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[bookmark: _Hlk22031211]We studied the impact of the aliphatic side chain in the stability and conformational landscape of the local anaesthetics benzocaine, butamben and isobutamben, combining high‑resolution rotational spectroscopy in the microwave and millimetre regions and quantum-mechanical calculations. The study reveals the connections between the alkyl chain flexibility and molecular conformations.
[image: ]	Local anaesthetics (LAs) are essential medical agents used routinely by health professionals. The demand for drugs causing sensory and motor paralysis in local areas soon spurred interest in several families of compounds with action properties different to general anaesthetics. All LAs are membrane‑stabilizing drugs that reversibly alter matter exchange rates, mainly by inhibiting Na+ and Ca2+ ion channels of neuronal cell membranes, thus blocking the ion responsible for nerve conduction between the peripheral and the central nervous system,1–3 as illustrated in Fig. 1a. There is a high degree of variability found in LAs, but most of them can be classified according to their chemical structure in amino amides and amino esters (Fig. 1b).Fig. 1 a) Inhibition of Na+ ions flux due to the presence of local anaesthetics (LAs) in the Na+ channels. b) LA types classified according to their chemical structure. c) Molecular structures of the analysed LAs: benzocaine (BZC), isobutamben (BTI) and butamben (BTN), defining the dihedral angles (1, 2, and3). d) Labelling used to identify the orientation of the alkyl chains (left side) and of the amine protons with respect to the alkyl chain (right side). E.g., the BTI conformer named as TG+ corresponds to the rotamer with the following arrangement: 1 = trans (178.1°), 2 = gauche+ (+ 57.8°) and with a syn orientation of the protons of the amine group.

	The great number and diversity of substances that can act as LAs has raised the debate on the mechanism of activity of these compounds and its potential optimization.4 Several studies have pointed out a dependence by steric effects, in particular their orientation preferences or/and the length of alkyl substituents, suggesting that LAs alter the physical properties, conformations and interactions with receptors.4–6
	In this context, we have focused on p‑aminobenzoate (PABA), the precursor of one of the most common molecular families of amino ester-type LAs, which includes benzocaine (BZC), butamben (BTN) and isobutamben (BTI) (Fig. 1c). Contrary to other conventional LAs, in which the side chain contains a protonable amino group at one end, the three PABA derivatives exhibit a hydrocarbon chain (BZC: ethyl; BTN: n-butyl; BTI: isobutyl). On the other hand, the amino group attached to the aromatic ring is not ionisable at physiological pH (pKa < 3). However, their characters remain amphiphilic and can still act as sodium channel blockers, expressing in this way the anaesthetic activity.
[bookmark: _Hlk22060414]	Many studies have been performed on PABA derivatives using different approaches and methodologies,7–15 (i.e. low‑resolution infrared, UV‑Visible, Raman, NMR [image: ]spectroscopies and X-ray diffraction) and have shown a clear evidence that membrane permeability, water solubility and potency of these compounds change drastically with the size and shape of the alkyl chain, altering the specific action mechanisms.14 However, there is a lack of information about the 3D-structure of these side chains. Hence, an accurate study of the conformational landscape of the PABA-type LAs is necessary. It is of particular interest to evaluate how the alkyl chain length and branching affect the intrinsic conformation of PABA compounds.[bookmark: _Hlk30243462]Fig. 2 Potential energy surfaces (PESs) of (a) benzocaine, (b) isobutamben (c) and butamben computed at B3LYP-D3BJ/6-311++G(d,p) level of theory. For the latter system three different PESs are shown where τ1 has been fixed at different values. Above >30 kJ mol-1, the energy values have been represented as white area, since no minima have been detected. It should be pointed out that the conformation adopted by τ2 in BTI is not equivalent to that in BTN, since the atoms involved in the two dihedral angles are different.


[bookmark: _Hlk22290312]	In the above context, gas-phase studies have several advantages such as providing an isolated environment (avoiding the masking effects observed in crystalline or condensed media) or being directly comparable with theoretical computations. Several experimental gas-phase approaches are available, most of them based on laser spectroscopy.8,15 Here, we tackle this topic using rotational spectroscopy, undoubtedly the experimental technique with greater precision in structural gas-phase determination. This technique, together with computational modelling, has been successfully used for biomolecules,16–20 such as anaesthetics,21–25 and to study anaesthetic-receptor simple models.26
[bookmark: _Hlk22060391][bookmark: _Hlk22031331]Our research started creating and updating computational models of BZC, BTI and BTN for the free molecule. We used a two‑steps strategy. First, a full conformational search using fast molecular mechanics was applied to predict the lowest lying conformers of each system. Second, all the structures were fully optimized with three different computational methods including MP2, M06-2X and BL3YP‑D3BJ (details about the theoretical protocol in the section Computational Methods of the ESI). The optimized structures, relative energies and rotational constants are listed in Tables S1-S2 and Fig.s S4-S5. In addition, potential energy surfaces (PESs) were computed at B3LYP‑D3BJ/6‑311++G(d,p) level for each system to explore the conformational landscape of each molecule with respect to its structural degrees of freedom (see Fig. 2). 
In case of BZC, which is the simplest system since it only presents one dihedral angle (τ1), three minima were identified. These minima correspond to the structures where the alkyl chain takes G+, T and G– orientations, where G+ and G– are equivalent by symmetry (see Fig. 1d for the labelling system used). The PES built for BZC showed interconversion barriers of around 5 kJ mol-1 (Fig. 2a) between the different conformers, indicating that all the theoretically predicted structures present deep enough minima for which conformational relaxation upon supersonic expansion, see ahead, is avoided.27 This computation agrees with previous experimental works performed by ion-dip and microwave spectroscopy in which trans (T) and gauche (G) orientations were observed, the T conformation being the most stable.8,15,28
However, in BTI the PES is more complex due to the flexible alkyl side chain that presents two degrees of torsional freedom (τ1 and τ2). The computational methods predicted 9 different potential structures (see Fig. 2b and Table S1) for this LA.
Journal Name	 COMMUNICATIONPlease do not adjust margins
Please do not adjust margins

COMMUNICATION	Journal NamePlease do not adjust margins
Please do not adjust margins

Journal Name	 COMMUNICATIONPlease do not adjust margins
Please do not adjust margins


	Please do not adjust margins

2 | J. Name., 2012, 00, 1-3	This journal is © The Royal Society of Chemistry 20xx
This journal is © The Royal Society of Chemistry 20xx	J. Name., 2013, 00, 1-3 | 5
Table 1. Comparison between the predicted (MP2/6-311++G**) data and the experimental spectroscopic parameters and conformational energies for the BTI and BTN rotationally observed conformers. 
	
	ISOBUTAMBEN (BTI)
	BUTAMBEN (BTN)

	
	BTI I
	BTI II
	BTI III
	BTN I

	
	Experiment
	TG–
	Experiment
	G–G+
	Experiment
	TT
	Experiment
	TG–T

	A [MHz]
	1831.7471(2)a
	1830
	1988.596(3)
	1997
	1509.466(3)
	1502
	1384.5107(1)
	1373

	B [MHz]
	282.57280(3)
	282
	286.80516(9)
	287
	314.2755(1)
	315
	292.04655(6)
	293

	C [MHz]
	251.02606(2)
	251
	265.83363(6)
	268
	276.27507(8)
	276
	246.75153(2)
	247

	χaa / MHz
	2.320(6)
	2.5
	2.47(7)
	2.7
	1.3(3)
	2.3
	2.24(2)
	2.5

	χbb / MHz
	1.818(5)
	1.6
	1.18(4)
	1.1
	2.4(2)
	2.0
	2.01(2)
	1.5

	χcc / MHz
	-4.128(5)
	-4.1
	-3.65(4)
	-3.8
	-3.7(2)
	-4.3
	-4.01(2)
	-4.0

	E0 MP2/kJ·mol-1
	
	2.0
	
	0.4
	
	1.6
	
	0.6

	G0MP2/kJ·mol-1 (298K)
	
	2.9
	
	2.1
	
	2.0
	
	0.0

	Eexp.Ne /kJ·mol-1 (298K)
	0
	
	1.5 (5)
	
	2.8 (5)
	
	
	

	N b
	261
	
	130
	
	87
	
	212
	

	σ c / kHz
	2.9
	
	3.3
	
	3.6
	
	26.4
	

	σ / σexpd
	0.6
	
	0.7
	
	0.7
	
	0.7
	

	a Standard error in parentheses in the units of the last digits. b Number of distinct frequencies in fit. c Root mean square error of the fit. d Reduced deviation of the fit, relative to measurement errors of 200 and 5 kHz for the mmw and FTMW, respectively.



However, the conformational casuistry is reduced to five different structures, since some of them are equivalent by symmetry (G–G+=G+G–, TG+=TG–, G+G+=G–G–, G–T=G+T and TT). Finally, each structure, except for TT, is split in two plausible conformers, corresponding to two orientations of the amino group with respect to the alkyl chain: anti () and syn () (see Fig. 1d). Last, as can be observed in the PES (Fig. 2b), quite different interconversion pathways can be obtained by varying either τ1 or τ2 coordinates. Moving along the τ1 axis, energy barriers lower than 4 kJ mol-1 are predicted, which outlines the possibility of a conformational relaxation,27 while the connection throughout the τ2 axis is more hindered (> 15 kJ mol-1, see Fig. 2b).
[bookmark: _Hlk22031373]The conformational analysis of BTN is the most complex as it presents three independent dihedral angles, originating a total of 27 global predicted minima (see Table S2). To construct the PES of BTN, several full scans of τ2 and τ3 were performed (see Fig. S9) at fixed values of τ1 (the most rigid angle) from 60° to 180° by steps of 15°. Considering that the most stable structures present τ1=83°, another scan was added at this latter value. It should be noted that out of the mentioned 60º < τ1 >180º range, the molecule adopts strained arrangements due to steric effects. Finally, the amine group can adopt the two orientations (anti/syn) as for BTI. Three significant families arise, according to τ1 values: (i) τ1=83º (G); (ii) τ1=106º (G) and (iii) τ1=180º (T). Fig. 2c shows the most relevant PESs for BTN with anti-arrangement. In particular, twelve minima belong to (i), where six of them present a syn configuration and the other six have anti arrangement. The same trend is observed for (ii), where the six minima are equally divided into anti/syn. In contrast, the (iii) family presents only nine possible conformers, since the anti/syn distinction does not arise due to symmetry. Finally, all the interconversion barriers are quite high, with values around 15-20 kJ mol-1. Then, it was the turn of the experiments, the simplest system BZC had been investigated by laser8,15 and microwave28 spectroscopies. It was unambiguously detected that the alkyl chain in BZC can adopt G and T orientations, being the T conformation the most stable one. The rotational spectra of BTI and BTN were recorded in three laboratories in different ranges and experimental set-ups (a free jet absorption millimetre‑wave spectrometer in Bologna and two Fourier Transform Microwave spectrometers in Hannover and Bilbao). In addition, two vaporization sources were used: (a) heating methods in home‑made nozzles in the three laboratories; (b) an UV ultrafast laser vaporization system (in Bilbao) preventing decomposition processes18 (Experimental Methods in ESI). The measured rotational transitions of both systems were fitted using a semi-rigid rotor Hamiltonian based on Watson’s symmetric reduction in the Ir representation,29 adding an additional term to account for the nuclear quadrupole coupling with the molecular end-to-end rotation30 (see Table 1 for the experimental data and Table S5-S8 for the measured rotational frequencies). BTI exhibits a rather complex rotational spectrum, from which three different conformers could be identified, while in BTN, that shows a simpler spectrum, a dominant structure was the only one observed. Direct comparison between experimental and predicted rotational constants (Table 1 and Table S4) pointed out unambiguously that the conformers observed were the G‑G+=G+G‑, TG+=TG‑ and TT for BTI and TG-T for BTN. It should be noted that in this case MP2 theory predicts rotational constants practically equal to those obtained with DFT methods (errors 0.3% vs. 0.4% respectively), which are quite close to the experimental values. 
[bookmark: _Hlk30064704]	Next, an additional experiment was performed. We recorded the rotational spectrum of BTI using argon instead of neon as carrier gas. In this experiment, the number of observed lines decreased compared to the ones detected with neon. The conformer G‑G+ was not observed with argon (Fig. 3a). This fact suggests that effective conformational relaxation processes are occurring in the argon expansion.27 In particular, the conformer G‑G+ relaxes to the conformer TG‑. This fact is quite informative denoting that both conformers should be connected through a low barrier. This situation arises for conformers sharing the same τ2, which implies barriers below <4 kJ mol-1. According to Fig. 2b, there could never be a conformational relaxation along a path that changes the value of τ2 because it implies higher interconversion paths.
[bookmark: _Hlk29911871]	There is still one issue to solve as we discussed before, namely the position of the hydrogen atoms of the amino group which adopt a pyramidal configuration and can be orientated syn () or anti () with respect to the alkyl chain (Fig. 1d). Both orientations are almost isoenergetic according to theoretical methods and their structures almost identical (Fig.s S4 and S5). Hence, the corresponding rotational constants have similar values and cannot be used to distinguish between both structures. However, the microwave spectroscopy is a very powerful technique in structural determination. Its inherent superior resolution (few kHz) allows us to resolve the hyperfine structure due to the 14N nuclear quadrupole. The nuclear quadrupole coupling tensor is related to structural details on the electron distribution surrounding this nucleus.31 In this particular case, we try to discern the  or  orientations for all the conformers (Tables S1 and S2) attending to this tensor together with the observed conformational relaxation, which implies the same τ2 for the considered species. In this case, the differentiation between anti/syn orientations was not so clear because of the similarity of the nuclear quadrupole constants of the following pairs: TG‑ and TG‑ in case of BTI and TG‑T and TG‑T in case of BTN. However, as the assignment of the G‑G+ BTI conformer was more evident (Table 1), we could hypothesize that the hydrogen atoms of the amine group will preferentially adopt an anti-position with respect to the alkyl chain, and apply this chemical rationale to the other systems. For this reason, we suggest that the observed conformers are TG‑, G‑G+ and TT for BTI and TG‑T for BTN. The possibility of planar arrangement of amino group is almost discarded due to larger discrepancies with quadrupole tensor than local minima (Tables S2 and S4). Additional splittings due to internal rotation from methyl groups were not observed. This fact agrees with the high barriers estimated theoretically (Fig.s S6-S7).
[bookmark: _Hlk29922842][bookmark: _Hlk22031390][image: ]	Experimental relative populations could be estimated by microwave spectroscopy through relative intensities of rotational transicions.32 This information is crucial since MP2 and B3LYP-D3BJ do not give consistent data, regarding the energy ordering of the conformers (Tables S1-S2). Therefore, we researched the conformers of BTI with different carrier gases (He, Ne, Ar and Xe; Fig. S10), confirming the complete conformational relaxation of G‑G+ to TG‑, observed previously in Ar. Experimental population ratios are 54(5):30(5):16 (TG‑:G-G+:TT) in neon and 82(5):0:18(5) (TG‑:G-G+:TT) in argon, which is equivalent in energy to 0:1.5(5):2.8(5) kJ mol-1 assuming a Boltzmann distribution at 298 K. Actually, the small difference in population among conformers makes their predictions challenging from the computational point of view. Our experimental data are essential for clarifying relative energy order for the BTI observed conformers.Fig. 3 a) Section of the experimental spectrum of BTI showing the three different identified species and the conformational relaxation of G-G+ conformer to T G-. b) Assigned structures for b) BTN and c) BZC systems.

	Finally, comparing the results obtained for BZC, BTN and BTI (Fig. 3) we can highlight the following conclusions. First, we can hypothesize that PABA compounds with alkyl chains composed of less than three carbon atoms (like BZC) tend to maintain their alkyl chain in the same plane as the benzoate skeleton. Contrary, alkyl chains with more than three carbon atoms (like BTN and BTI) make the molecules adopt a ‘L-shape’ conformation, where the alkyl chain is almost perpendicular with respect to the benzoate skeleton. In case of BTI, which shows a branched alkyl chain, there is clear evidence that on one side the flexibility of the molecule decreases, leading to a minor number of accessible conformations due to steric hindrance. On the other side, BTI shows a greater conformational population (three conformers detected) indicating a flatter PES where conformational relaxation processes occur and different minima are stabilized.
	In fact, we compared the results obtained in gas phase with the crystal structures of the three systems. The BTN is a polymorphic system, and its most stable crystal structure corresponds to the conformer detected in gas phase (TG‑T, CCDC code: EZAVIK 226561), where the alkyl chain adopts an ‘L-shape’ structure as confirmed also by this study.12 Regarding BZC, which exists in three different polymorphic forms,33 the most stable crystal structure agrees with the T conformer that represents the global minimum also in gas phase. No crystal structure of BTI has been isolated yet.11 The conformational richness of BTI observed in the gas phase could be the cause of the lack of solid-phase crystal data. In summary, these PABA‑type anaesthetics exhibit similar molecular structures in both the gas phase and the solid,34 even if this finding does not always happen.35 Although these molecular targets appear quite simple monomers, these works disclose the non-trivial conformational panorama of PABA derivatives, where computational works alone are not able to give conclusive results.
In conclusion, microwave spectroscopy enabled us to detect three conformers for BTI and one for BTN. The present work consolidates the use of rotational spectroscopy supported by computational modelling as a very powerful tool to provide conformational analysis and accurate structures of biomolecules. Moreover, the recent advances achieved by chirp FT‑microwave spectroscopy have paved the way to study larger molecular systems.36 By exploiting the higher sensitivity of this technique, the interaction between PABA derivatives and specific fragments able to mimic the receptor can be experimentally disclosed. In this way, the understanding of the action mechanism and so the anaesthetic-receptor molecular recognition processes could be deepened.
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