Interplay of hydrogen bonding in deciding the conformers of psilocin: Computational insights
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Abstract
Conformational analysis of psilocin, a psychedelic molecule revealed two stable conformers designated as conformer-A and B which were 4.97 kcal/mol apart in energy among many other high energy conformers. AIM analysis revealed that the conformer-A (global minimum) is stable due to intramolecular H-bond formation between ethyl amine nitrogen and indolic hydroxyl group. This is in contradiction to earlier X-ray crystal studies of this molecule reported in literature. Dimers of both conformer-A and B were studied utilizing DFT method and it was observed that even in the dimer of conformer-A the intramolecular H-bond energy dominates over the intermolecular H-bond. Other calculations namely NBO, FMO, charge analysis, ESP mapping corroborated the AIM results in a significant manner. The spectroscopic study including UV, 1H-NMR and vibrational modes calculation were found to be in good agreement with the data reported in literature.
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Introduction
Psilocybin and psilocin are the two main hallucinating substances of the magic mushrooms. Magic mushrooms includes species of psilocybe that are Psilocybecubensis, Psilocybemexicana, Psilocybesubcubensis, Psilocybesemilanceata, Psilocybeargentipus etc. and occur naturally throughout the world [1-3]. The compounds were isolated and identified by Hofmann et al. in 1958 [4]. Both psilocybin and psilocin have indole ring connected to an amino group by a 2 carbon side chain [5]. They have structural similarity to the neurotransmitter, serotonin, and thereby exhibit a highly hallucinogenic potency [6]. It has been found in literature that psilocybin shows a very interesting link with the cicada insects. It has been reported that when massosporacicadina fungus infects the cicada the psychoactive compounds are produced during the infection and among many other psychoactive compounds psilocybin was one of them present only in the infected cicadas [7-10].  Even though the cicada insects lose their abdomen due to the fungal infection yet they become hypersexual. Though it is thought that psilocybin could act as an analgesic but its exact function in the infected cicadas is still unclear. Generally psilocybin is considered as a pro drug whose active metabolite is psilocin. Psilocin is a dephosphorylated form of psilocybin. It is considered that the phosphate group acts as a protecting group for molecule until it reaches to its site of action [11]. It is reported that psilocybin is rapidly hydrolyzed to psilocin in vivo [12]. Psilocybin and psilocin both act as agonists or partial agonists at 5-hydroxytryptamine (5-HT)2A subtype receptors [13-16]. 
Mostly psilocybin and psilocin have been studied as a novel therapeutic dug for many psychiatric disorders including major depression, obsessive compulsive disorder, anxiety and depression associated with life-threatening cancer and addiction[17-23]. Notwithstanding such pharmaceutical research there is paucity on its conformational studies hitherto.  One of the early molecular level studies on the conformation of psilocin was done by Cyrus et al.[24] where they drew similarity between psilocin and LSD besides conjecturing the possibility of intramolecular H-bonding between the nitrogen of ethyl amine chain and the indolic OH group for its hallucinogenic properties. Subsequently when T. J. Petcher et al. [11] elucidated the crystal structure of psilocin, they precluded any possibility of intramolecular H-bonding although they mentioned that the crystal structure of psilocin was stabilized by intermolecular H-bonding. Since then there has been no detailed conformational analysis either experimentally or theoretically on this molecule. 
It is well established that computational chemistry is efficient in structural elucidation and predicting the chemical properties of molecules [25] as it provides a molecular level insight about geometrical properties, reaction pathways, and chemical mechanisms [26]. Knowledge about the stable conformers of psilocin molecule is of paramount importance given that psilocin is a pharmaceutically active molecule. Therefore, in this study a detailed conformational analysis of psilocin with the help of density functional theory (DFT) methods is reported. Different calculations like FMO, NBO, charge calculation, AIM (Atom in molecules) and UV, proton NMR spectroscopy and normal modes of vibrations were also analysed. The vibrational modes were assigned for the very first time.
Computational Details
Geometry optimization was done at B3LYP/cc-pVTZ [27-28, 29] level of theory. A relaxed scan was performed to generate the potential energy surface at the B3LYP/cc-pVTZ level of theory with step size 20° variation in all the dihedral angles such as C23-N21-C18-H20, C2-C3-O30-H31, C8-C15-C18-N21 and C2-C8-C15-C18 [atom numbering as per figure 2]. Utilizing the Boltzmann distribution equation, population of different conformers was calculated using the following formula:
                                                 (1)
Where, ΔE is the relative energy of a conformer with respect to the global minimum structure and summation applied over the number of possible conformers (n) [30]. For calculation R = 1.987 × 10−3 kcal.K-1mol-1 and T = 298 K was utilized.
Calculation of geometrical parameters and charge analysis were done at same level of theory. To find out the possible reactive centers in psilocin molecule the Electrostatic potential (ESP) mapping was carried out over optimized structure of psilocin molecule. The intramolecular (H-bond) interactions were investigated by means of Atom in molecules (AIM) calculations and visualized utilizing Multiwfn software [31].AIM calculation was also performed for the dimers of psilocin molecule. The dimers were optimized at B3LYP/cc-pVTZ level and their optimized energies were corrected for the basis set superposition error (BSSE) [32]. With the help of natural bond orbital (NBO) calculation the intra-molecular charge transfers, hyperconjugative interactions and their strength was investigated in psilocin molecule. To have insight about chemical reactivity and stability of molecule the frontier molecular orbital (FMO) calculation was done. With the help of FMO results the calculation of global reactivity descriptors like μ, η, χ and ω [33-37] were done utilizing following equations:
                                                   (2)
                                                            (3)
ω = μ2/2η(4)
χ =  -(5)
where, ν and E represent the external potential and electronic energy of an N electronic system.
μ, χ and η can be defined by the Koopman’s theory of closed shell compound as follows:
                                                    (6)
χ = η = (7)
where, I and A represent the ionization potential and electron affinity of the compounds, respectively.
For calculation of the maximum absorbance of psilocin molecule the TD-DFT [38] method was utilized. And the 1H-NMR spectra was calculated using GIAO method [39-43]. Calculation of harmonic vibrational IR active mode was done and the assignment of vibrational modes was done with the help of Gauss view 6.0.1 software [44]. B3LYP/cc-pVTZ was utilized for all the above calculations and Gaussian 16 suite of program [45] was used to perform these calculations.
Results and Discussion
Conformational Analysis 
T. J. Petcher et al. reported one conformer of psilocin by analyzing the X-ray crystal structure of psilocin [11]. Herein conformers of psilocin molecule were explored by computing the potential energy surface corresponding to the dihedral angles (C23-N21-C18-H20), (C2-C3-O30-H31), (C8-C15-C18-N21) and (C2-C8-C15-C18). These dihedral angles were systematically varied in steps of 20° of the 360° complete rotation around the bond at the B3LYP/cc-pVTZ level of theory through a relaxed scan (figure 1 and figure 2). In the individual relaxed scan of (C8-C15-C18-N21) and (C2-C8-C15-C18) shown in figure 1(a) and 1(b), it was observed that the initial geometry had the lowest energy. But when both these dihedral angles were scanned simultaneously one global minimum was observed (figure 1(c)). In the simultaneous relaxed scan of the other two dihedral angles i.e. (C23-N21-C18-H20) and (C2-C3-O30-H31), along with one global minimum another minimum was also observed, shown in figure 2(a). Further individual scans of both these dihedral revealed an explicit global minimum at 51.8° (for C23-N21-C18-H20) and another minimum at 187.3° (for C2-C3-O30-H31) dihedral angle which are shown in figure 2(b) and 2(c). Figure 2c is essentially the OH bond rotation and the barrier for the same was calculated to be 3.77 kcal/mol from this scan. The global minimum obtained from both the contour maps was designated as conformer-A and the second most stable conformer was designated as conformer-B. It is to be noted that the scale for figure 1 and figure 2 is set from 0° to 360° dihedral angle but in actual molecule the 0° denotes -178.6° for C8-C15-C18-N21 scan, 76.2° for C2-C8-C15-C18 scan while 171.8° for C23-N21-C18-H20 and 7.3° for C2-C3-O30-H31 dihedral scan. The energy difference between Conformer-A and Conformer-B was calculated to be 4.97 kcal/mol. This calculated energy difference was further verified by carrying out population analysis. Harmonic frequency analysis of both the conformers had no imaginary frequencies. Therefore, for detailed structural and spectroscopic analysis of psilocin molecule both the conformers A and B were taken further. Figure 3, represents the optimized geometry of conformer-A and B.


         

            
Figure 1: Potential energy curve [a (C15-C18 bond rotation) and b (C8-C15 bond rotation)] and Potential energy surface (c) for simultaneous rotation of C15-C18 and C8-C15 bond of psilocin molecule generated at B3LYP/cc-pVTZ level of theory





Figure 2 : Potential energy surface (a) for simultaneous C3-O30 and N21-C18 bond rotation and potential energy curve (b) for N21-C18 and (c) for C3-O30 bond rotation generated at B3LYP/cc-pVTZ level of theory.
To identify the best possible computational approach various computational methods were examined for an extensive study of titled molecule which is shown in supplementary information (SF1). It was found that the predictions made at B3LYP/cc-pVTZ with respect to the bond parameters and normal modes of vibration matched relatively well with the experiments compared to the other methods that were tried.  Therefore, this method was considered as the optimal and further calculations were made for psilocin using it.
Geometry optimization: 
Geometrical parameters of both conformers were computed and compared at the B3LYP/cc-pVTZ level of theory. And the obtained geometrical results were found in good agreement with experimentally observed data [11]. The increase in O30-H31 and C18-N21 bond length in conformer-A than conformer-B suggests the possibility of H-bonding between the lone pair of N21 and H31 of O30-H31 bond. Due to which the bond angle of ∠C3O30H31 is increased in conformer-A. These observations are absent in conformer-B. Whereas, in conformer-B, the increase in ∠C4C3O30 and decrease in ∠C2C3O30 suggest the possibility of O30 lone pair interaction with the nearest H atom of C-H bond by analyzing the geometry of this conformer but possibility of such interaction does not seem to be possible in conformer-A. Comparison of the calculated geometrical parameters with experimental data [11] is shown in supplementary information (ST1). The population analysis revealed that the conformer-A is the highly dominant conformer for this molecule at ambient conditions.
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Figure 3: Optimized structures of both the conformers (A & B) of psilocin; where, numbers after atoms represent the label of that atom in optimized geometry 
AIM analysis
AIM calculations have also been found very efficient to get insight about the molecular interaction type that is whether it is covalent or non-covalent type. It mainly consists of electron density calculation ρ(r) and Laplacian electron density 2ρ(r) calculation. Therefore, to know how many and what kind of intramolecular interaction exist in psilocin molecule, we carried out AIM calculations [46]. According to Koch and Popelier, bond critical points (BCP) provides the path of the (H-acceptor) H-bond [47], which has the electron density range between 0.002-0.040 a.u. and Laplacian electron density range between 0.024-0.139 a.u. The calculated parameters of AIM analysis at BCP (3, -1) are summarized in supplementary information (ST2) and the basin surfaces of corresponding BCP are shown in figure 4. The electron density at the BCP (ρb) reflects the strength of chemical bond and its bond order. Generally, the value of ρb is higher than 0.20 a.u. in case of covalent bonding while it is less than 0.10 a.u. in case of noncovalent interactions. Similarly, to summarize the mechanics of bonding interaction the energy densities i.e. potential, kinetic and total energy densities are used where the kinetic energy, G(r) >0 and potential energy V(r) < 0. It is inferred from the works of Cremer and Kraka [48] that the total electronic energy density at the BCP is Hb = Gb + Vb, where Hb is total electronic energy density, Gb kinetic electronic energy density and Vb potential electron energy density at the BCP. Topological analysis of BCP revealed that there were 3 and 5 kinds of hydrogen bonds in conformer-A and conformer-B, respectively. The strength (strong, medium or weak nature) of these H-bonds can be obtained by 3 parameters or conditions set by Rozar et al. based on the Laplacian electron density 2ρ(r). These conditions are (1) 2ρ < 0 and H < 0, the H- bond is strong and of covalent nature, (2) 2ρ > 0 and H < 0, the H-bond is of medium strength and partially covalent and (3) 2ρ > 0 and H > 0, the H-bond is of weak nature. AIM calculation of conformer-A revealed two intramolecular interactions. One of the H-bond interactions of medium strength and thereby partially covalent was observed between N21 and H31 of O30-H31 bond. Its interaction energy was calculated to be -14.49 kcal/mol. The second interaction was of very weak nature and observed between H17 and H24 atoms. In conformer-B, two weak intramolecular H-bond interactions were observed between O30----H17-C and O30----H20-C moieties in psilocin. These interactions were comparatively very weak. The interaction energies for all the above interactions were calculated by solving the equation (Eint = ½ V) [49] at BCP, predicted by Espinosa et al. Thus from the analysis of AIM results it is concluded that the hydrogen bond between N21 and H36 is the major contributor towards the stability in conformer-A than conformer-B. 
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Figure 4: Topological basin surface with Bond critical points (3, -1) of psilocin at B3LYP/cc-pVTZ level for Monomers (A and B conformers ) and all the dimers of psilocin molecule

AIM calculations attribute the stability of conformer-A to the intramolecular H-bond formation between nitrogen of ethylamine and indolic OH reinforces the rationale hypothesized by Cyrus et al. [24]. Contrarily in the subsequent X-ray crystal structure study of psilocin carried out by T. J. Petcher et al. [11] only one conformer was observed along with categorically precluding the possibility of any intramolecular H-bonding. Therefore, to determine the strength of intramolecular and intermolecular H-bonding in psilocin molecule its dimers were taken up for further studies. As conformer-A and B were found stable and most populated conformers among all the conformers therefore for dimers calculation we used these two conformers only. To have all possibilities of intermolecular H-bonding we used different orientations of both conformers in the dimers and designated them as Conformer-D1, D2, D3, D4, D5 and D6. These dimers were optimized at B3LYP/cc-pVTZ level of theory and their interaction energies were subjected to basis set superposition error correction. The optimized geometry of these dimers and their interaction energy are shown in the supplementary information (SF2 and ST3). The conformers-D1, D5 and D6 are dimers of conformer-A in various orientations of the functional group and conformers D2, D3 and D4 are of dimers of conformer-B. The calculated parameters of AIM analysis at BCP (3,-1) for all the dimers are also summarized in ST2 and the basin surfaces (dimers) of corresponding BCP are shown in figure 4.
Through AIM analysis of dimers as shown in ST2, it was revealed that in case of dimers of conformer-A namely conformers-D1, D5 and D6, intramolecular H-bond interaction was much stronger than intermolecular H-bond interaction while in case of dimers of conformer-B, namely conformers-D2, D3 and D4, intermolecular H-bond interaction was much stronger than intramolecular H-bond interactions. It must be noted that when the dimers were subjected to geometry optimization, the highest interaction energies (shown in ST3) were obtained for conformers of D1 and D3 and were also comparable to each other. But in crystal structure of psilocin only one conformer was observed having only intermolecular H-bond interactions, in accordance with the predictions pertaining to conformer-B. It was reported in literature that glycolic shows different kind of H-bonding in its crystal structure and in gas phase. In its crystal structure the intermolecular H-bonding is dominant while in its gas phase only intramolecular H-bonding is dominant [50]. Similarly, present computational study was carried out in gas phase only where the titled molecule showed strong intramolecular H-bond interaction in the most stable conformer which opposes the prediction made in its crystal structural study [11].
NBO analysis 
The possibility of different electronic transitions and the exact orbitals involved in electronic transitions besides the types of intramolecular interactions and the extent of charge transfer that may exist in molecule can be analysed with the help of NBO (natural bond orbital) calculation [51]. The charge transfer phenomena can be understood in terms of the second order perturbation energy E(2) resulting from the interaction between the filled orbitals of one system and vacant orbital of another subsystem[52]. The greater the E(2) value the more will be the interaction between each orbital and vice versa.  The E(2) is calculated by following equation :
E(2) = ∆Eij  = qi2ij/εi-εj (8)
where, εi and εj are orbital energies of the donor NBOi and acceptor NBOj orbital, qi is the donor orbital population and 2ij is the Fock matrix element between i and j NBO orbitals, respectively.
By NBO analysis it was observed that in both conformers there were many π→π* and n→π* intramolecular interactions of very high strength (high E(2) stabilization energy) besides several hyper conjugative interactions. While considering the electron pair contributions in conformer-A, it was observed that the N21 electron pair was donated to antibonding orbital σ*(O30-H31) with very high E(2) stabilization energy, 20.58 kcal/mol suggesting the H-bond formation between N21 and H31 atom of O30-H31 bond. Such kind of H-bond interaction was not observed in conformer-B. But in conformer-B, the hyper conjugative interaction between electron pair of N21 and the nearest σ*(C15-C18) alkyl bond and to the nearest C-H bond i.e. N21→ σ*(C15-C18), N21→ σ*(C22-H26) and N21→ σ*(C23-H28) were observed. These kind of hyper conjugative interactions were obtained with high E(2) stabilization energy in conformer-B than in conformer-A. Through above explained NBO analysis the extra stability of conformer-A was rationale due to the formation of H-bond between N21 and H31-O30 (H atom of H31-O30 bond). The significant donor-acceptor interactions observed in NBO analysis are shown in Supplementary Information (ST4).
To understand the impact of above mentioned intramolecular charge transfers on the charges on each atom of psilocin molecule, Hirshfeld charge calculation [53] was carried out for both conformer-A and B at the B3LYP/cc-pVTZ level of theory. And the results of charge analysis support the above mentioned AIM and NBO results very well. The results are shown in supplementary information (SF3 and ST5). 
The kinetic stability or chemical reactivity of molecules can be determined by means of HOMO-LUMO (H-L) gap [54]. Lower the H-L gap higher will be the reactivity of molecule and vice versa. Here, for the calculation of H-L gap, ground state properties of psilocin were used. For both conformers A and B the FMO calculation was performed at B3LYP/cc-pVTZ level of theory. The results of FMO (frontier molecular orbital) analysis are shown in supplementary information (SF4 and ST6). It was observed from the FMO analysis that the HOMO-LUMO gap for conformer-A is slightly more than conformer-B explaining the reason for conformer-B being relatively more reactive than the thermodynamically stable conformer-A. In both these conformers the HOMO-LUMO gap corresponds to about 249-252 nm, the UV region of the electromagnetic spectrum well corroborated by the NBO calculation. And these transitions are responsible for the overall stability of this molecule.
ESP & MEP analysis 
ESP mapping was performed on the optimized structure of both conformer-A and B of psilocin molecule depicted in figure 5, to locate the positive and negative charged electrostatic potential in molecule. In the colour scale red indicates minimum electrostatic potential and therefore prone to electrophilic attack while blue end indicates maximum of electrostatic potential and thus prone to nucleophilic attack. The ESP map analysis revealed that the negative potential was located over OH moiety and positive electrostatic potential is located on N-H of indole ring in case of conformer-A.  In conformer-B the negative potential was located over N21 of alkyl amino group while positive electrostatic potential was located on N-H of indole ring. The ESP maps on the conformers (A and B) are shown in figure 5.-5.22х10-2
5.22х10-2

                      Conformer-A                                                                   Conformer-B-5.71х10-2
5.71х10-2

Figure 5: ESP map on optimized geometries of both conformers (A and B) of psilocin molecule
Spectroscopic analysis
UV-visible spectrum of psilocin was computed using TD-DFT method and the result was found in good agreement with the experimental data reported in literature [55-58]. As in literature the spectrum was recorded in methanol solution therefore the calculation for UV-visible spectrum was performed using methanol solvent utilizing implicit solvation model [59] based on density under default setting in Gaussian 16 package. The peaks (nm) reported in literature were 222.5, 268.0, 284.5 whereas, for conformer-A the peaks (nm) were predicted at 221.5, 252.3, 271.1, and for Conformer-B at 229.1, 256.9, 277.5.
1H-NMR spectrum was also calculated using GIAO method and the peaks are in good agreement with the literature [60]. The results are compared with reported peaks and shown in table 1. 
Table 1: Comparison of experimental and simulated 1H-NMR peaks of psilocin at B3LYP/cc-pVTZ level of theory
	1H NMR peaks (ppm)
	Assignment#

	Reported in literature[60]
[in CD3OD with TSP], δ
	Simulated peaks, δ 
	

	
	Conformer-A
	Conformer-B
	

	6.86
	7.37
	7.04
	1H, dd

	6.33
	6.93
	6.94
	1H, d

	6.31
	6.88
	6.49
	1H, d

	3.30
	3.32
	3.47
	4H, m

	3.00
	2.99
	2.81
	2H, m

	2.72
	2.66
	2.76
	2H, m

	2.34
	2.45
	2.53
	6H, s


#Note:  s, d and m denote multiplicity of the peaks namely singlet, doublet and multiplet respectively.
The vibrational normal modes were computed and shown in table 2 along with their tentative assignments. The calculated vibrational modes were found in good agreement with literature data [60].
[bookmark: _GoBack]The normal modes of vibration of psilocin was calculated assigned and compared with the past literature which is summarized in table 2.
Table 2: Calculated and experimental IR vibrational frequencies of psilocin molecule at B3LYP/cc-pVTZ level of theory
	Calculated wave numbers (cm-1)
	wave numbers (cm-1)  from literature [60]
	Tentative assignment of vibrations

	Conformer A
	Conformer B
	
	

	412.74
	421.69
	427.91
	ω(N-(CH3)3

	489.92
	498.68
	479.76
	δ(ccc) (Benzene ring of indole)

	547.56
	547.67
	545.46
	ω(ccc) (indole ring)

	594.33
	598.28
	590.27
	δ(ccc) (indole)

	634.92
	621.83
	613.22
	ω(ccc) (Benzene ring of indole)

	659.61
	675.45
	686.14
	νs(indole) ring breathing vibration

	724.16
	736.56
	725.47
	νas(indole)

	788.44
	774.78
	769.45
	νs (N21-C)

	849.43
	838.78
	832.87
	δ(ccc) (indole)

	963.60
	991.57
	995.19
	ρCH2 + ρN14CC

	1031.72
	1029.31
	1034.92
	νas (N21-C)

	1172.69
	1177.75
	1174.88
	τCH2+τCH3+δCH(indole)

	1236.61
	1226.40
	1232.37
	δCH(indole)

	1253.66
	1255.87
	1254.81
	δCH(indole) + δOH + τCH2

	1356.56
	1329.68
	1341.97
	ν(CC)(indole)

	1386.82
	1380.05
	1384.74
	ωCH2

	1444.92
	1443.67
	1441.75
	ωCH3

	1469.47
	1478.88
	1470.48
	δsCH2, δsCH3

	1583.92
	1584.66
	1588.21
	νaC-C (Indole ring)

	-
	-
	2325.12
	-

	2957.78
	2919.38
	2958.84
	νC-H (methyl)

	3236.14
	3240.05
	3280.82
	νC-H (5 membered ring of indole)


##Note: δ = in plane bending, δs=in plane scissoring, ω= out of plane wagging, τ= out of plane twisting, ρ= in plane rocking, ν= stretching, νs= symmetric stretching, νas= asymmetric stretching
Conclusion
The conformational space of psilocin molecule was extensively explored by scanning various dihedral angles and two low lying conformers were taken up for detailed analysis. The second conformer was found 4.97 kcal/mol higher in energy compared to the most stable conformer. Dimers of these two conformers showed dissimilar interaction patterns. Whereas in conformer-A (global minimum) the intramolecular H-bonding dominated intermolecular interaction, the opposite was observed in conformer-B which is in accordance with the past reports from X-ray crystal structure studies of psilocin. Although intramolecular H-bond interactions for dimers of conformer-A was conjectured earlier the calculations reported herein validates the conjecture for the very first time and provide a definite path for future experiments.  
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