 K. 
c Thermodynamic probability factor. � = �(� �⁄ ) 
d Molar fraction in percentage. 
e See scheme 1. 
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Table 3a 

Relative energies (E, kcal mol-1) and carbonyl stretching frequencies (ν, cm-1) for compounds 1, 6 and 7in condensed phase at M05-2x/aug-cc-
pVTZ level through PCM solvation model. 

Comp. X Y Z Conf.a n-C6H14  
CCl4  

CHCl3  
CH2Cl2  

CH3CN 

     
E b Pc ν 

 
E P ν 

 
E P ν 

 
E P ν 

 
E P ν 

1 NMe H Cl ac(syn) 0 84 1750.1 
 

0 83 1747.4 
 

0 74 1735.0 
 

0.00 69 1729.2 
 

0.07 64 1722.0 

    
sp(syn) 0.58 16 1775.1 

 
0.51 17 1771.9 

 
0.22 26 1758.7 

 
0.07 31 1751.6 

 
0 36 1743.7 

    
ac(anti) 5.08 0 1751.9 

 
4.98 0 1748.3 

 
4.62 0 1735.2 

 
4.41 0 1727.8 

 
4.06 0 1720.0 

    
sp(anti) 6.21 0 1772.8 

 
5.97 0 1769.5 

 
5.01 0 1755.2 

 
4.49 0 1755.2 

 
4.29 0 1743.2 

     
  

  
  

  
  

  
  

  
  

 
6 S H Br ac(syn) 0 75 1773.3 

 
0 74 1770.1 

 
0 67 1757.4 

 
0 62 1749.9 

 
0.09 56 1742.4 

    
sp(syn) 0.83 9 1794.2 

 
0.74 11 1790.9 

 
0.36 19 1777.5 

 
0.13 25 1769.9 

 
0 32 1762.1 

    
ac(anti) 1.02 13 1776.2 

 
1.04 12 1773.1 

 
1.10 10 1761.0 

 
1.12 9 1754.1 

 
1.22 8 1747.0 

    
sp(anti) 1.62 3 1802.6 

 
1.56 3 1798.9 

 
1.34 4 1786.8 

 
1.22 4 1779.3 

 
1.20 4 1771.6 

     
  

  
  

  
  

  
  

  
  

 
7 S Cl Br ac(syn) 0 80 1775.7 

 
0 79 1772.6 

 
0 72 1760.2 

 
0 66 1753.0 

 
0.06 59 1745.5 

    
sp(syn) 0.92 9 1794.8 

 
0.82 10 1791.6 

 
0.41 18 1778.6 

 
0.17 25 1771.3 

 
0 33 1763.9 

    
ac(anti) 1.25 10 1779.5 

 
1.26 9 1777.4 

 
1.31 8 1765.6 

 
1.34 6 1758.9 

 
1.46 5 1752.2 

    
sp(anti) 1.96 1 1806.7 

 
1.90 2 1803.5 

 
1.64 2 1790.9 

 
1.51 3 1783.7 

 
1.45 3 1776.4 

a Conformer assignment. 
b Harmonic ZPE corrected relative energies. 
c Molar fraction in percentage. 
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Table  3b 

Relative energies (kcal mol-1) and carbonyl stretching frequencies (cm-1) for compounds 2-5 in condensed phase at M05-2x/aug-cc-pVTZ level 
through PCM solvation model. 

Comp. X Y Z Conf.a n-C6H14   CCl4   CHCl3   CH2Cl2   CH3CN 

          E b Pc ν  E P ν  E P ν  E P ν  E P ν 

2 O H Cl ac(syn) 0.84 15 1793.8 0.83 16 1790.8 
 

0.76 21 1777.9 
 

0.70 23 1770.1 0.63 24 1762.1 

    
sp(syn) 1.37 3 1813.6 1.26 4 1809.9 

 
0.78 10 1794.6 

 
0.48 16 1785.8 0.18 25 1777.1 

    
ac(anti) 0.13 51 1792.5 0.20 47 1789.3 

 
0.49 32 1776.9 

 
0.66 24 1770.2 0.81 17 1763.7 

    
sp(anti) 0 31 1812.4 0 33 1809.9 

 
0 37 1795.9 

 
0 37 1787.8 0 34 1780.0 

     
  

 
  

  
  

  
  

 
  

 
3 O H Br ac(syn) 0.85 17 1795.0 0.77 19 1791.5 

 
0.41 28 1776.7 

 
0.17 34 1767.6 0 40 1760.4 

    
sp(syn) 2.07 1 1810.3 1.89 1 1807.7 

 
1.16 4 1791.8 

 
0.72 7 1783.3 1.48 11 1774.4 

    
ac(anti) 0 72 1790.8 0.00 69 1788.0 

 
0 55 1775.5 

 
0 45 1768.7 0.20 35 1761.9 

    
sp(anti) 0.73 10 1806.9 0.66 11 1805.0 

 
0.41 14 1791.1 

 
0.27 14 1783.8 0.08 14 1776.4 

     
  

 
  

  
  

  
  

 
  

 
4 O Me Br ac(syn) 0.70 21 1784.3 0.62 23 1781.6 

 
0.24 34 1764.6 

 
0 40 1754.9 0.25 31 1745.3 

    
sp(syn) 1.93 1 1805.3 1.77 2 1800.8 

 
1.07 4 1784.9 

 
0.66 7 1775.1 0.49 10 1765.1 

    
ac(anti) 0 69 1776.7 0 66 1773.4 

 
0 51 1760.4 

 
0 40 1753.1 0 47 1745.8 

    
sp(anti) 0.81 9 1801.4 0.74 9 1797.7 

 
0.47 11 1783.0 

 
0.33 13 1774.7 0.43 12 1766.3 

     
  

 
  

  
  

  
  

 
  

 
5 O NO2 Br ac(syn) 1.61 6 1819.7 1.50 7 1817.1 

 
0.12 13 1806.7 

 
0.65 20 1800.1 0.12 24 1800.1 

    
sp(syn) 3.10 0 1843.4 2.86 0 1841.7 

 
0.46 2 1829.3 

 
1.20 4 1823.6 0.46 9 1823.2 

    
ac(anti) 0 84 1813.3 0 82 1811.3 

 
0 70 1804.2 

 
0 59 1800.3 0 42 1805.9 

    
sp(anti) 0.85 10 1829.2 

 
0.78 11 1827.1 

 
0.20 15 1819.1 

 
0.33 17 1815.0 

 
0.20 15 1819.8 

     
 

   
 

   
 

   
 

   
 

  a Conformer assignment. 
b Harmonic ZPE corrected relative energies. 
c Molar fraction in percentage. 
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Table 4 

Relative energies (kcal.mol-1), selected interatomic distances (Å), selected angles (deg), carbonyl stretching frequencies (cm-1), selected NBO 
interactions (kcal.mol-1) for the minimum energy conformations of 2-(2’-chloroacetyl)-1-methylpyrrole 1 at M05-2x/aug-cc-pVDZ level. 

a Relative energy valueof the charge transfer interaction between  O(CO)….H (CHCl3). 
b Relative population as percentage. 
c sp character lone pair. 
d p character lone pair. 
e Interatomic distance. 
f Difference between the interatomic distance and the sum of van der Waals  radii (ΣvdWr). 
g 
ΣvdWr = 2.72 Å. 

h Refers to: sp(syn)…HCCl3. 
i Refers to: ac(syn)…HCCl3. 
j Refersto: ac(syn)…HCCl3. 
 
 
 

Complexes Gas Phase 
 

PCM (CHCl3)  NPA Charges  NBO interactionsa  Interatomic distance and angle 

 
Ea Pb νCO  

E P νCO  O(1) H(CHCl3)  LPO1→σHC
c LPO1→σHC

d πCO→σHC  O(1)...H
e ∆l f,g ∠O...H-C 

Complex 1h 0 69 1771.8 
 

0 74 1764.9  -0.619 0.293  1.92 1.16 0.75  2.19 -0.53 132.6 

Complex 2i 0.56 26 1747.3 
 

0.67 23 1737.5  -0.632 0.284  1.97 0.08 2.07  2.20 -0.52 148.3 

Complex 3j 1.55 5 1753.9 
 

1.96 3 1742.0  -0.642 0.296  5.62 0.36 0.06  2.08 -0.64 155.1 
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Table 5 

Relative energy (E, kcal.mol-1), dipole moments (µ, D), selected dihedral angles (deg), 
for the first order saddle pointsconformations of 2-(2’-haloacetyl)-5-substituted five-
membered heteroaromatic compounds (2, 6) at M05-2x/aug-cc-pVTZ level. 

Comp. X Y Z SPa Eb µ Dihedral Anglesc 

       α δ 

2 O H Cl SP1 2.82 5.2 53.2 2.4 

    SP2 9.22 4.5 -0.4 87.3 

    SP3 1.50 4.7 53.0 -179.1 

    SP4 9.58 2.5 115.8 86.6 

    SP5 3.33 2.7 180 0 

    SP6 4.44 2.4 180 180 

6 S H Br SP1 2.21 4.9 46.6 1.7 

    SP2 8.69 4.4 0.5 91.3 

    SP3 2.89 4.6 47.8 -177.8 

    SP4 8.50 2.3 107.8 89.7 

    SP5 4.21 2.3 180 0 

    SP6 4.51 2.1 180 180 
a SP refers to  saddle point.  
b Energy difference between each saddle point and the minimum energy conformer of each compound. 
c See scheme 1. 
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Table 6 

NPA charges (e) at selected atomsfor the minimum energy conformations of 2-(2’-
haloacetyl)-5-substituted five membered heteroaromatic compounds (1-7) at M05-
2x/aug-cc-pVTZ level. 

Comp. X Y Z Conf. NPA Charges 

     O(1) X(9) H(12) H(16/17/18)a Z(4) H(11/10)b 

1 NMe H Cl ac(syn) -0.591 -0.389 0.239 0.235 -0.062 0.256 

    sp(syn) -0.579 -0.388 0.236 0.236 -0.045 0.251 

    ac(anti) -0.571 -0.406 0.252 0.217 -0.571 0.234 
    sp(anti) -0.563 -0.410 0.254 0.219 -0.038 0.243 

2 O H Cl ac(syn) -0.522 -0.394 0.240 --- -0.050 0.238 

    sp(syn) -0.511 -0.392 0.234 --- -0.019 0.233 

    ac(anti) -0.537 -0.420 0.248 --- -0.044 0.235 

    sp(anti) -0.527 -0.428 0.249 --- -0.024 0.238 

3 O H Br ac(syn) -0.523 -0.393 0.238 --- 0.008 0.243 

    sp(syn) -0.512 -0.392 0.235 --- 0.034 0.239 

    ac(anti) -0.538 -0.422 0.248 --- 0.013 0.240 

    sp(anti) -0.528 -0.428 0.250 --- 0.029 0.244 

4 O Me Br ac(syn) -0.531 -0.413 0.236 --- 0.005 0.243 

    sp(syn) -0.519 -0.411 0.233 --- 0.030 0.238 

    ac(anti) -0.545 -0.442 0.247 --- 0.010 0.240 

    sp(anti) -0.533 -0.441 0.248 --- 0.025 0.243 

5 O NO2 Br ac(syn) -0.495 -0.363 0.248 --- 0.021 0.248 

    sp(syn) -0.486 -0.361 0.244 --- 0.049 0.240 

    ac(anti) -0.516 -0.390 0.257 --- 0.030 0.245 

    sp(anti) -0.506 -0.395 0.259 --- 0.043 0.250 

6 S H Br ac(syn) -0.547 0.537 0.232 --- 0.009 0.244 

    sp(syn) -0.535 0.542 0.229 --- 0.032 0.240 

    ac(anti) -0.545 0.495 0.247 --- 0.013 0.243 

    sp(anti) -0.533 0.478 0.249 --- 0.034 0.242 

7 S Cl Br ac(syn) -0.546 0.560 0.236 --- 0.012 0.245 

    sp(syn) -0.535 0.565 0.232 --- 0.035 0.241 

    ac(anti) -0.543 0.520 0.250 --- 0.016 0.245 

    sp(anti) -0.531 0.502 0.251 --- 0.038 0.243 
a Refers to the closest methyl hydrogen atom to the O(1) or H(10 or 11) atoms.  
b Refers to the closest methylene hydrogen atom to theO(1) or H(16, 17 or 18) atoms. 
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Table 7a 

Selected interatomic distances (Å) for the minimum energy conformations of 2-(2’-
chloroacetyl)-1-methylpyrrole (1) at M05-2x/aug-cc-pVTZ level. 

Comp. X Y Z Conf.  Interatomicdistances 

      O(1)...N(9)
a ∆lb,c O(1)...H(12) ∆ld O(1)...Z(4) ∆le O(1)...H(16/17/18) ∆l H(16/17/18)...H(10/11) ∆lf 

1 NMe H Cl ac(syn)  2.88 -0.19 >4 --- 3.51 0.24 2.61 -0.11 >4 --- 

    sp(syn)  2.87 -0.20 >4 --- 2.91 -0.36 2.60 -0.12 >4 --- 

    ac(anti)  >4 --- 2.68 -0.04 3.53 0.16 >4 --- 2.27 -0.13 

    sp(anti)  >4 --- 2.63 -0.09 2.88 -0.49 >4 --- 2.18 -0.22 

a Interatomic distances.  
b Difference between the non-bonded atoms distances and the sum of van der Waals radii (ΣvdWr).  
c 
ΣvdWr = 3.07 Å (N…O). 

d 
ΣvdWr = 2.72 Å 

e 
ΣvdWr = 3.27 Å (Cl…O). 

f 
ΣvdWr = 2.40 Å (H…H) 
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Table 7b 

Selected interatomic distances (Å) for the minimum energy conformations of 2-(2’-
haloacetyl)-5-substituted five-membered heteroaromatic compounds (2-7) at M05-
2x/aug-cc-pVTZ level. 

Comp. X Y Z Conf.  Interatomic distances 

      O(1)...X(9)
a ∆lb,c O(1)...H(12) ∆ld O(1)...Z(4) ∆le 

2 O H Cl ac(syn)  2.75 -0.29 >4 --- 3.59 0.32 

    sp(syn)  2.74 -0.30 >4 --- 2.92 -0.35 

    ac(anti)  >4 --- 2.92 -0.20 3.50 0.23 

    sp(anti)  >4 --- 2.90 -0.18 2.93 -0.34 

3 O H Br ac(syn)  2.74 -0.30 >4 --- 3.63 0.26 

    sp(syn)  2.75 -0.29 >4 --- 3.04 -0.33 

    ac(anti)  >4 --- 2.91 -0.19 3.58 0.21 

    sp(anti)  >4 --- 2.90 -0.18 3.04 -0.33 

4 O Me Br ac(syn)  2.75 -0.29 >4 --- 3.64 0.27 

    sp(syn)  2.74 -0.30 >4 --- 3.04 -0.33 

    ac(anti)  >4 --- 2.91 -0.19 3.58 0.21 

    sp(anti)  >4 --- 2.90 -0.18 3.03 -0.34 

5 O NO2 Br ac(syn)  2.72 -0.32 >4 --- 3.66 0.29 

    sp(syn)  2.72 -0.32 >4 --- 3.04 -0.33 

    ac(anti)  >4 --- 2.90 -0.18 3.57 0.20 

    sp(anti)  >4 --- 2.82 -0.10 3.05 -0.32 

6 S H Br ac(syn)  2.96 -0.36 >4 --- 3.63 0.26 

    sp(syn)  2.97 -0.35 >4 --- 3.03 -0.34 

    ac(anti)  >4 --- 2.67 -0.05 3.59 0.22 

    sp(anti)  >4 --- 2.67 -0.05 3.03 -0.34 

7 S Cl Br ac(syn)  2.96 -0.36 >4 --- 3.63 0.26 

    sp(syn)  2.95 -0.37 >4 --- 3.03 -0.34 

    ac(anti)  >4 --- 2.66 -0.06 3.61 0.24 

    sp(anti)  >4 --- 2.66 -0.06 3.03 -0.34 
a Interatomic distances.  
b Difference between the non-bonded atoms distances and the sum of van der Waals radii (ΣvdWr).  
c 
ΣvdWr = 3.04 Å (O…O) and 3.32 Å (O…S). 

d 
ΣvdWr = 2.72 Å. 

e 
ΣvdWr = 3.27 Å (Cl…O) and 3.37 Å (Br…O). 
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Table 8a 

Selected NBO interaction energies (kcal. mol-1) for compounds 1, 6 and 7 calculated at M05-
2X/aug-cc-pVTZ level. 

a Interaction energy lower than 0.5 kcal mol-1. 

 

 

Orbitals X=NMe, Y=H, Z=Cl (1) 
 

X=S, Y=H, Z=Br (6) 
 

X=S, Y=Cl, Z=Br (7) 

 
ac(syn) sp(syn) 

 
ac(syn) sp(syn) ac(anti) sp(anti) 

 
ac(syn) sp(syn) ac(anti) sp(anti) 

LPX9(p)→π*C7=C8 59.3 58.4 
 

38.0 37.9 36.3 35.2 
 

38.9 38.8 37.1 36.0 

LPX9(p)→π*C5=C6 49.4 50.6 
 

33.8 34.5 32.1 31.7 
 

32.1 32.9 30.6 30.1 

πC7=C8→π*C5=C6 33.1 32.3 
 

24.9 24.6 25.1 24.8 
 

22.8 22.6 23.1 22.8 

πC5=C6→π*C7=C8 25.6 25.2 
 

19.5 19.3 20.9 20.8 
 

18.8 18.7 20.1 20.0 

πC5=C6→π*C2=O1 33.5 30.7 
 

27.9 25.9 26.9 25.2 
 

28.1 26.0 26.9 25.2 

LPO1(p)→σ*C2-C3 25.5 28.4 
 

26.0 28.5 25.6 28.1 
 

26.0 28.5 25.5 28.0 

LPO1(p)→σ*C2-C5 23.1 23.7 
 

23.5 24.3 24.6 25.4 
 

23.5 24.4 24.9 25.7 

LPZ4(p)→π*C2=O1 2.0 ----a 
 

2.1 ---- 2.3 ---- 
 

2.1 ---- 2.3 ---- 

LPZ4(p)→σ*C2-C3 5.0 6.9 
 

3.9 5.8 3.8 5.8 
 

4.0 5.8 3.7 5.8 

LPZ4(p)→σ*C2-C5 --- 0.7 
 

---- 0.6 ---- 0.6 
 

---- 0.6 ---- 0.6 

σC3-Z4→π*C2=O1 4.6 ---- 
 

6.7 ---- 7.2 ---- 
 

6.6 ---- 7.2 ---- 

πC2-O1→σ*C3- Z4 3.1 ---- 
 

3.4 ---- 3.4 ---- 
 

3.4 ---- 3.4 ---- 

LPO1(p)→σ*C8-X9 0.6 0.6 
 

0.7 0.8 ---- ---- 
 

0.8 0.8 ---- ---- 

LPO1(p)→σ*C5-X9 ---- ---- 
 

---- ---- 1.3 1.3 
 

---- ---- 1.3 1.4 

σC3-Z4→σ*C2-C5 ---- 2.7 
 

---- 3.4 ---- ---- 
 

---- 3.5 ---- ---- 

LPO1(p)→σ*C15-H16 0.8 0.9 
 

---- ---- ---- ---- 
 

---- ---- ---- ---- 

Σ 265.6 261.1  210.4 205.6 209.5 198.9  207.1 202.6 206.1 195.6 
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Table 8b 

Selected NBO interaction energies (kcal. mol-1) for compounds 2-5 calculated at M05-2X/aug-cc-pVTZ level. 

a Interaction energy lower than 0.5 kcal mol-1. 

 

 

Orbitals X=O, Y=H,  Z=Cl (2) 
 

X=O, Y=H, Z=Br(3) 
 

X=O, Y=Me,  Z=Br(4) 
 

X=O, Y=NO2,  Z=Br (5) 

 
ac(syn) sp(syn) ac(anti) sp(anti) 

 
ac(syn) sp(syn) ac(anti) sp(anti) 

 
ac(syn) sp(syn) ac(anti) sp(anti) 

 
ac(syn) sp(syn) ac(anti) sp(anti) 

LPX9(p)→π*C7=C8 40.9 40.5 39.1 38.1 
 

40.9 40.5 38.9 34.9 
 

43.7 43.3 41.7 40.6 
 

42.7 42.5 40.7 40.1 

LPX9(p)→π*C5=C6 37.1 38.1 35.3 34.9 
 

37.3 38.0 35.2 38.2 
 

35.7 36.4 33.6 33.1 
 

38.2 38.9 36.5 36.2 

πC7=C8→π*C5=C6 20.2 24.8 24.9 24.5 
 

20.2 24.9 24.9 24.6 
 

27.0 26.6 18.5 23.4 
 

22.3 22.1 24.2 21.8 

πC5=C6→π*C7=C8 25.3 20.0 21.2 21.1 
 

25.2 20.0 21.3 21.1 
 

17.6 17.4 27.6 18.5 
 

22.9 22.6 21.8 24.2 

πC5=C6→π*C2=O1 26.2 24.3 25.9 24.4 
 

26.1 24.3 25.9 24.5 
 

27.8 25.7 25.4 25.9 
 

21.7 20.3 21.2 20.3 

LPO1(p)→σ*C2-C3 26.0 28.9 26.1 28.5 
 

25.7 28.2 25.5 27.8 
 

25.7 28.2 25.3 27.9 
 

25.6 27.9 25.1 27.1 

LPO1(p)→σ*C2-C5 26.5 27.3 25.5 25.9 
 

26.8 27.6 25.6 26.1 
 

26.2 27.1 25.3 25.8 
 

28.4 29.9 27.0 27.3 

LPZ4(p)→π*C2=O1 1.7 ----a 2.4 ---- 
 

2.0 ---- 2.5 ---- 
 

1.9 ---- 3.7 ---- 
 

2.1 ---- 2.9 ---- 

LPZ4(p)→σ*C2-C3 5.2 7.0 4.8 6.9 
 

4.0 5.8 3.7 5.7 
 

4.0 5.7 ---- 5.7 
 

4.1 5.9 3.7 5.8 

LPZ4(p)→σ*C2-C5 ----- 0.7 ---- 0.7 
 

---- 0.6 ---- 0.7 
 

---- 0.6 7.2 0.7 
 

---- 0.7 ---- 0.7 

σC3-Z4→π*C2=O1 4.0 ---- 5.1 ---- 
 

6.4 ---- 7.5 ---- 
 

3.4 ---- 6.2 ---- 
 

6.4 ---- 8.2 ---- 

πC2-O1→σ*C3- Z4 3.2 ---- 3.1 ---- 
 

3.5 ---- 3.3 ---- 
 

3.5 ---- 3.4 ---- 
 

3.4 ---- 3.2 ---- 

LPO1(p)→σ*C8-X9 0.5 0.5 ---- ---- 
 

0.5 0.5 ---- ---- 
 

0.5 0.5 ---- ---- 
 

0.6 0.6 ---- ---- 

LPO1(p)→σ*C5-X9 ---- ---- 1.4 1.6 
 

---- ---- 1.5 1.6 
 

---- ---- ---- ---- 
 

----- ---- 1.7 1.8 

σC3-Z4→σ*C2-C5 ---- 2.6 ---- ---- 
 

---- 3.2 ---- ---- 
 

---- 3.2 ---- 3.3 
 

---- 3.4 ---- ---- 

LPO1(p)→σ*C15-H16 ---- ---- ---- ---- 
 

---- ---- ---- ---- 
 

---- ---- ---- ---- 
 

---- ---- ---- ---- 

Σ 216.8 214.7 214.8 206.6  218.6 213.6 215.8 205.2  217.0 214.7 217.9 204.9  218.4 214.8 216.2 205.3 
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Fig.1. IR spectra of 2-(-2’-chloroacetyl)-1-methylpyrrole (1) showing the carbonyl 
stretching band in n-hexane (a), carbon tetrachloride [fundamental (b) and first overtone 
(c)], chloroform (d), dichloromethane (e) and acetonitrile (f). The red line is the 
experimental band; the blue line is the fitted band; the black lines are the band 
components. 
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Fig. 2. IR spectra of 2-(2’-chloroacetyl)furan(2) showing the carbonyl stretching band in 
n-hexane (a), carbon tetrachloride [fundamental (b) and first overtone (c)], chloroform 
(d), dichloromethane (e) and acetonitrile (f). The red line is the experimental band; the 
blue line is the fitted band; the black lines are the band components. 
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Fig.3. IR spectra of 2’(-2-bromoacetyl)-5-chlorothiophene (7) showing the carbonyl 
stretching band in n-hexane (a), carbon tetrachloride [fundamental (b) and first overtone 
(c)], chloroform (d), dichloromethane (e) and acetonitrile (f). The red line is the 
experimental band; the blue line is the fitted band; the black lines are the band 
components. 

a 

Wavenumber (cm-1) Wavenumber (cm-1) 

Wavenumber (cm-1) Wavenumber (cm-1) 

Wavenumber (cm-1) Wavenumber (cm-1) 
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c d 

e f 
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Fig. 4. sp(syn) (a), ac(syn) (b), sp(anti) (c)  and ac(anti) (d) conformers of 2-(2’-bromoacetyl)furan (3) optimised at the M05-2x/aug-
cc-pVTZ level.  

(a) (b) 

(c) (d) 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 

 

 

 

 

 

 

Complex 1     Complex 2           Complex 3 
 
 

Fig. 5. Structures of the hydrogen bonding complexes between 2-(2’-chloroacetyl)-pyrrole and chloroform obtained at the M05-
2x/aug-cc-pVDZ level: Complex 1 [sp(syn)…HCCl3]; Complex 2 [ac(syn)…HCCl3]; Complex 3 [ac(syn)…HCCl3].  
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Fig. 6. Potential energy surfaces of compounds 1, 2 and 6 obtained at the M05-2x/aug-cc-pVDZ level.   
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Fig. 7. One dimension potential energy surfaces of the α dihedral angle for compound 2 when δ 
dihedral angle is 0º (black line) or 180º (red line).  
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Y = H (1-3,6), Me (4) NO2 (5), Cl (7)

Z = Cl (1,2), Br (3-7)

 

α = O(1)=C(2)-C(3)-Z(4) 

δ = O(1)=C(2)-C(5)-X(9) 

 

Scheme 1. Atom labelling of 2-(2’-haloacetyl)-5-substituted five-membered 
heteroaromatic compounds Z–CH2C(O)(C4H2X)–Y (1–7) and definition of the relevant 
dihedral angles. 
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Scheme 2. Inter-conversion of the four conformers of 2-(-2’-bromoacetyl)thiophene. 
All energy values are in kcal mol-1. E(Rel) indicates the energy relative to the minimum 
energy structure ac(syn). ∆E refers to the proper energy difference between two 
conformers. ∆E* refers to the energy difference between a minimum structure and that 
of a saddle point. 
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Highlights 

 

• Calculations predict for 1-7: ac(syn), sp(syn), ac(anti) and sp(anti) conformers. 
• IR of 1-6 in solution indicate two pairs of conformers: ac(syn)/sp(syn); 

ac(anti)/sp(anti). 

• In n-hexane the 2’-bromoacetyl-thiophene 7 displays four conformers. 
• C=O…HCCl3 complexes justifyIR triplets found in chloroform for 1,3,5. 
• A good match was found between the experimental and theoretical data. 

• Conformer stability and frequency are controlled by coulombic and orbital 
interaction. 

 


