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Abstract 

The rotational spectra of 2-fluorobenzaldehyde (2-FBD) and 3-fluorobenzaldehyde (3-FBD) 

were recorded using Fourier transform microwave (FTMW) spectroscopy from 4 to 26 GHz. 

Two planar rotamers were observed for each species which correspond to structures in which the 

carbonyl bond is directed toward (O-cis) or away from (O-trans) the C1-C2 bond. Observation 

of transitions due to heavy atom isotopes (13C, 18O) in natural abundance allowed derivation of 

the ground state effective (r0) structures and mass dependence (rm) structures for the lowest 

energy rotamer of 2-FBD (O-trans) and both rotamers of 3-FBD which compare favourably with 

ab initio estimates of the equilibrium (re) geometries at the MP2/aug-cc-pVTZ level.  The 

resultant parameters are consistent with the introduction of bond length alternation in the 

benzene ring which is dependent on the orientation of the aldehyde group. Careful study of the 

experimental structure and results of natural bond orbital (NBO) analysis do not support the 

presence of intramolecular hydrogen bonding as the source of its stabilization of O-trans 2-FBD 

over its cis counterpart. Furthermore, calculations of the interconversion pathways between 

rotamers suggest that despite being 9.39 kJ/mol higher in energy, the O-cis 2-FBD moiety is 

metastable in the molecular beam which has allowed the observation of its microwave spectrum 

for the first time.  
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Introduction   

 The effects of fluorine substitution on the physical and chemical properties of organic 

compounds are of considerable interest as such species find increasing use in the development of 

new materials,1 pharmaceuticals2 and agrochemicals such as pesticide, herbicides and 

fungicides.3 While the van der Waals radius of fluorine is similar to that of hydrogen, its electron 

withdrawing prowess alters the electronic properties of the parent compounds including dipole 

moments and molecular geometry. High resolution microwave spectroscopy is a valuable tool 

for probing the effects of fluorine on the electronic structure of compounds as the spectral pattern 

is intrinsically dependent on the molecular geometry and the species under study, seeded in a 

supersonic jet, is free of intermolecular forces.    

 In recent years, fluorinated aromatic compounds of benzene,4,5 ,6 pyridine,7,8  and 

benzonitrile9 have served as simple prototypes to probe the geometric changes that accompany 

fluorination of organic compounds as only a single conformer is observed for each.  As expected, 

the largest geometric changes were reported near the site of fluorination and these changes 

typically involved an increase in the ring angle at that site by 3-4o and a shortening of the 

adjacent C-C bonds by 0.005-0.010 Å. While a number of studies of weakly bound dimers 

involving small fluorinated molecules10,11,12 have provided important insights into the nature of 

non-covalent interactions involving fluorine, the observation of these effects may be masked in  
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intramolecular systems as the optimal 180o angle for X-H••• F is often unfeasible.13 Despite 

these geometric constraints, however, recent studies of ortho fluorinated phenols14 and 

thiophenols15 have successfully identified subtle structural changes that are indicative of weak 

intramolecular forces involving F. These non-covalent interactions resulted in the stabilization of 

one planar conformer over the other.  

 Like the fluorophenols, there are two possible planar rotational isomers of 2-

fluorobenzaldehyde (2-FBD) and 3-fluorobenzaldehyde (3-FBD). These differ in the orientation 

of the carbonyl bond of the formyl group when it is pointed toward (O-cis) or away from (O-

trans) the fluorine substituent of the ring. The two rotamers have been identified by NMR,16 

infrared17,18 and phosphorescence measurements.19,20,21 From the IR spectrum of 2-FBD recorded 

in a cold Ar matrix, Itoh et al.22 reported an intramolecular C-H••• F hydrogen bond in the more 

stable O-trans rotamer based on observation of a blue-shift in the C-H stretching frequency of 

the formyl group. While counterintuitive that the C-H bond should shorten, this assignment was 

based on the earlier work of Pinchas23,24 who investigated a series of ortho substituted 

benzaldehydes and attributed similar blue-shifts to intramolecular hydrogen bonding. While the 

observation of improper hydrogen bonding25 has been acknowledged in the IUPAC convention 

for hydrogen bonding,13  the claims of Pinchas have been revisited more recently using ab initio 

methods.26 The authors of that study attribute the shortened C-H bond in similar compounds to a 

sterically induced compression of the intramolecular X-H•••Y contact rather than a hydrogen 

bond.  

 In the microwave region, transitions due to both rotamers of 3-FBD were recorded in the 

26.5-40 GHz region in a waveguide and based on intensity measurements, the authors estimated 

that the O-cis form was more stable by 300±200 cal/mol.27 For 2-FBD, the observed spectrum 
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was consistent with the presence of only the lower energy O-trans rotamer in the gas phase. 

Spectra of minor isotopologues have not been reported for either compound. By comparison, 

more extensive rotational spectroscopic studies have been reported for the parent benzaldehyde 

(BD), including transitions in the cm and mmwave range and those of minor isotopologues (13C, 

18O and deuteration of the formyl group).28,29  The geometry of BD was of interest as a potential 

candidate for experimental confirmation of the so-called AGIBA (Angular Group Induced Bond 

Alternation) effect that has been identified by quantum chemical calculations.30,31 This 

phenomenon is predicted to be observed in substituted benzenes in which the substituent is 

asymmetric (formyl, methoxy, vinyl, ethyl). In such compounds, the substituent induces a C-C 

bond length alternation in the phenyl ring through stabilization of one Kekulé structure over 

another. For anisole, for example, the experimental geometry showed an average alternation in 

the C-C bonds of ~0.010 Å, however, the effect was determined to be too small in BD and 

masked by the experimental uncertainties in the bond lengths themselves.28 The addition of a 

fluorine substituent to BD, as in the present study, affords the opportunity to explore whether an 

electron withdrawing group enhances the proposed AGIBA effect.  

 In this paper, we report the first rotational spectroscopic study of the minor isotopolgoues 

of 2-FBD and 3-FBD with the goal of establishing whether a non-covalent interaction affects the 

geometry of the former and whether the AGIBA effect is measurable in either. Transitions due to 

the minor isotopologues of O-trans 2-FBD (13C, 18O) and both rotamers of 3-FBD (13C) were 

assigned and analysed and the parent compounds were observed in the region below 26 GHz for 

the first time. In addition, we report the first gas phase spectroscopic observation of the higher 

energy O-cis rotamer of 2-FBD. The experimental rotational constants determined for the full set 

of isotopologues of 2-FBD (O-trans) and 3-FBD (both) were used to derive the r0 and rm 
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geometries of the heavy atom BD backbones for comparison with the equilibrium geometry (re) 

calculated at the MP2/aug-cc-pVTZ level. Comparison of the C-C bond lengths in the phenyl 

ring of each shows a dependence on the orientation of the asymmetric formyl group which is 

consistent with the AGIBA effect.  Finally, the experimental geometries are considered along 

with the results of a natural bond orbital (NBO) analysis to investigate whether intramolecular 

hydrogen bonding stabilizes the O-trans 2-FBD rotamer relative to the O-cis species. 

 

Experimental Section 

2-FBD (97%) and 3-FBD (98%+) are commercially available from ACROS Organics and 

were used without further purification in this study. As both samples are liquid at room 

temperature, they were added to glass bubblers individually and neon was used to carry the 

chemicals to the spectrometers with a stagnation pressure of ~1 bar. The sample mixtures were 

expanded into the high vacuum chamber of the microwave spectrometers through a pulsed 

nozzle to create a supersonic jet. 

 The experiments were carried out with both the chirped pulse FTMW spectrometer and 

the Balle-Flygare FTMW spectrometer which have been previously described.32,33 The chirped 

pulse FTMW spectrometer was first used to record the broadband spectra in segments of 2 GHz 

from 8 to18 GHz. Based on these survey spectra, transitions corresponding to two different 

rotamers were identified for both 2- and 3-FBD including those attributed to minor 

isotopologues. Next, spectral lines for individual rotational transitions were collected in the range 

of 4-26 GHz with higher resolution and sensitivity using the Balle-Flygare FTMW spectrometer. 

Spectra recorded with the cavity-based instrument have linewidths (FWHM) of ~7 kHz and 

individual frequencies are typically measured to within ±1 kHz. 
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Computational Details  

 Although the rotational spectra of the parent species of O-trans 2-FBD and both 3-FBD 

rotamers were studied earlier,27 ab initio calculations were carried out in this work to investigate 

the energy difference between the rotamers for 2-FBD and 3-FBD. Geometry optimizations were 

conducted at the MP2/aug-cc-pVTZ level using Gaussian 09 software along with the NBO 

(natural bond orbital) keyword.34 The resulting equilibrium structures are shown in Figure 1 in 

their principal inertial axis systems; the internal coordinates along with those of the parent 

benzaldehyde (BD) are tabulated as Supplementary data to this article. To estimate the 

conversion barrier between the rotamers, energy scans for the C2-C1-C7-O dihedral angles were 

run at the MP2/6-311++G(2d,2p) level with a step size of 10o from the O-cis to O-trans 

geometry for both 2-FBD and 3-FBD as shown in Figure 2. At each dihedral angle of C2-C1-C7-

O, all other geometric parameters were relaxed.   

 

Results  

I. 2-fluorobenzaldehyde (2-FBD)  

 According to ab initio calculations, the energy difference between the O-trans and O-cis 

rotamer of 2-FBD is 9.39 kJ/mol and thus, the relative population of the higher energy O-cis 

geometry is predicted to be ~2.3% at room temperature. The barrier to rotate the formyl group 

out of the plane to convert between rotamers is 19.52 kJ/mol or ~1632 cm-1 from the higher 

energy conformer. Previous microwave studies on a range of species seeded in a supersonic jet 

provide a useful rule of thumb that barriers greater than 4.8 kJ/mol (~400 cm-1) allow 

observation of the metastable species while those with smaller barriers allow relaxation to the 
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lowest energy conformer.35 Based on the high conversion barrier in 2-FBD, the O-cis rotamer 

will survive in the supersonic jet.  

 In the rotational spectrum of 2-FBD, the O-trans species was observed to be the 

dominant isomer as expected. In addition to expanding the list of observed transitions for the 

parent species to a new region, spectra from seven 13C singly substituted species and the 18O 

substituted species were also assigned in natural abundance as seen in Figure 3. In total, 124 new 

a-type transitions were collected for the parent isotopologue of O-trans 2-FBD while b-type 

transitions were not observed due to the small dipole component along this axis: │μa│=3.87 D 

and │μb│=0.17 D (MP2/aug-cc-pVTZ). Following assignment of the lower energy isomer, the O-

cis rotamer was identified for the first time by assignment of 22 a-type and three b-type 

transitions in accordance with its calculated dipole components: │μa│=4.75 D and │μb│=2.14 D 

and magnitude of the rotational constants. The intensity of observed a-type transitions of O-cis 

2-FBD was ~1-2% that of the dominant O-trans 2-FBD rotamer.  

 The transition frequencies were fit using Pickett’s SPFIT program (Watson’s A-reduced 

Hamiltonian Ir representation).36 The resulting rotational and centrifugal distortion constants are 

shown in Table 1 along with the ab initio parameters for comparison. For all minor 

isotopologues of the O-trans conformer, the centrifugal distortion constant ΔK was fixed at the 

value obtained for the parent species. The ΔK was not well-determined for O-cis conformer and 

was subsequently excluded from the fit. In the end, the Watson Hamiltonian provided a good 

model for the energy levels of 2-FBD as the rms error of each fit was below 1 kHz. 

 

II. 3-fluorobenzaldehyde (3-FBD)  
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 The parent transitions of both the O-cis and O-trans rotamers were readily observed as 

the energy difference predicted via ab initio calculations in Figure 2 is small (0.87 kJ/mol) and 

the conversion barrier is 31.91 kJ/mol or ~2667 cm-1. For O-cis 3-FBD, 26 a-type and 55 b-type 

transitions were collected for the parent which is consistent with its dipole moment components 

from ab initio calculations: │μa│=1.58 D and │μb│=3.90 D and rotational constants. For the O-

trans conformer, 39 new a-type transitions and 10 new b-type transitions were also assigned as 

expected based on the previous study in which the dipole components were estimated from 

benzaldehyde and fluorobenzene as │μa│=1.81 D, │μa│= 0.52 D.27 These values are consistent 

with the observed intensities in this work but inconsistent with the initially estimated dipole 

moment (│μa│=2.18 D, │μb│= 0.08 D) at the MP2/aug-cc-pVTZ level. Further investigation 

revealed that the dipole components of O-trans 3-FBD are surprisingly basis-set dependent due 

to a slight rotation in the inertial axes. The cc-pVTZ basis set, for example, providing an estimate 

(│μa│=2.10 D, │μb│= 0.33 D) that is more consistent with experiment. In addition to the 

expanded line list for the parent 3-FBD rotamers, analogous transitions due to seven 13C singly 

substituted species were identified for each as shown in Table 2 and Table 3. As fewer 

transitions were collected for minor isotopologues, only the rotational constants and the ΔJ 

centrifugal distortion constants were determined with the other centrifugal distortion constants 

held fixed at the value of the parent species. The rms error of each fit was below 1 kHz 

suggesting that the model Hamiltonian provides a good representation of various species. 

 

III. Structural Determination  

 Like the benzaldehyde (BD) parent, the fluorinated analogs studied in this work have 

planar equilibrium structures as evidenced by their small inertial defects (ΔI = Ic - Ia - Ib): -0.111 
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amu•Å2 (O-trans 2-FBD), -0.226 amu•Å2 (O-cis 2-FBD), -0.113 amu•Å2 (O-trans 3-FBD) and -

0.075 amu•Å2 (O-cis 3-FBD). The small negative values are consistent with contributions from 

low frequency out-of-plane motions such as the torsion of the formyl substituent which is only 

about 111 cm-1 in the parent BD.37 The observation of rotational transitions for several minor 

isotopologues of O-trans 2-FBD, O-trans 3-FBD and O-cis 3-FBD provides a means by which 

the geometry of the heavy atom backbone of each can be derived from their respective 

experimental rotational constants. For the O-cis 2-FBD moiety, only the spectrum of the parent 

was observed and consequently, a structural estimate was not possible.  

 As a first approximation, the molecules were treated as planar and their substitution (rs) 

structures were estimated via Kraitchman analysis38 using Kisiel’s KRA program.39 As the 

Kraitchman equations provide only absolute values of the coordinates, ab initio results were used 

in tandem to establish the relative sign of the coordinates. The coordinates and their respective 

Costain errors40 were then used to calculate the geometry of the carbon backbone of each using 

the EVAL routine.39 As transitions for the 18O isotopologue were observed for O-trans 2-FBD, 

the C7-O bond length and ÐO-C7-C1 angle were also estimated for this species. A summary of 

the resulting rs coordinates is provided as supplemental data to this article. As reported for BD 

itself, the derivation of rs structures is fraught with pitfalls as atoms lying close to inertial axes 

have imaginary or very small coordinates with correspondingly large Costain errors. This was 

indeed the case for one or two atoms in each of the three FBD species.  This led to poorly 

determined geometric parameters which were not in close agreement with ab initio results and 

are themselves summarized in Tables 4 and 5 under the re headings. 

 Ground state effective (r0) structures are less prone to issues arising from small 

coordinates and as rotational constants from a large number of isotopologues were available 
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from this study, this least squares fitting method may, in principle, be used to derive the heavy 

atom skeletons of the FBD rings.  For O-trans 2-FBD, 27 rotational constants were available to 

fit the 13 independent parameters that define the phenyl ring and carbonyl group using Kisiel’s 

STRFIT program.39 For the rotamers of 3-FBD, transitions due to the 18O isotopologues were not 

observed resulting in three fewer rotational constants as input to the least squares fit.  Internal 

coordinates involving hydrogen and fluorine were extracted from the ab initio calculations and 

held fixed.  For all three FBD species, the fits did not converge or resulted in large uncertainties 

in parameters when all three rotational constants were included for each isotopologue as 

expected for planar molecules. If only two constants (A, B) were chosen for each species, the fits 

converged, however, and the resulting geometric parameters are given in Tables 4 and 5 for 2-

FBD and 3-FBD, respectively, under the r0 headings.  The 1σ uncertainties were too large to 

draw meaningful comparisons of the bond lengths within the phenyl ring of the FBD compounds 

and this is presumably a consequence of their non-zero inertial defects. A similar result was 

reported for the r0 analysis of BD.28 

 To improve the structural estimates by addressing the out-of-plane vibrational 

contributions, the mass dependence structures (rm) were derived as described by Watson.41 In this 

case, all three rotational constants of each isotopologue were included as input to the STRFIT 

program and the Laurie parameter δH was fixed at 0.01 Å for each CH bond following reference 

28.  Although various combinations of the cα model parameter were tested, the condition 

ca=cb=cc was ultimately used as reported for BD itself as this condition yielded the lowest 

uncertainty in this correction parameter. In order to allow direct comparison of the geometries of 

2-FBD and 3-FBD with the unsubstituted parent, the same procedure was followed to obtain an 

updated rm geometry for BD using input from the MP2/aug-cc-pVTZ calculation (this work) 
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rather than that from the basis set (6-31G(d,p) reported earlier.28 The results are summarized in 

Tables 4 and 5 under the rm headings.   

   

Discussion  

 The spectroscopic constants obtained from fitting the rotational spectra of 2-FBD and 3-

FBD are well-determined and in good agreement with ab initio estimates from MP2/aug-cc-

pVTZ calculations for the parent species as summarized in Tables 1-3. Comparison with 

literature values for O-trans 2-FBD, O-trans 3-FBD and O-cis 3-FBD27 reveals that the 

rotational and centrifugal distortion parameters are more precisely determined in this work due to 

the higher resolution of FTMW spectroscopy. In the earlier waveguide-based study, line 

positions were determined to within ~50 kHz and consequently, the distortion constants were not 

well-determined leading to less precision in the overall fit. Despite extensive searching, the 

authors did not observe transitions attributable to higher energy O-cis 2-FBD and concluded that 

it was not detectable due to low abundance of this rotamer in the gas phase.27  In the present 

study, rotational transitions for this species are reported for the first time and the intensities are 

~1-2% that of O-trans 2-FBD. Using the calculated μa values, the relative intensity should be 

~2.5% suggesting a small discrepancy in the calculated dipole components or in the predicted 

energy difference (9.39 kJ/mol) of the two rotamers. For 3-FBD, transitions of both isomers were 

readily observed as the O-cis moiety is calculated to be only 0.87 kJ/mol (0.21 kcal/mol) more 

stable. This prediction is in excellent agreement with the results from integrated intensities of the 

assigned transitions 300±200 cal/mol.27  

 The experimental geometries (r0 and rm) derived from the rotational constants of 2-FBD 

and 3-FBD are summarized in Tables 4 and 5 along with the ab initio derived structures (re). 
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Comparison of the bond lengths and angles shows no significant difference in the values 

obtained from the r0 and rm methods for a given rotamer, however, the 1σ uncertainties in the rm 

fit were smaller. The similarity of results obtained from the two fitting methods despite the 

exclusion of the C rotational constants from the r0 analysis suggests that contributions from out-

of-plane vibrational motions (that give rise to the non-zero inertial defects) average out to some 

extent but may be serendipitous. In principle, the rm parameters derived from all rotational 

constants should account for such vibrational effects and parameters derived from this method 

have been shown to closely match equilibrium geometries for small molecules and are thus 

expected to be more accurate.41 Comparison of the rm and re geometries in Tables 4 and 5 shows 

that many parameters match the theoretical estimate to within 1σ uncertainties. For bond lengths, 

the greatest discrepancy is seen in the C1-C7 bonds which are 3-4σ longer (0.01-0.014 Å) than 

predicted by the ab initio results for all species including the parent BD. In the earlier study of 

BD, this was attributed to deficiencies in the calculated electron density at C7 as the calculated 

C1-C7 and C7-O bond lengths deviated from gas phase electron diffraction and microwave 

results.28 With the larger basis set employed in this work however, the calculated C7-O bond 

length (1.219 Å) is now in good agreement with experiment for BD.  Interestingly, the 

discrepancy with C1-C7 remains but closer inspection of Tables 4 and 5 shows that certain C-C 

bonds in the phenyl ring involving C1 are 2-3σ shorter than the re estimates. In particular, for all 

four species, it is the C-C bond lying trans to the C=O group that is overestimated in the ab initio 

calculation (C1-C2 for BD and the two O-trans species; C6-C1 for the O-cis species) suggesting 

that the delocalization of electron density from C=O into the phenyl ring to stabilize one Kekulé 

structure over the other is not fully captured at this level of theory.  
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 The dominance of the resonance structure in which the C=O group is trans to the double 

bond of the phenyl ring should result in the introduction of a bond length alternation pattern in 

the ring (AGIBA effect). In the case of BD and anisole in reference 28, bond length alternation 

was assessed by looking at pairs of bonds across the ring (C2-C3 and C5-C6, C3-C4 and C4-C5). 

In the case of BD, those bonds are the same length to within 1σ uncertainties (also in this work) 

but in anisole, they differed by as much as 0.015 Å (with typical 1σ uncertainty in each bond of 

~0.003-4 Å).  For the monofluorinated versions in this study, the fluorine substituent itself 

induces structural changes which will further mask any AGIBA influence from the formyl group 

and in particular, in the bonds adjacent to the site of fluorination.  In 2-FBD, that leaves one pair 

of bonds (C3-C4 and C4-C5) as shown in Figure 4 from which to assess whether the carbonyl 

group has an effect on the electronic structure of the phenyl moiety. Using the rm parameters in 

Table 4 which are expected to be more accurate by accounting for vibrational effects to some 

extent, the C3-C4 bond is 0.011 Å shorter than the C4-C5 bond and this difference falls outside 

of the stated uncertainties. Although small (and not mirrored in the r0 results which have larger 

uncertainties), this change is similar in magnitude to that reported for anisole and thus supports 

the presence of AGIBA. If this observation is real, this would imply that the inclusion of the 

electron withdrawing F substituent on the ring enhances the AGIBA effect of the formyl group 

which is too small to be observed in BD itself. 

 The effect of fluorination on the ring geometry itself has been investigated in a number of 

related compounds and can be elucidated by comparing the geometry of the BD backbone with 

that of the fluorinated analogues in Tables 4 and 5. The C-C-C angle increases at the site of 

fluorination by ~3o which is similar to the changes reported in fluorine-substituted benzenes,5,6 

pyridines,7,8 benzonitriles,9 phenols14 and thiophenols15 via FTMW spectroscopy. This angle 
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opening is consistent with a change in the hybridization of the substituted carbon atom as the 

orbital directed along the polar C-F bond has more p-character. This, in turn, increases the s-

character of the C-C bonds within the aromatic ring leading to a larger C-C-C angle. Comparison 

of the hybridization at C2 or C3 in the NBO analysis shows that the increased p-character along 

the C-F bond is typically ~5-6% for the FBD moieties compared with the C-H bond in BD.  A 

second effect of fluorination is the typical observation that the C-C bond lengths involving the 

substituted carbon are shortened by 0.005-0.010 Å relative to the parent species. In the singly-

substituted fluorobenzonitriles and thiophenols, this was attributed to the strong electron-

withdrawing character of fluorine which induces a positive natural charge on the substituted 

carbon and strengthens the bond with neighbouring carbon atoms which bear partial negative 

charges. The natural charges of the affected atoms in O-trans 2-FBD (C1: -0.281, C2: 0.504, C3: 

-0.289), O-trans 3-FBD (C2: -0.221, C3: 0.441, C4: -0.231) and O-cis 3-FBD (C2: -0.203, C3: 

0.445, C4: -0.228) are consistent with the shortening of these bonds by 0.005-0.014 Å relative to 

the parent BD (C1: -0.207, C2: -0.135, C3: -0.209, C4: -0.147).  

 While it is difficult to partition the effects of the formyl and fluorine substituents on the 

ring geometry, the asymmetry of the bond shortening about C3 in 3-FBD may provide additional 

insight. Compared to the geometry of BD, the greatest effect of fluorination is seen is the 

shortening of C2-C3 for the cis rotamer (-0.022 Å) with a smaller change in C3-C4 (-0.005 Å) 

while the reverse is seen for the trans rotamer (C3-C4: -0.012 Å, C2-C3: -0.006 Å). For 

comparison, the bond shortenings reported for fluorination at the meta carbon in pyridine,7 

benzonitrile9 and phenol14 were fairly symmetric. The asymmetry observed in 3-FBD is 

consistent with a compounding of the effects of fluorination and the introduction of bond length 
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alternation (AGIBA) based on the orientation of the formyl group as seen from the resonance 

structures in Figure 5.  

 Finally, while an infrared study of 2-FBD has identified an intramolecular hydrogen bond 

involving fluorine as a source of stabilization of the trans rotamer,22 the experimental geometry 

extracted from the microwave spectrum of O-trans 2-FBD does not provide support for this. If a 

non-covalent interaction is present, one would expect subtle geometry changes involving the 

formyl and fluorine substituents. For example, in  cis-2-fluorophenol,14 the CF and CO bonds 

were each titled by ~2o closer to each other relative to the analogous bonds in phenol and a 

stabilizing interaction (3.05 kJ/mol) was seen in the second order perturbation theory energy 

corrections in the NBO analysis. This arises from donation of electron density from fluorine into 

the σ*(OH) orbital and is similar in magnitude and character to that reported for intramolecular 

interactions in other rings such as 2-cyanophenol (3.01 kJ/mol).42 The NBO analyses of BD and 

its fluorinated analogues in this work does not yield such an interaction for O-trans 2-FBD. From 

the experimentally-derived structural parameters, comparison of the angles of the C1-C7 bond to 

the phenyl ring shows that the formyl group actually tilts 0.6o further from the C-F bond in O-

trans 2-FBD than the C-H bond in BD. This is likely to accommodate the larger van der Waals 

radius of F. Furthermore, the F-H separation derived from the experimental geometry of O-trans 

2-FBD is 2.45 Å which is close to the sum of the van der Waals radii (2.47 Å) and significantly 

larger than reported for cis-2-fluorophenol (2.219 Å) which involves a non-covalent 

intramolecular interaction. Without geometry changes to support an interaction, we thus 

conclude that the energy difference between the two rotamers is better explained by the 

destabilization of the O-cis structure that arises from the natural charges on O (-0.588) and F (-

0.378) in closer proximity.    
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Conclusions 

 The rotational spectra of 2-FBD and 3-FBD are reported and confirm the presence of two 

planar rotamers for each which differ by the orientation of the formyl group. The O-cis rotamer 

of 2-FBD has been experimentally observed for the first time via microwave spectroscopy. 

Despite being 9.39 kJ/mol higher in energy than its trans counterpart (MP2/aug-cc-pVTZ), it is 

metastable in the cold supersonic jet as the barrier to interconversion is too high. The effective 

mass dependence structures (rm) were derived using the rotational constants of observed 

isotopologues for O-trans 2-FBD and for both rotamers of 3-FBD. The results are generally 

consistent with the ab initio re geometry except for the C1-C7 bond lengths and the C-C bond 

lengths in the phenyl ring that fall trans to the carbonyl group of the formyl substituent. This 

suggests that the re geometry has not fully captured the stabilization of one resonance contributor 

over the other to enhance conjugation with the C=O moiety. This preference for one Kekulé 

structure should manifest as a bond length alternation pattern in the C-C bonds of the phenyl ring 

but is interrupted by the presence of the fluorine substituent in the ortho or meta positions which 

provide additional structural perturbations. While previous spectroscopic studies suggest that an 

intramolecular interaction between the C=O and C-F moieties is responsible for stabilization of 

O-trans 2-FBD over its cis analogue, there is no evidence of this in the NBO calculations or in 

the rm geometry of O-trans 2-FBD. The higher energy of the O-cis rotamer is instead explained 

using an electrostatic argument created by repulsion between the O and F atoms on neighbouring 

substituents. 
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Equilibrium structures of BD, 2-FBD and 3-FBD (Tables S1-S5) 

Assigned transitions for 2-FBD and 3-FBD and their minor isotopologues (Tables S6-S31) 

Rs coordinates for O-trans 2-FBD and 3-FBD (Tables S32-S34) 
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Table 1. Ground State Spectroscopic Constants of O-trans 2-Fluorobenzaldehyde Including its 13C and 18O Isotopologues and Parent 

Species of O-cis 2-Fluorobenzaldehyde 

 O-trans 2-FBD 13C1 

 

13C2 13C3 13C4 13C5 13C6 13C7 
18O O-cis 2-FBD 

Rotational Constantsa /MHz  
A 2567.59948(4) 2567.4848(6) 2557.2337(7) 2561.9733(4) 2562.3735(7) 2530.6969(6) 2540.6856(5) 2567.3102(5) 2555.4732(6) 3066.639(1) 
B 1560.86522(1) 1559.7432(1) 1559.9980(1) 1545.3562(1) 1536.8745(1) 1552.1750(1) 1560.9019(1) 1542.7070(1) 1489.4772(1) 1474.6519(1) 
C 970.95026(1) 970.50186(6) 969.12930(7) 964.13220(5) 960.87888(8) 962.29076(7) 967.09177(6) 963.85433(6) 941.19839(5) 996.24609(7) 

Centrifugal Distortion Constantsb /kHz 
ΔJ 0.05923(9) 0.060(1) 0.059(2) 0.060(1) 0.060(1) 0.061(1) 0.058(1) 0.056(1) 0.0525(8) 0.042(1) 
ΔJK 0.1329(3) 0.132(8) 0.13(1) 0.127(6) 0.08(1) 0.12(1) 0.140(7) 0.129(7) 0.168(6) 0.257(4) 
ΔK 0.130(1) [0.130] [0.130] [0.130] [0.130] [0.130] [0.130] [0.130] [0.130] \ 
δJ 0.02189(4) 0.0226(6) 0.022(1) 0.0230(7) 0.0229(8) 0.0231(6) 0.0215(6) 0.0206(6) 0.0187(3) 0.0112(5) 
δK 0.1585(3) 0.16(1) 0.16(1) 0.161(6) 0.12(1) 0.15(1) 0.15(1) 0.13(1) 0.163(9) 0.14(1) 
           

# lines 124 25 25 28 28 25 29 28 21 25 
rms /kHz 0.48 0.52 0.55 0.41 0.69 0.57 0.54 0.54 0.47 0.62 

aCalculated rotational constants (MP2/aug-cc-pVTZ) for O-trans 2-FBD: A = 2566.2 MHz, B = 1564.3 MHz, C = 971.9 MHz; for O-

cis 2-FBD: A = 3068.5 MHz, B = 1476.8 MHz, C = 997.0 MHz; Rotational constants from ref. 27 for O-trans 2-FBD: A = 

2567.609(3) MHz, B = 1560.8694(9) MHz, C = 970.954(1) MHz 

b ΔK centrifugal distortion constant for the minor isotopologues of O-trans 2-FBD was held fixed to that of the parent; ΔK for O-cis 2-

FBD was not included in the fit 
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Table 2. Ground State Spectroscopic Constants of O-cis 3-Fluorobenzaldehyde and its 13C Isotopologues 

  parent 13C-1 13C-2 13C-3 13C-4 13C-5 13C-6 13C-7 

Rotational Constantsa /MHz 
A 2919.25087(6) 2917.6533(1)   2909.0616(1)  2914.8384(1) 2909.58802(6) 2863.32738(5) 2875.9044(1)  2919.14712(9) 
B 1269.70085(4) 1267.1681(3)   1269.76281(1)  1264.1835(2) 1258.93513(7) 1266.7247(1)  1269.1589(1)  1252.1191(1)  
C  884.96162(2)  883.5857(4)    884.0559(1)   881.8747(2)  878.83993(8)  878.3215(1)   880.67368(9)  876.3768(1)  

Centrifugal Distortion Constantsb /kHz 
ΔJ   0.0649(3)    0.074(6)       0.069(1)      0.069(2)       0.0633(7)      0.068(1)      0.0651(9)     0.065(1)   
ΔJK  -0.179(1)   [-0.179]   [-0.179]   [-0.179]   [-0.179]   [-0.179]   [-0.179]   [-0.179]  
ΔK   0.640(3)   [0.640]   [0.640]   [0.640]   [0.640]   [0.640]   [0.640]   [0.640]  
δJ   0.0236(1)  [0.0236]   [0.0236]   [0.0236]   [0.0236]   [0.0236]   [0.0236]   [0.0236]  
δK   0.104(1)   [0.104]   [0.104]   [0.104]   [0.104]   [0.104]   [0.104]   [0.104]  
         

# lines 81 7 9 7 13 9 17 18 
RMS/kHz 0.81 0.55 0.70 0.51 0.51 0.36 0.90 0.95 
aCalculated rotational constants (MP2/aug-cc-pVTZ) for O-cis 3-FBD: A = 2921.7 MHz, B = 1271.7 MHz, C = 886.0 MHz; 

Rotational constants from ref. 27: A = 2919.255(2) MHz, B = 1269.697(2) MHz, C = 884.964(2) MHz 

bCentrifugal distortion constants (except ΔJ) for the minor isotopologues were held fixed to the parent values 
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Table 3. Ground State Spectroscopic Constants of O-trans 3-Fluorobenzaldehyde and its 13C Isotopologues  

  parent 13C-1 13C-2 13C-3 13C-4 13C-5 13C-6 13C-7 

Rotational Constantsa /MHz 
A 3657.2024(4) 3656.567(6)   3633.151(3)   3654.609(4)  3628.331(3)  3570.749(5)  3618.057(5)  3639.224(4)  
B 1114.78543(6) 1113.04418(9) 1114.61702(6) 1109.1313(1) 1108.1248(1) 1114.2068(1) 1113.3613(1) 1103.2535(1) 
C 854.52291(4)  853.4669(2)   853.1059(1)   851.0561(1)  849.0324(1)  849.3776(1)  851.5353(2)  846.7620(1) 

Centrifugal Distortion Constantsb /kHz 
ΔJ 0.0237(3) 0.024(1) 0.023(1) 0.025(1) 0.025(1) 0.022(1) 0.021(1) 0.021(1) 
ΔJK 0.124(1)   [0.124]    [0.124]    [0.124]    [0.124]    [0.124]    [0.124]    [0.124]   
δJ 0.0061(2)  [0.0061]  [0.0061]  [0.0061]  [0.0061]  [0.0061]  [0.0061]  [0.0061] 
δK 0.092(8)   [0.092]    [0.092]    [0.092]    [0.092]    [0.092]    [0.092]    [0.092]   
                  

# lines 49 6 9 8 9 8 10 9 
RMS/kHz 0.50 0.36 0.40 0.63 0.56 0.67 0.83 0.77 

         
aCalculated rotational constants (MP2/aug-cc-pVTZ) for O-trans 3-FBD: A = 3668.1 MHz, B = 1115.7 MHz, C = 855.5 MHz; 

Rotational constants from ref. 27: A = 3657.169(5) MHz, B = 1114.781(2) MHz, C = 854.530(2) MHz 

bCentrifugal distortion constants (except ΔJ) for the minor isotopologues were held fixed to the parent values; ΔK was not included in 

the fit  
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Table 4.  Equilibrium (re) (MP2/aug-cc-pVTZ) Ground State Effective (r0)a and Mass Dependence (rm) Structural Parameters (Bond 

Lengths in Å, Angles in Degrees) Determined for Benzaldehydeb and 2-Fluorobenzaldehyde. 

 Benzaldehydea O-trans-2FBD O-cis-2FBD 
 re rm

(1) re r0 rm
(1) re 

C1-C2 1.396 1.389(4) 1.393 1.387(11) 1.375(8) 1.398 
C2-C3 1.393 1.400(3) 1.385 1.387(4) 1.389(3) 1.386 
C3-C4 1.394 1.395(3) 1.392 1.395(6) 1.390(4) 1.393 
C4-C5 1.397 1.399(2) 1.397 1.400(4) 1.401(3) 1.394 
C5-C6 1.390 1.399(4) 1.388 1.402(10) 1.398(8) 1.389 
C6-C1 1.398 1.390(5) 1.400 1.400(14) 1.404(10) 1.400 
C1-C7 1.477 1.492(3) 1.480 1.492(7) 1.494(4) 1.479 
C7-O 1.219 1.212(2) 1.220 1.219(10) 1.214(8) 1.216 
C7-H 1.106 1.100(3) 1.099   1.107 

Ð(C1-C2-C3) 120.0 119.5(2) 122.5 122.7(5) 122.6(3) 121.7 
Ð(C2-C3-C4) 119.7 119.6(1) 118.5 118.2(3) 118.3(2) 119.3 
Ð(C3-C4-C5) 120.3 120.3(1) 120.5 120.6(1) 120.6(1) 120.4 
Ð(C4-C5-C6) 120.1 120.1(1) 119.9 120.0(2) 119.9(1) 119.4 
Ð(C5-C6-C1) 119.6 118.9(2) 120.6 119.8(2) 119.6(4) 121.4 
Ð(C6-C1-C2) 120.3 121.5(3) 118.1 118.8(6) 119.0(4) 117.8 
Ð(C2-C1-C7) 119.1 118.6(3) 121.5 121.4(11) 121.9(8) 124.5 
Ð(C1-C7-O) 124.6 124.3(2) 123.0 122.4(11) 123.2(8) 126.3 
Ð(C1-C7-H) 114.8 115.4(2) 116.1   112.9 
cα (u1/2 Å)  0.0155(3)   0.0121(3)  
σfit (u Å2)  0.0034  0.0056 0.0046  

aFor the r0 fit, only A, B constants were used for each isotopologue. 

bRotational constants (A, B, C) from ref. 28 and 29. Note that the numbering around the ring is reversed from ref. 28 for direct 

comparison with the O-trans species here. For example, C1-C6 (this work) = C1-C2 (ref. 28), etc. 
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Table 5.  Equilibrium (re) (MP2/aug-cc-pVTZ) Ground State Effective (r0)a and Mass Dependence (rm) Structural Parameters (Bond 

Lengths in Å, Angles in Degrees) Determined for 3-Fluorobenzaldehyde. 

 O-trans-3FBD O-cis-3FBD 
 re r0 rm

(1) re r0 rm
(1) 

C1-C2 1.397 1.382(11) 1.378(6) 1.398 1.403(10) 1.394(7) 
C2-C3 1.385 1.395(8) 1.394(5) 1.382 1.381(11) 1.378(8) 
C3-C4 1.387 1.385(4) 1.383(2) 1.391 1.394(4) 1.390(3) 
C4-C5 1.396 1.395(5) 1.395(4) 1.393 1.395(5) 1.395(3) 
C5-C6 1.390 1.400(7) 1.398(4) 1.392 1.404(11) 1.400(7) 
C6-C1 1.398 1.407(10) 1.405(7) 1.396 1.383(8) 1.385(6) 
C1-C7 1.479 1.489(7) 1.490(4) 1.479 1.491(5) 1.493(3) 
C7-O 1.218   1.218   
C7-H 1.106   1.105   

Ð(C1-C2-C3) 118.4 117.9(5) 118.1(3) 117.9 117.2(5) 117.6(3) 
Ð(C2-C3-C4) 121.2 122.6(3) 122.5(2) 122.5 123.0(3) 122.9(2) 
Ð(C3-C4-C5) 118.7 118.6(2) 118.6(1) 118.8 118.5(2) 118.5(2) 
Ð(C4-C5-C6) 120.5 120.5(2) 120.5(1) 120.1 120.0(2) 119.9(2) 
Ð(C5-C6-C1) 119.5 119.0(4) 119.0(2) 119.8 119.5(5) 119.5(4) 
Ð(C6-C1-C2) 120.7 121.4(6) 121.4(3) 120.8 121.8(6) 121.6(4) 
Ð(C2-C1-C7) 118.7 118.9(10) 119.0(5) 119.9 119.2(6) 119.4(4) 
Ð(C1-C7-O) 124.4   124.4   
Ð(C1-C7-H) 114.9   114.8   
cα (u1/2 Å)   0.0129(4)   0.0082(4) 
σfit (u Å2)  0.0064 0.0052  0.0077 0.0066 

aFor the r0 fit, only A, B constants were used for each isotopologue.  
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Figure 1. Principal axis systems of O-cis and O-trans 2-FBD (top); O-cis and O-trans 3-FBD 

(bottom). 
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Figure 2. Calculated barrier (MP2/6-311++G(2d,2p)) for C2-C1-C7-O torsion between O-cis and O-trans rotamers of 2-FBD (top) 

and 3-FBD (bottom).  
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Figure 3. Portion of the cp-FTMW spectrum (1.5 million FIDs averaged) of O-trans 2-FBD showing the relative intensity of the J Ka 

Kc: 414-313 transition for the parent, seven 13C isotopologues and one 18O isotopologue. The inset is a magnification of the bottom trace 
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Figure 4. Comparison between the experimental rm(1) geometries of benzaldehyde (left) and O-

trans 2-fluorobenzaldehyde (right) showing possible bond length alternation of the latter. Due to 

the fluorine atom on C2, only one pair of bonds in the ring (C3-C4 and C4-C5) can be compared. 

Ab initio re values (MP2/aug-cc-pVTZ) are also given. 
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Figure 5. Comparison between the experimental rm(1) geometries of O-cis (left) and O-trans 

(right) 3-FBD showing asymmetric shortening of the C-C bonds adjacent to the fluorination site 

that is consistent with bond length alternation induced by the formyl substituent. Ab initio re 

values (MP2/aug-cc-pVTZ) are also given. 
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